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ABSTRACT

The present study offers a systematic review of 43,386 research articles investigating wound infection, which were ana-
lyzed using data analysis approaches developed by the Yu.l. Zhuravlev and K.V. Rudakov's scientific school. The cluster-
based terminology applied to the publications identified in the study suggests (1) diverse inflammatory mechanisms,
(2) arange of bacterial and viral pathogens that contribute to impaired wound healing, and (3) a variety of antibiotics and
other pharmacological agents, the effects of which are investigated in the scientific publications. The generated map of
the most informative terms provides a comprehensive description of the wound infection pathophysiology and identifies
promising areas of research focused on wound pharmacotherapy, including approaches to biofilm eradication; use of
nanofibers, hydrogels, and nanoparticles; and pharmacological control of wound inflammation. The pharmacological
treatment of infected wounds extends beyond the scope of conventional antiseptics and antibiotics to include the use
of phytoextracts (and their components, including antioxidant derivatives), pharmaconutraceuticals, essential elements
(primarily copper, zinc, and silver), biguanides (for wound treatment in patients with carbohydrate metabolism disor-
ders), hyaluronic acid (for wound dressings), and probiotic bacteria that facilitate the eradication of pathogenic biofilms.
This study is supported by a review of pertinent evidence-based studies, highlighting the most promising research
trends, including biofilm control, surgical debridement, and pharmaconutraceuticals.
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CucTteMaTU4ECKMIA KOMNbIOTEPHbIA aHaNU3 nyb6auKauuu
60NblIMX AAHHDBIX, OTPAXKAKOLWMUX MUPOBOM ONbIT
MccnefoBaHUM paHO3aXKUBJIEHUS MHPULUPOBAHHBIX paH
N.10. Topwumn, 0.A. T'pomoBa

OepepanbHbIil UccnefoBaTeNbCKuiA LEHTp «MHbopMaTiKa 1 ynpasneHue» Poccuickoit akapemum Hayk, Mocksa, Poccust

AHHOTALIUA

B pabote npeacTaBnieHbl pesynbTaThl CUCTEMaTM3aLMM MaccuBa U3 43386 cTaTeit No MHMUMPOBaHWUIO paH, NpOBeAEHHOM
METOZlaMM aHann3a AaHHbIX Hay4HoM LuKonbl akageMukos H0.M. Xypasnesa u K.B. PyaakoBa. BoisiBneHHas B uccnefoBaHum
K/acTepHasl TEPMUHOMNOTMYECKas CTPYKTYpa nybnmKaumii ykasbiBaeT (1) Ha MHOroobpasue cOOTBETCTBYHLUMX MEXAHU3MOB
BocrnaneHus, (2) MHoroobpasue bakTepuanbHbIX U BUPYCHBIX MaTOrEHOB, 3aTPYAHSIOLLMX 3aXKMUBIEHME paH, (3) MHoroobpasue
AHTMOMOTMKOB U NpOYMX hapMaKOoNorMyeckux cpeacTs, IQEeKTbl KOTOPbIX UCCNELYIOTCA B Hay4HOW nuTepatype. onyyeHHas
KapTa Haubonee MHGOPMATMBHBIX TEPMUHOB HE TONIbKO AETabHO XapaKTepusyeT nato(u3nonoriio MHOWULMpOBaHMS paH,
HO 1 yKa3blBaeT Ha NepCreKTUBHbIE HANPaBeHNs UCCNe0BaHU B hapMaKoTepanuy paH: NoAXoabl K peLLeHnto npobnembl
BronneHoK; Ucnonb3oBaHWe HAHOBOJIOKOH, MMAPOreNiel U HaHoyacTUL; dhapMaKoTepanus paHeBoro BocrnaneHus. B dapma-
KOJOrUM PaHO3aXMBNEHUS MHOULMPOBAHHBIX PaH aKTUBHO UCCIELYIOTCA He TOMBKO aHTUCEMTUKM U aHTMBUOTUKM, HO U (u-
TO3KCTPaKThI (M UX KOMMOHEHTbI, B TOM YKC/IE aHTUOKCUAAHTHbIE), PapMaKOHYTPULLEBTUKM, OMPeAeSIeHHbIE MUKPO3JIEMEHTDI
(Npexae Bcero, Mefb, LMHK U cepebpo), buryaHuabl (4515 ieYeHns paH y NauMeHToB ¢ HapyLeHUsSIMU YrieBoaHOro obMeHa),
rManypoHoBas KucroTa (45 nepeBs3oK), bakTepum-npobuoTuky, cnocobCTByloWMe paspyLLEHUI0 NaToreHHbIX 61onneHoK.
MpuBeLeHbl MpUMepbl A0Ka3aTeNbHbIX UCCNeA0BaHU, yKasblBalolwue Ha Haubonee mepcneKTUBHBIE UCCNe0BaTebcKue
TpeHAbl: 6bopbba ¢ bronneHkamu; 0cobeHHOCTH NPOBELEHUS XUPYPIUYECKMX BMELLATENbCTB, CBA3aHHbIE C MHOULMPOBAHUEM
paH; npuMeHeHue hapMaKoHYTPULLEBTUKOB.

