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Abstract: In the modern world, the problem of antibiotic therapy is acute. Despite the diversity of
existing antibiotic drugs, their efficacy decreases as new, resistant forms of pathogenic
microorganisms emerge. It is extremely difficult to control such processes and even more difficult
to treat severe bacterial infections. In such situations, an individual approach to each patient is
required and physicians need parameters to estimate the efficacy of antibiotic therapy. This review
discusses the significance of monitoring the content of antibiotics in the blood for this purpose, in
combination with the content of inflammatory markers, such as C-reactive protein and
procalcitonin. The basic principles of antibiotic therapy, and factors in the resistance of
microorganisms to antibiotics, are examined. Approaches to assess the efficacy of antibiotic therapy,
as well as methods to detect antibiotics and inflammatory markers in the blood of patients, and
comparative assessment of their capabilities and limitations, are described.

Keywords: individual therapy; metabolism of antibiotics; dosage choice; inflammation; biomarkers

1. Use of antibiotic drugs in treatment of bacterial infections

Timely antibiotic therapy is an effective method for treatment of most bacterial infections,
because it eliminates the causes of the inflammatory process. Infections of mild to moderate severity
can be cured with timely and proper treatment. In case of severe medical conditions, especially those
accompanied by sepsis, every hour of delay in starting therapy brings the patient closer to death, due
to an increasing number of organ dysfunctions [1, 2]. Therefore, a number of studies demonstrate
that antibiotic therapy should be started as early as possible [3, 4]. Rational antibiotic therapy is based
on several important principles. The microbiological principle regards the knowledge and
understanding of the causative agent of the disease. For this purpose, microbiological methods are
used, i.e., plating onto a culture medium [5]. After confirming the presence of bacterial growth, the
sensitivity of the detected pathogen to the main classes of antibiotic drugs is determined [6], and the
antibiotics that best penetrate the affected tissues are selected.

The clinical principle means the use of antibiotics according to the patient’s condition. If the
severity of the patient's condition compels the use of antibiotics before the causative agent is
identified, broad-spectrum antibiotics are used (empirical antibiotic therapy) [7]. If, after 72 h, the
patient's status does not improve, then the drug is changed to a more efficient one, and the reason
the initial treatment did not have any effect is sought.

The pharmacological principle means that the dosage and duration of the drug’s application
should be commensurate to the severity of the disease in a particular situation. Having information
about the presence of concomitant diseases and the drugs taken simultaneously is important, since it
is necessary to take the possibility of their synergism or antagonism into account [8, 9].

The epidemiological principle means an adherence to the treatment regimen during a prolonged
drug’s application. The choice of drug should take into account the presence of resistant strains in a
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particular clinical department, hospital, or region [10]. The duration of application depends on the
antibiotic’s class, its characteristics and the duration of its circulation in the blood, as well as on the
severity of the disease. The course of antibiotic therapy should not be interrupted and started again
after a day or two, because this leads to the development of bacterial resistance to antibiotics, leading
to the transition of the infectious process into a chronic, sluggish form which is very difficult to treat.
On average, the duration of treatment is 5-10 days; if necessary, the course is prolonged, while the
biochemical parameters of the blood and general state of the patient are monitored.

The pharmaceutical principle means compliance with expiration dates and specified storage
conditions of drugs. The current classification of antibiotic chemotherapeutic drugs includes eleven
classes, distinguished on the basis of chemical structure [11]. For antibiotic therapy, antibiotic drugs
are necessary. But, given the wide variety of available broad-spectrum antibiotics, in 15%-30% of
cases patients receive inadequate empirical therapy [12, 13]. In the latest (2017) guide for the
management of patients with sepsis or septic shock [14], the first principle of antibiotic therapy is the
administration of antibiotics as early as possible, i.e., within the first hour after diagnosis. The second
principle is empirical antibiotic therapy —the prescription of broad-spectrum drugs in combination
with drugs that have antiviral (if necessary) and antifungal activity, to eliminate possible pathogens
of a non-bacterial nature. An important factor in this treatment is how fully the drug covers the
suspected group of pathogens. One of the factors influencing the prescription of empirical antibiotic
therapy is the number of neutrophils—with neutropenia, patients are particularly susceptible to
superinfection caused by gram-negative bacteria (Stenotrophomonas maltophilia, Acinetobacter
baumannii, Pseudomonas aeruginosa) and fungi of genus Candida [15].

2. Use of data on pharmacokinetics of drugs and resistance of microorganisms in treatment of
bacterial infections

One important parameter when choosing a drug is its pharmacokinetics—the entirety of the
processes the drug undergoes from the moment it enters the body, through its absorption,
metabolism and excretion. The intake, circulation, and modification of the active substance in the
human body also depends on the means of administration. In modern clinics and hospitals,
preference is given to drugs that can be administered parenterally (especially intravenously or
intramuscularly), since this method of administration ensures the greatest bioavailability of the drug,
accelerates its entry into the bloodstream and reduces the risk of presystemic biotransformation, or
biotransformation of the drug during its “first-pass” through the liver, before entering systemic
circulation [16]. Drugs are administered quickly and quickly begin to act. If the blood vessels are not
accessible (in case of shock or other reasons), 3-lactams can be administered intramuscularly. Abdul-
Aziz et al. (2016) demonstrated that beta-lactams have a greater efficacy when administered as
intravenous drips in comparison with their administration in the form of tablets and capsules.
Among the drugs of choice are cefepime, meropenem, and piperacillin (tazobactam) [16] —beta-
lactam antibiotics of the subgroups of cephalosporins and carbapenems. When administered
intravenously, these drugs quickly (from 30 min to 2 h) reach a maximum concentration in the blood,
and are distributed to various organs and tissues. The main antibiotics used in the treatment of severe
bacterial infections in the last five years, and their pharmacokinetic characteristics and compatibility
during combination therapy are shown in Table 1. Nimmich et al. also showed that the use of beta-
lactams in combination with antibiotics of another group increases the survival of patients with
severe forms of disease [17]. Unlike the first studies, the main beta-lactam antibiotics in the studied
groups of patients were third-generation cephalosporins (cefixime, cefotaxime, ceftriaxone,
ceftazidime, cefoperazone, ceftibuten, etc.).
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Table 1. Data on modern drugs used in severe clinical cases of bacterial infection.