KnioueBble cnoBa: paHeBas VIH¢eKL|,VIﬂ; BronneHKn; aHTUBMOTHKMY; ¢MT03KCTP3KTbI; BUTaMUHbI; nNenTuabl NaaleHTbl; LUHK.
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REVIEW

INTRODUCTION

Standard wound management protocols, particularly
in combat-related injuries, include hemostasis (with ves-
sel ligation if necessary), wound irrigation with antisep-
tic solutions (such as hydrogen peroxide, chlorhexidine,
etc.), wound closure (to restore tissue integrity), anti-
bacterial therapy (in the presence of or at high risk for
infection), and tetanus vaccination (in the case of wound
contamination). Minor injuries may heal within 7-10 days,
whereas deeper or, more importantly, infected wounds
may require several weeks or even months of treatment.
Therefore, maximizing the effectiveness and safety of
wound healing interventions is of critical importance.

In particular, wound infection significantly compli-
cates healing and increases mortality risk. Before new
and more effective treatment protocols can be developed,
it is essential to summarize the existing scientific and
clinical knowledge about the pathophysiology of wound
infections and their management.

CLUSTER-BASED TERMINOLOGICAL
STRUCTURE OF PUBLICATIONS

In the present work, a PubMed database analysis was
conducted to characterize the structure of publications on
this topic. As of September 2024, a total of 217,826 articles
were identified under the search term “wound healing.”
At the same time, the search yielded only 2,887 publications
addressing wound healing in soldiers, using the broad que-
ry “wound healing AND (military OR soldiers).” This is ap-
proximately 1% of all wound healing publications, with the
actual volume of research on this topic being even lower.

Thus, according to PubMed-indexed publications, the
research topic “wound healing in combat-related injuries”
constitutes a very narrow niche within the overall body
of wound healing studies. The majority of the remaining
studies focus on wound healing in patients with various
chronic conditions (primarily diabetes mellitus). Given
this imbalance in the scientific publication landscape,
it is critical to consider an individual patient’s chronic
comorbidities (e.g., common liver and/or pancreatic dis-
orders, gastrointestinal dyshiosis, early stages of athero-
sclerosis, etc.) when developing therapeutic approaches
aimed at improving wound healing quality and treatment
outcomes in these patients.

Wound infection prevention and treatment is a broader
and more extensively studied research area: the search
term “wound healing AND (bacterial OR microbiome OR
viral OR virus OR infection)” yielded 43,386 publications,
accounting for 20% of all wound healing publications.
Effective prevention of wound infections and timely, ad-
equate therapeutic care when an infection occurs are
critical for improving patient survival and health status.
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To enable comprehensive systematization of this body
of research, we created a control sample of publications
based on the most frequently encountered keywords un-
related to infection or wounding. The search query used
was: “(Humans [MeSH Terms] OR Animals [MeSH Terms])
AND (Treatment Outcome [MeSH Terms] OR Retrospec-
tive Studies [MeSH Terms] OR Follow-Up Studies [MeSH
Terms] OR Prospective Studies [MeSH Terms]) NOT
wound healing NOT bacterial NOT microbiome NOT viral
NOT virus NOT infection.” The control sample included
43,386 publications randomly selected from a total of
2,570,468 articles retrieved using this query.

The sample dataset on “infection and wound healing”
was compared with the control sample using topological
[1, 2], combinatorial [3], and metric [4, 5] data analysis
methods developed by the scientific school of Zhurav-
lev and Rudakov. As a result, a metric diagram of the
most informative terms distinguishing the publications
in the topic-specific text sample from those in the con-
trol text sample was constructed (Fig. 1). Applying met-
ric data analysis methods [4] to this diagram revealed
three distinct clusters of terms: “Molecular mechanisms
of inflammation” (Cluster 1), “Pathogens” (Cluster 2), and
“Antibiotics” (Cluster 3). The majority of the remaining
highly informative out-of-cluster terms were, as will be
shown below, associated with chronic conditions affect-
ing wound healing in some way.

Each of the terms in Fig. 1 corresponds to 10 to
1,500 publications. The cluster-based terminological
structure of publications on infected wound healing char-
acterizes the following:

1) The diversity of inflammatory mechanisms involved
(both hyperinflammation and insufficient inflamma-
tion due to immune dysfunction can significantly hinder
wound healing and patient recovery);

2) The variety of bacterial and viral pathogens that
impede wound healing;

3) The wide range of antibiotics and other pharmaco-
logical agents whose effects are investigated in scientific
publications.