Antibiotic Pharmacokinetic indicators (beta-lactams) Ref.
Cmax is reached within 30 min, binding to blood proteins is less than 2%
(leading rapid excretion and requiring administration every 8 h). Penetrates
into most tissues and body fluids, including the cerebrospinal fluid. Synergism
with many groups of antibiotics.

Cmax is achieved within 2-3 h, binding to plasma proteins is 85%, T1/2 is 5.8—
8.7 h. Bioavailability is 100% (IM), penetrates into the cerebrospinal fluid.
Synergism with aminoglycosides.

Cmax is achieved within 1.5 h, binding to plasma proteins is 20%, T1/2 is 2 h.
Cefepim Bioavailability is 100% (IM), penetrates into the cerebrospinal fluid. Increases

nephro- and ototoxicity of aminoglycosides.

(16]
Meropenem

Ceftriaxone

A great difficulty in antibiotic therapy lies in the adaptive characteristics of microorganisms
developed during evolution. Since the discovery of antibiotics of the penicillin group (p-lactams),
gram-negative microorganisms have acquired the ability to produce [-lactamase, an enzyme that
destroys the beta-lactam cycle in the structure of the antibiotic [18]. Thus, over time, and especially
when the regimen of treatment for bacterial infections is not observed, the therapeutic concentration
of the drug decreases, and the pathogen in contact with this drug becomes resistant to this antibiotic
and is released into the environment, infecting another patient. The selection of pathogens takes
place. In addition to the main causative agent of the disease, other gram-negative bacteria that
comprise the normal microflora of the human’s body trigger the mechanisms of production of this
enzyme, and then saprophytes or opportunistic microorganisms can lead to superinfection [19, 20].
In pathogens, a specific gene (or several genes) is responsible for the development of antibiotic
immunity [21]. This property results in a wide spread of the resistance gene through plasmids,
therefore, the efficacy of therapy is reduced even if the last-resort drug, colistin, is used [22, 23]. In
addition to the spread of plasmids containing antibiotic resistance genes, there are other factors of
pathogen resistance, such as a change in membrane permeability, when a drug cannot be transported
across the compressed membrane. Bacteria can also produce enzymes that modify the drug’s
molecules, which, ultimately, also leads to its inefficiency relative to the causative agent of bacterial
infections. Such enzymes include beta-lactamase. In addition to the production of this enzyme, a
bacterial cell can modify receptors (targets) of [-lactam antibiotics on its surface, which also
contributes to further pathogen immunity to the administered drug [24]. Bacteria are also capable of
excreting an antibiotic drug after it enters the body, via the use of an efflux pump. The described
mechanisms of microorganism resistance are presented in Figure 1.

Severe clinical cases are situations in which the pathogen is multiresistant to several antibiotic
drugs, or entire groups at the same time [25, 26]. Among them, strains of E. coli that have plasmids
with genes providing resistance to most antibiotics have the opportunity to spread in human
populations. The presence of multi-resistant strains in hospitals is fraught with them wide-spreading
in various ways (alimentary, airborne and others), since these pathogens are representatives of the
natural microflora and are able to multiply both in the gastrointestinal tract and on the wound
surface, in case of injuries or any interventions. Often, such microorganisms are conditionally placed
into a separate group and the hospital-acquired infectious processes caused by them are called
nosocomial infections [27, 28]. Such cases are very difficult for antibiotic therapy. Despite reaching
the maximum concentration of antibiotics in blood plasma, therapy often turns out to be completely
inefficient. On the one hand, this is due to the kinetics of the drug, meaning the antibiotics are
absorbed with the formation of a saturating maximum possible concentration in the plasma, and on
the other hand, this is due to the triggering of protection mechanisms by the pathogen in the
infectious focus. Thus, the drug goes through all stages of modification and excretion without
affecting the pathogen. A study by Lee et al. [15] demonstrated that antibiotic resistance is formed
quite rapidly in case of infection caused by gram-negative microorganisms. For instance,
Stenotrophomonas maltophilia, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae
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strains that appear in many studies are nosocomial infection strains (pneumonia, catheter sepsis);
they enter the patient’s body before treatment with carbopenem, resulting in the production of 3-

lactamases [29-31].
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Figure 1. Mechanisms of microorganism’s protection from the action of antibiotic [21]
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Given the studies demonstrating the lack of efficacy of monotherapy, various methods of
combining antibiotic agents [32] with the use of complex antibiotics with [3-lactamase inhibitors
are considered. Table 2 presents combinations of drugs with known positive results that are used
in modern practice. In some cases, antibiotics are combined according to the principle of one of
the cidal group, one or more of the statics, for example, beta-lactams and tetracyclines, beta-
lactams and aminoglycosides [16]. This is due to their mechanism of action, the localization of
the pathogen (extracellular and intracellular), as well as the cross-resistance of the pathogen if
superinfection is suspected.

Table 1. Some combinations of antibiotics and inhibitors of bacterial enzymes.

Antibiotic Combination Target Ref.
Up to three new drugs  Mycobacteria tuberculosis, including 132]
TMC207, PA824, resistant forms
Rifampicin OPC67683/Isoniazid,
Ethambutol can be
added
Sulfamethoxazole Trimethoprim Gram-neg'atlve, gram-posm.ve [33]
bacteria resistant to sulfonamides
Colistin Another antibiotic Gram-negative bacteria [34]
Penicillin B-Lactamase .inhiPitors Gran.l-neg?tive, gram-positive [35]
(Clavulanic acid) bacteria resistant to beta lactams
Teichoic acid synthesis Staphylococcus aureus 136]
Beta lactams inhibitor

(Tunicamycin)
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3. Markers of inflammatory processes and choice of bacterial infections are promising in
terms of efficacy of treatment

Inflammation is a normal reaction of the human immune system to the intrusion of infectious
agents of a viral, fungal or bacterial nature. The mechanism of local or general inflammatory reactions
are based on interactions of cellular receptors with antigens and inflammatory mediators [37]. The
generalization of the local infectious process is called sepsis.

Sepsis is one of the main causes of death in patients after ineffective and untimely antibiotic
therapy, fulminant infections, superinfection, inadequate diagnosis of the patient’s condition, risky
surgeries performed in violation of asepsis standards, or the appearance and spreading of a wound
infection [2]. The generalization of the process, resulting in the disruption of the biochemical
functions of vital organs and the appearance of local foci of inflammation, leads ultimately to the
inability of the organism to fight bacterial infection, leading to severe septicemia, intoxication of the
organism with the decay products of pathogens and its own tissues, septic shock and multi-organ
failure [38]. A schematic representation of the mechanism is shown in Figure 2. For early and timely
recognition of such a condition, and differential diagnostics, it is necessary to detect specific markers
of the disease [39]. In connection with the dynamics of expression and their wide use in laboratory
practice, the most interesting among the studied markers are the procalcitonin and C-reactive protein
[40].

Bacteria, antigen Inflammatory signal

Activation of complement, o ‘
fibrinolytic activity
\ TNF,
1 ’“ 1L-6,
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Neutrophil activation, Macrophage IL-38,
Release of proteases l ete.
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Figure 2. Mechanisms of sepsis, release of procalcitonin and C-reactive protein, on [41] with modifications

3.1 Concentration of procalcitonin in blood during development of inflammatory process

Procalcitonin is a 12.8 kDa protein consisting of 116 amino acid residues that is a precursor to
hormone calcitonin. Procalcitonin is synthesized in thyroid neuroendocrine cells and rarely enters
the bloodstream in a normally functioning organism. However, during acute severe inflammatory
processes, especially during generalization (sepsis), it can be synthesized in various organs and
tissues [42].

A number of research groups demonstrated a direct dependence of the appearance of this
marker in the blood on the time of manifestation of sepsis, its diagnostic and prognostic value [43].
For example, Miglietta et al. [44] showed that procalcitonin is found in high concentrations in the
blood at the early stages of sepsis, and its content only decreases after intensive antibiotic therapy.
The work of Wu et al. demonstrated the prognostic role of procalcitonin, since high levels of this
marker were subsequently associated with the death of patients, while, in the surviving group, its
content in the blood was lower [38]. However, the decisive factor in choosing this marker as an
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indicator of the presence of septic process due to bacterial infection is its important distinguishing
feature—unlike other markers of inflammation, procalcitonin level never rises if the infection process
has a viral etiology [45].

The dependence of procalcitonin concentration on the etiology of the disease (viral or bacterial
infection) was confirmed in a number of studies, for instance, in patients with bacterial and viral
meningitis [46]. In this work, Alkholi et al. showed that the marker level in cases of bacterial infection
was, on average, 24.8 ng/ml, while in cases of viral infection it was only 0.3 ng/ml. In laboratory tests,
the procalcitonin level in healthy people averaged 0.01 ng/ml. In cases of viral and fungal infections,
the procalcitonin level in the blood does not grow or increases to a maximum of 1 ng/ml. Jacquot et
al. [47] showed that, in a group of patients with an infectious process, the concentration of
procalcitonin was significantly higher (2.8 ng/mL) than in a healthy group (0.3 ng/mL). If a systemic
infection is suspected, the procalcitonin level of 0.5 ng/ml was considered a threshold level as early
as in 2002 [48], and is still used as such [49]. At the present, a concentration of 0.4 ng/mL is chosen as
a cut-off level to distinguish between positive and negative samples in laboratory diagnostics. This
parameter is most often assessed in cases of suspected secondary infection, in order to understand its
etiology in patients with immunodeficiency, including undergoing antibiotic therapy, after surgery,
during sepsis monitoring, or suffering from multiple organ failure [38, 50].

After the initial appearance of endotoxins (fragments of the bacterial wall of bacteria), the level
of procalcitonin in the blood sharply increases as early as 4 h later, reaches a peak in 6 h, and begins
to decrease after 24 h [51, 52]. This indicates an early, clinically significant and reliably detectable
effect. To assess the efficacy of therapy for sepsis, the parameter of patient survival after 28 days is
used [14]. This parameter is currently used in clinics around the world, in order to develop effective
methods of treating patients with severe bacterial infections. Massive and lengthy clinical trials in the
Netherlands, on the basis of studies in 15 hospitals, where the patients were treated for suspected
bacterial infections, allowed for the summarizing of the use of procalcitonin and C-reactive protein
as markers of the efficacy and duration of antibiotic therapy [53]. It was shown that, focusing on a
change in the concentration of procalcitonin, it is possible to make the decision to stop taking
antibiotics [50]. The final decision is made not only on the basis of laboratory data, but also on the
medical history and general condition of the patient. In 42% of patients in the monitored group,
antibiotics were canceled when the procalcitonin level was decreased by 20% of the initial level
(measured at the beginning of the diagnosed disease), and in 52% when the level of this marker fell
below 0.5 pg/L, and in 6% of the patients when both conditions were satisfied.

3.2 C-reactive protein as a marker of acute phase of inflammation

C-reactive protein is an inflammatory cytokine (pentamer, molecular weight of about 120 kDa,
Figure 3) [54] that is normally present in small amounts in the blood; it is able to bind with high
affinity to fragments of dead cells or the plasma membrane, and to activate the complement system
[55]. Itis synthesized in hepatocytes and the detection of the marker protein is carried out in the blood
serum. The concentration of C-reactive protein can increase in many inflammatory, autoimmune
processes, as well as malignization (transformation of benign tumors to malignant tumors), and in
80% of cases in the postoperative period, therefore it is considered a marker of the acute phase of
inflammation [56].
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Figure 3. Structure of human C-reactive protein (PDB 1GNH)

The release of the C-reactive protein from hepatocytes is stimulated by interleukin-6. If the
wound is infected, the kinetics change. The C-reactive protein behaves differently than
procalcitonin—in cases of bacterial infection, the concentration of the protein begins to increase from
between 6 and 12 h, and reaches a peak only after 24-48 h [57]. Therefore, C-reactive protein can be
used as an additional marker indicating the presence of a bacterial or viral infection [41]. Moreover,
in the postoperative period, the level of procalcitonin most often increases in case of abdominal
surgery, whereas the increase in the concentration of C-reactive protein does not depend on the type
of intervention and may even exceed the usual levels detected in sepsis, which was observed in 18%
of cases [58]. In laboratory, the reference values comprise 0-5 mg/ml. In pediatrics, in cases of
neonatal sepsis, a concentration above 5 pg/ml is an indicator of a critical state. At first, a high-
sensitivity assay (detection of C-reactive protein in the range of 0.08-80 pg/ml) is carried out, and
then the regular one, which allows for the detection of the marker in the range of 0.2—480 pg/ml (if
the marker concentration is higher than 80 pg/ml) [59]. The authors of other studies chose 1 pg/ml as
the cut-off value [60]. The concentration of the marker which is detected in the range of 5-10 pg/ml
is clinically significant for determining the presence of an inflammatory process, since its release into
the blood begins between 6 and 12 h of the acute phase of the inflammatory process and reaches a
peak after 48-60 h.

Moreover, these markers can be used in diagnostics to assess the presence of inflammatory
processes in the postoperative period [58], when the predominance of one or the other marker
indicates either the SIRS syndrome or the secondary infection and the development of the infectious
process. For example, after surgery, the level of interleukin-6 is the first to increase (2-3 h), then the
level of procalcitonin increases (6-12 h), while the concentration of C-reactive protein increases only
after 36-48 h [58].

Markers of inflammation (inflammatory proteins of the acute phase) are often mentioned in the
studies of the pathogenesis of various diseases. In particular, an increase in the concentration of C-
reactive protein is observed in various pathological processes. Various diseases of connective tissue
(collagenosis, arthritis, other joint diseases in the acute stage) lead to an increase in the level of this
marker [61, 62].

3.3 Other markers of inflammation and assessment of their levels in blood

Analysis of the content of inflammation markers in the patient's blood is an important
characteristic of antibiotic therapy, and an indicator of its efficacy. By the beginning of 2017, more
than two hundred markers associated with sepsis were already known; among them, in addition to
procalcitonin and C-reactive protein, there are such markers as presepsin, actin, alpha-1-acid
glycoprotein (orosomucoid), and actin-binding proteins [63]. A 2010 survey by Pierrakos and Vincent
[64] includes data on more than 3,000 studies and 178 markers. Among the sepsis markers described
by the authors, there are interleukins 1f3, 2, 4, 6, 8, 10, macrophage migration inhibitory factors
(cytokines/chemokines), antithrombin, anticoagulant protein C (coagulation disorder factors),
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adrenomedullin, neopterin (markers of vasodilation and damage to the vascular endothelium) and
others. With the development of diagnostic means for the purpose of timely diagnosis, other markers
are also considered [65]. For instance, for diagnosis of neonatal sepsis, Dillenseger et al. [66] suggested
using data on the content of procalcitonin with a semi-quantitative detection of interleukin 6, or data
on the content of the C-reactive protein with a semi-quantitative or quantitative detection of
interleukins 6 and 8. The use of antibiotics was started immediately in cases of persistent infection,
or in a planned manner on the basis of semi-quantitative data on the content of IL -8 and PCT. If the
concentrations of the markers (IL-6 or CRPi, quantitative IL-8 or CRPi) were increasing, antibiotics
were prescribed immediately, but this was an individual choice made by each of the clinics observing
patients. In case of the development of an infectious lesion of the urinary system, the detection of
other inflammatory markers (interleukins 17 and 22) was described [67]. To characterize the condition
of patients with an acute inflammatory reaction, it is customary in medicine to use the concept of
systemic inflammatory response syndrome (SIRS) [68]. For characterization of this syndrome, several
biomarkers are usually taken into consideration, e.g., the C-reactive protein, procalcitonin, and
interleukin-6.

The postoperative condition of patients also affects the ratio of blood cells and the release of
various inflammatory mediators. Diagnostics, in some cases, is so complicated that a complex of
analytical techniques are used, including serological, microbiological, histological studies, and
interleukins 6 and 4 selected as markers; TNF-alpha and procalcitonin were also useful in the
diagnostics of secondary joint infections after surgery [69]. Moreover, interleukin 6 itself is a regulator
of the acute inflammatory phase and promotes the release of other inflammatory mediators and acute
phase proteins. Interleukin 4 promotes the activation of B and T lymphocytes and differentiation of
B lymphocytes into plasma cells. At the same time, the authors point to the need for further study of
the problem, since these markers can be used for the purposes of routine analysis.

4. Approaches to assessing efficacy of antibiotic therapy

Despite the breadth of knowledge about existing and currently used drugs, it is often difficult to
assess the efficacy of antibiotic therapy. This is due to a number of factors:

¢ The patient’s condition does not always visually correspond to the severity of his appearance;

e Atypical course of the disease is possible;

¢ Patients who are on mechanical ventilation or unconscious (ventilator-associated pneumonia,
sepsis) cannot describe their condition;

¢ Bacteriological plating of a biosample onto a nutrient medium takes a long time —several days,
during which the patient’s condition may deteriorate;

¢ The initial sensitivity of the pathogen to antibiotics may change;

* Over the course of therapy, the patient's condition may deteriorate, due to an exacerbation of
existing chronic diseases;

¢ Unaccounted factors (incorrect dosing regimen, combination of an antibiotic with chemical
compounds that change its activity —for example, taking tetracyclines with dairy products, calcium
and iron salts).

To evaluate the efficacy of antibiotic therapy, it is necessary to concentrate on the main
indicators—the concentration of the administered antibiotic (in blood, serum, plasma, urine,
cerebrospinal fluid, if necessary) [70] —as well as the content of inflammatory markers (C-reactive
protein as an acute phase protein and procalcitonin as an express marker of bacterial infections) [71-
73].

The concentration of an antibiotic in the blood needs to be determined, not only for the
assessment of pharmacokinetics and pharmacodynamics, but also for the timely adjustment of the
dose of the drug administered, especially in debilitated patients and in patients with multiple organ
failure due to sepsis (with liver and kidney damage), when the toxic effect of the drug is very high.
The latter case is accompanied by disturbances in the detoxification functions and changes in the
duration of the drug’s circulation in the blood, as well as its excretion from the body by the kidneys
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[14]. In patients in a critical condition, the efficacy of intravenous treatment with beta-lactam
antibiotics is associated with the rapid achievement of effective concentration and penetration into
various organs and tissues [15, 74, 75]. If a pathogen is resistant to beta-lactams, tetracycline
preparations are often used. When administered parenterally, approximately 80%-90% of the
antibiotic binds to plasma proteins, which ensures its prolonged circulation in the blood [76, 77]. The
concentration of an antibiotic in the patient’s blood is an indicator of its distribution and metabolism;
it characterizes, to some extent, the response at the body level, but at the same time does not indicate
whether the bacterial infection is sensitive to it. At the same time, the dynamics of concentration
change are a more meaningful indicator than a single measurement.

Further laboratory indicators of the efficacy of antibiotic therapy are the content and dynamics
of changes in the inflammatory markers procalcitonin and C-reactive protein in the blood [73]. This
allows the assessment of the stage of the infection process, its etiology (viral, bacterial infection) and
the presence of a secondary infection or superinfection.

Assessment of the level of procalcitonin at any stage of the disease requires the use of the
prognostic property of the marker [78]. The work of Jhan et al. assessed the level of procalcitonin and
analyzed its correlation with the results of microbiological analysis. The authors showed that the
correlation coefficient for procalcitonin level and bacterial growth on a nutrient medium was 0.84.
The division of patients into groups on the basis of data on the content of procalcitonin was consistent
with the previously described clinical trials of Gurol et al. [49] and was correlated with the current
condition of patients undergoing antibiotic therapy. At the same time, the authors compared the
procalcitonin concentration and the neutrophil-lymphocyte ratio (NLR) and, on the basis of obtained
data, made conclusions about the presence or absence of correlation of laboratory indicators and the
severity of the situation. According to the results of the analysis of the compared parameters, the
following groups are identified as the border zones:

(i) healthy people—PCT, 0-0.05 ng/ml, NLR, 4.19 + 4.36;

(if) local infection—PCT, 0.05-0.5 ng/ml, NLR, 5.68 + 8.99;

(iii) systemic infection (sepsis) —PCT, 0.5-2.0 ng/ml, NLR, 11.78 + 11.04;

(iv) systemic infection (sepsis) —PCT, 2.0-10.0?) ng/ml, NLR, 13.16 + 4.38;

(v) severe sepsis—PCT, >10.0 ng/ml, NLR, 16.87 +9.55.

Many authors conducting clinical trials note that, despite the high prognostic capacity of
procalcitonin as a marker of bacterial infections, conducting such an analysis in all clinics for each
patient is impossible because of its high cost [49]. Therefore, simple diagnostic test systems suitable
for screening studies are under development. The guides for the management of patients with sepsis
and septic shock recommend the analysis of procalcitonin levels in the blood [14].

The role of the C-reactive protein in the manifestation of infectious inflammatory process of a
bacterial nature was reviewed in a 2017 publication by de Oliveira et al. [79]. They summarized data
based on severe cases of bacterial infection (patients with immunodeficiency due to HIV or
tuberculosis, who were undergoing permanent treatment with corticosteroid drugs). The level of
serum C-reactive protein in the studies is not used to differentiate between viral and atypical bacterial
infections [80], since it increases regardless of the type of pathogen. However, this parameter may
indicate the presence of an inflammatory process in the acute phase, which is important in the
absence of other evidence.

In terms of identifying inflammatory markers, the main factors determining their levels in the
blood of patients are (i) the severity of the disease and its duration; (ii) the etiology of the disease
(bacterial, viral or fungal infections, mixed infection, superinfection); (iii) administration of antibiotic
or antiviral drugs, against the background of which the clinical picture can be blurred; (iv) the stage
of antibiotic therapy (initial, final).

The above factors affect both the concentration of the detectable antigen in the blood and the
final results of the detection, which can distort their interpretation. One of the criteria for the success
of antibiotic therapy is the achievement of the level of antibiotic (minimum inhibitory concentration,
MIC) in the patient’s blood at which the pathogen is inactivated. However, not only the achievement
of a given concentration is of importance, but also the pharmacokinetics of the specific drug used and
the time required for its removal from the body. Therefore, maintaining the MIC at this level for as


https://doi.org/10.20944/preprints201911.0163.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 December 2019 d0i:10.20944/preprints201911.0163.v2

long as possible is the key to antibiotic therapy, if the pathogen is sensitive to this drug [81]. In a
study by Grupper et al., antibiotic therapy efficacy was assessed by the level of growth of Pseudomonas
aeruginosa colonies at various time intervals after the administration of clinically significant
concentrations of beta-lactam antibiotics [82]. Among these antibiotics are meropenem,
ceftolosan/tazobactam, and ceftazidime/tazobactam, which belong to the subclass of carbapenems
(imipenems). The microbiological method was used to obtain the growth of bacteria in the cultural
blood medium. The authors showed that the biggest growth was observed in 47/48 h (97.9%), 22/48
h (45.8%), and the smallest in 11/48 h (22.9%), after the administration of the antibiotics. According
to pharmacokinetics data, the concentration of meropenem, administered at a dose of 2 g three times
every 8 h (standard scheme of intravenous beta-lactam administration) reached a peak of 40 pg/ml
in blood plasma. Ceftolosan/tazobactam, administered at a dose of 3 g according to the same scheme,
reached a peak of 150 ug/ml, and ceftazidime/tazobactam, administered at a dose of 2.5 g, reached 90
pg/ml (based on the first, main component). Residual concentrations were 5, 8 and 10 ug/ml,
respectively. When studying bacterial growth periods, the authors showed that these are affected by
lower levels of antibiotics —0.5-8 pg/ml for meropenem, 0.5—-4 pg/ml for ceftolosan, 2-8 pg/ml for
ceftazidime. These are considered to be the minimal inhibitory concentrations. The study of the
kinetics of reduction in the concentration of beta-lactam antibiotics, during the incubation of bacteria
in a medium with these antibiotics, showed that the process is intensive, and in 12 h the concentration
of antibiotics drops by 62.3%-90.2% of the administered dose. The authors showed that, in order to
determine by the bacteriological method the efficacy of antibiotic therapy in patients receiving these
antibiotics, it is necessary to take samples for plating right before the administration of the next dose
of drugs.

Figure 4 shows changes in the concentrations of antibiotics of the beta-lactam group for various
methods of administration reviewed by Grupper et al. [83]. The review demonstrated the advantage
of long-term infusion (3—4 h) of antibiotics compared with short-term administration. This applies
mainly to the therapy of infections caused by resistant microorganisms— Staphylococcus aureus,
Enterococcus species, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter
baumannii. This method of drug administration, due to its long duration of infusion, allows for lower
doses of the antibiotic, while maintaining its level above the minimum inhibitory concentration,
which ensures a long bactericidal effect.

0 2 4 fous © 8 10

Figure 4. Changes in concentration of beta-lactams over time for various methods of infusion administration:
traditional intermittent (curve 1), long-term (curve 2) and continuous administration (curve 3), on [83] with

modifications

5. Content of antibiotic drugs in the blood and methods of their detection

5.1 Potential of analytical methods used to assess content of antibiotics in the blood
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In addition to classical bacteriological methods of analysis, in which the efficacy of antibiotic
therapy is determined by the amount and intensity of growth of colonies on a nutrient medium, there
are a number of methods based on the direct detection of the concentration of antibiotic in the
patient's blood (Table 3). These methods are based on the detection of the drug on the basis of the
obtained concentration dependence, using a standard solution of the drug. They include mass
spectrometry and high-performance liquid chromatography. As can be seen from Table 3, various
chromatographic methods allow the determination of the concentration of beta-lactams, however,
this requires careful sample preparation, which consists of removing blood cells, followed by
precipitation of proteins and a ten-fold dilution of the sample [84]. In this section, we limited
ourselves to beta-lactam antibiotics for an overall assessment of the situation, although there is a lot
of work in this field.

Table 3. Detectable amounts of beta-lactam antibiotics in human blood plasma

. Range of Method Ref.
e ae Detection
Antibiotic .. detectable
limit ;
concentrations
Cefotaxime, Mn?u.num MALDI-TOF [85]
. 1 inhibitory mass
piperacillin\ tazobactam . ND
. . concentration > 2 spectrometry
and ciprofloxacin
pg/ml
Piperacillin, ceftazidime, 5 ug/ml 5-200 pg/ml HPLC [84]
flucloxacillin
Meropenem 2 pug/ml 2-200 ug/ml HPLC [84]
Piperacillin\ tazobactam, 0.15 - 1.50 pg/ml ND UPLC-MS/MS [86]
cefepime, meropenem,
ciprofloxacin
0.57 ug/ml LOQ -51.05 UPLC-MS/MS 87]
0.83 ug/ml pg/ml analysis by
s s 0.09 pg/ml LOQ -70,05 mixed-mode
Amoxicillin, ampicillin .
henoxymethylpenicillin, 042 pig/ml ug/ml solid phase
P y. y p i LOQ-7.28 extraction
piperacillin
pg/ml
LOQ - 38.06
pg/ml
0.1 pg/mL, 0.1-50 and 0.25- Tandem mass [88]
Piperacillin, flucloxacillin 25 pg/ml spectrometry
benzylpenicillin, (0.25 pg/mL)

flucloxacillin, meropenem,
ertapenem, cephazolin and
ceftazidime

The values of the minimum inhibitory concentrations during antibiotic therapy with the main
currently known tetracyclines are shown in Table 4. Gotfried et al. [89] studied the pharmacokinetics
of tetracyclines and the achievement of working concentrations in blood plasma and alveolar fluid,
during the treatment of bacterial infections of the respiratory tract. Since the half-life of tetracyclines,
according to their pharmacokinetic parameters, comprises many hours (Table 5), the dosage of the
drugs and the values of the minimum inhibitory concentrations differ from the data for beta-lactams.
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For instance, the dosage of tetracyclines is, on average, 50-100 mg, in contrast to beta-lactam
antibiotics (1.5-3.5 g), but their residual concentration is detected in the blood even 24 h after
administration, while the test for beta-lactams at this time point shows a negative result. The work of
Xie et al. [90] on the detection of tigecycline by liquid chromatography with mass spectrometry,
demonstrated the possibility of detection of this tetracycline group of antibiotics in a linear
concentration range from 5 to 2,000 ng/ml. For the “introduced-found” experiment, the
concentrations of 10, 100, and 1600 ng/ml were used, which covers the concentration range that can
be achieved by the drug in the blood. As an internal standard, the authors used tetracycline.

In the case of oral administration of tetracycline and doxycycline, Pascale et al. [91], at the very
beginning of studies regarding the pharmacokinetics of tetracycline antibiotics showed that their
concentration in bio-fluids reaches a peak 24-48 h after drug administration. For example,
doxycycline reaches a concentration of 1.2 ug/ml and 8.1 ug/ml during the first 24 h, then, during the
next 24 h, it rises to 3-10 pg/ml. The concentration of doxycycline in the blood 48 h after
administration is 2.1-2.9 pg/ml and tetracycline concentration is - 2.2-3.4 pg/ml.

Table 4. Values of minimum inhibitory concentrations (MIC) for antibiotics of tetracycline group,
with the example of resistant microorganisms

Antibiotic MIC, pg/ml MIC, pg/ml Ref.
S. aureus, S. pneumoniae,
wild type and resistant wild type and resistant
Tetracycline <0.06 32 <0.06 32 [92]
Omadacycline 0.25 0.25 <0.06 <0.06 [92]
Tigecycline 0.25 0.25 <0.06 <0.06 [92]
Minocycline 0.25 2 <0.06 8 [92]

Table 5. Pharmacokinetic parameters for omadacycline and tigecycline in plasma, administered
intravenously for 30 min, at doses of 100 mg and 50 mg, respectively [89]

Drug Cmax, pg/ml Cmin, pg/ml Half-life, h
Omadacycline 2.12+0.68 0.28+0.10 16.0+3.5
Tigecycline 0.98 +0.21 0.11 +0.03 114+2.6

5.2 Storage of samples and calibration solutions for analytical purposes

Some drugs may break down during the preparation of whole blood samples, as well as plasma
or serum. In this case, it is necessary to take into account the rather low stability of beta-lactam
antibiotics at environmental conditions. As shown in Table 6, the samples can be kept at room
temperature for up to 2—4 h without loss of activity (hydrolysis of the beta-lactam cycle), and for up
to 12 hiin a refrigerator, and they are most stable under the conditions of deep freezing. In some cases,
stock antibiotic solutions are acidified to ensure long-term stability. Thus, information on the stability
of beta-lactam antibiotics in blood samples is necessary not only at the stage of collection and
preparation of the samples (patient’s blood), but also for the preparation of stock solutions of drugs
for conducting short-term experiments. For better stability, stock solutions are prepared concentrated
(500400 mg/ml) and stored at -80 °C, while serum proteins are precipitated with acetonitrile
comprising 0.1% formic acid, followed by dilution of the sample with acidified water [88].

Table 6. Stability of beta-lactam antibiotics in samples and blood fractions under various storage conditions
(based on the study of stability over time)

Sample Storage regime Storage duration without loss  Ref.
of antibiotic activity

Blood plasma -80 °C 6 mo. [86]

Blood plasma -80 °C 9 mo. [84]

Blood plasma 20 °C Not recommended [86]

Blood plasma -20°C 7 days [86]

[86]

Blood serum RT 2h

xR
[o)}
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Blood serum 2-8°C 12h [86]

Whole blood RT 4-6h [84]

Whole blood, heparin tubes 2-8°C 8h [84]

4h [93]

Stock antibiotic solution -20 °C 35 days [87]

Stock antibiotic solution -80 °C 12 mo. [87]

Stock antibiotic solution -80 °C 12 mo. [84]
(methanol) 9 mo.

Stock antibiotic solution -80 °C 6 mo. [86]

(methanol)

6. Methods of detection of inflammatory markers in the blood

Some data on the detection of the marker described in [59], indicating the working concentration
ranges for the C-reactive protein and procalcitonin, are shown in Table 7. As can be seen from the
table, detection of marker proteins is mainly carried out by immunochemical methods In recent years,
due to the development of analytical methods based on the use of nanoparticles [94] and new receptor
molecules (aptamers) [95] instead of antibodies, highly sensitive methods for determining specific
inflammatory proteins were intensively developed. At the same time, classical immunochemical
methods based on antigen-antibody interaction are still used in clinical practice, due to their high
specificity and sensitivity of analysis, including the use of various markers.

Table 7. Detectable amounts of inflammatory markers in human blood

Inflammatory Detection Range of Method Ref.
marker, sample limit detectable
concentrations
C-reactive protein, 0.04 pg/ml 0.18-8.51 pg/ml Electrochemical method [96]
blood serum
C-reactive protein, 3.1 ug/ml 3.125-25 ug/ml Electrochemical method [60]
blood serum
C-reactive protein, 0.029 pg/mL 0.1 pg/mL to 100 Electrochemical method, [97]
blood serum ng/mL aptasensor
C-reactive protein, 1pM 1-100 pM Electrochemical method, [95]
blood serum aptasensor
C-reactive protein, 10nM 0-600 nM Agglutination method using [98]
artificial sample treated magnetic particles
C-reactive protein, 5 ug/ml 5-120 pg/ml ICA [94]
blood
C-reactive protein, 0.4 ng/ml 0.3-81 ng/ml ELISA [99]
blood, blood serum
C-reactive protein, 10 ng/ml 0.1-311.9 pg/ml Immuno-MALDI-MS [100]
blood serum
Procalcitonin, blood 0.5 ng/ml ND Fluorescence immunoassay [101]
serum
Procalcitonin, blood 20 pg/ml ND ELISA, magnetic particles [102]
serum
Procalcitonin, blood 0.013 pg/ml 0.05 pg/mL to 80 Immunosensor using [103]
serum ng/mL nanocomposite

5.Summary comments

A variety of approaches to antibiotic therapy, as well as an abundance of antibiotic drugs, still
have not solved the problem of the efficacy of therapy. The development of resistant nosocomial
forms of bacteria, atypical courses of disease, and factors of the microorganisms’ aggression all lead
to severe complications. In recent years, clinicians are increasingly inclined towards a personalized
approach to treatment, where the patient's condition plays a key role. Written treatment standards
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are necessary, but they may not apply to all patients to the same degree. Study of the parameters that
can be relied upon in the treatment of infection is of the greatest interest.

When determining the concentration of antibiotics in the blood (plasma, serum), it is necessary
to take into account all the factors that may influence conclusions about their detection, including
their structure (due to the instability of the beta-lactam ring, antibiotics of this group are rapidly
inactivated), pharmacokinetic parameters of the particular drug, dosing regimen, the time from the
moment of administration until the collection of a blood sample, and the conditions for the
preparation and storage of samples. It is also necessary to take into account the time intervals during
which the drug was administered, since its rapid elimination from the body indicates a decrease in
the inhibitory concentration of the chosen drug.

An even greater reason for prescribing or replacing a drug is the dynamic of change and the
initial content of inflammatory markers in the bloodstream. Taking into account several indicators
(e.g., levels of C-reactive protein, procalcitonin, interleukins), it is possible to decide whether to
prescribe antibiotics in therapeutic doses. However, there are different views on the prognostic role
of inflammatory markers, since an increase in their content may occur as a reaction to surgery
(procalcitonin [104]). An increase in the formation and release of the markers is also observed in acute
infectious diseases (of respiratory, digestive, nervous and other systems), coronary syndrome and
angina pectoris [105]. Acute, life-threatening conditions (sepsis, meningitis, stroke) [41], including
the state of shock [106] and diseases accompanied by the formation of blood clots in the vessels [107],
are also accompanied by an increase in the concentration of C-reactive proteins in the blood. With
effective antibiotic therapy and the positive dynamics of the patient's condition, the concentration of
the marker in the blood decreases. The use of information about the initial concentration of
inflammation markers, and subsequent analytical data obtained during the treatment of acute
bacterial infection, will allow the therapy to be corrected, the drug being administered to be replaced
for a more effective one in a timely manner, and will help avoid complications in cases of regular
monitoring. Among the proposed markers of inflammation, the most widely used in clinical practice
are procalcitonin and C-reactive protein, the contents of which, in the patient's blood, can be used not
only to understand the stage and intensity of the process, but also the efficacy of the therapy.
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