Cluster 1 “Molecular mechanisms of inflammation”
included terms characterizing prostaglandin—leukotriene
pathways closely associated with the arachidonic acid cas-
cade and cyclooxygenase-2 activity (G0:0004961 Throm-
boxane A2 receptor activity; G0:1901751 Leukotriene A4
metabolic process; G0:2001306 Lipoxin B4 biosynthetic
process; G0:0061737 Leukotriene signaling pathway); cy-
tokine and chemokine mechanisms (G0:0044546 NLRP3
inflammasome complex assembly; G0:0032640 Tumor
necrosis factor production; G0:0035926 Regulation of
chemokine (C-X-C motif) ligand 2 production; G0:0048020
CCR chemokine receptor binding; G0:0050701 IL-1 pro-
duction; G0:0090195 Chemokine production); interferon
pathways (G0:0004905 Type | interferon receptor activity;
60:0032607 Interferon-alpha production; G0:0032608
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Fig. 1. Metrics chart for the most informative terms representative of the full array of 43,386 publications on wound infection.
Each term is represented by a single point on the graph. The strength of the term interaction, or the co-occurrence, is directly pro-
portional to the proximity of the two points. The graph is generated by projecting a multidimensional metric space (pairwise distance
matrix between two terms) on the image plane.

Puc. 1. MeTtpuyeckas auarpaMMa Hanbonee MHOPMATUBHBLIX TEPMUHOB, XapaKTepPHbIX AN BCero Maccua u3 43 386 nybnukaumin no
nHdMLMpoBaHMio paH. Kax oMy TepMUHY COOTBETCTBYET 0JiHA TOUKA Ha AnarpaMMe. YeM Bnmxe [iBe TOUKM, YEM CUIbHEE «B3aUMOfEl-
cTBME» TepMUHOB (Bonee BbiICOKas COBMeCTHas BCTPeYaeMocCTb). [lnarpaMma nonyyeHa npoeLmpoBaHWeM MHOTOMEPHO0 NMPOCTPaHCTBa

MEeTPUYECKOI KOHGUrypaLum (MaTpuLia NapHbIX PacCTOAHUIA MeXay TepMUHAaMM) Ha MOCKOCTb PUCYHKa.

Interferon-beta production); innate immune responses
to bacterial lipopolysaccharides (LPS, G0:0005121 Toll
binding; G0:0034165 Positive regulation of TLR? signaling
pathway); histamine-related mechanisms (G0:0070667
Negative regulation of mast cell proliferation); and vari-
ous leukocyte-related mechanisms (G0:0070965 Posi-
tive regulation of neutrophil mediated killing of fungus;
G0:0046649 Lymphocyte activation).

Given the diversity of inflammatory mechanisms involved
in wound infection, as reflected in Cluster 1, it becomes evi-
dent that (a) pharmacological agents targeting only a single
inflammatory pathway, such as nonsteroidal anti-inflam-
matory drugs, which inhibit cyclooxygenase-2 in the pros-
taglandin-mediated pathway, may be insufficient, and (b)
there is a need for agents that modulate other mechanisms,
including NF-kB/inflammasome inhibitors, kinase inhibi-
tors, antihistamines, and others. Importantly, an individual
patient may have, for example, excessive cytokine-mediat-
ed inflammation in the presence of suppressed interferon
immunity, low lymphocyte counts, and so on.

Cluster 2 “Pathogens” includes various bacterial and
viral pathogens associated with wound infections arising
from postoperative and/or opportunistic infections. In ad-
dition to the well-known pneumococcal, Pseudomonas,
and streptococcal infections, impaired wound healing is
also linked to a wide range of other bacterial pathogens

00l https://doi.org/10.]

(A42 Actinomycosis, B44 Aspergillosis, B67 Echinococ-
cosis, Acinetobacter infections, Escherichia coli, mucor-
mycosis, Salmonella, Bacteroides, Serratia, trichiasis,
acanthosis nigricans, Chlamydia), viral pathogens (B00.9
Herpesviral infection, unspecified, B02 Zoster [herpes
zoster]), fungal infections, and other infectious agents
(B37.9 Candidiasis, unspecified; B39.9 Histoplasmosis,
unspecified; B55.9 Leishmaniasis, unspecified).

The high diversity of bacterial and other pathogens
involved in wound infection underscores the need for the
use of antiseptics and antibiotics with the broadest pos-
sible spectrum of activity, as well as agents targeting
other types of pathogens. The presence of fungal patho-
gens in wound cultures obtained from individual patients
necessitates the use of antifungal agents. Combating vi-
ral pathogens requires strengthening the immune system
against specific molecular and biological types of viruses
(primarily single-stranded RNA viruses); a systematic
analysis of this issue is presented in monograph [6].

Cluster 3 “Antibiotics” includes antibiotics whose
effects are most frequently studied in the treatment of
wound infections (in descending order of informativeness:
amoxicillin, ceftazidime, cefuroxime, penicillin, ceftriax-
one, trimethoprim, cefotaxime, etc.; a more complete list
is provided below in the analysis of the pharmacological
subset of publications on infected wound healing).

7816/RCF636717
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The majority of the remaining out-of-cluster terms
shown in the diagram (see Fig. 1) are associated with
chronic conditions and immune mechanisms in some
way. These terms include:

Factors of chronic multisystem disorders that com-
plicate the treatment of patients with wound infections
(diabetic foot, obliterating atherosclerosis, N10 Acute
tubulo-interstitial nephritis, 180.0 Phlebitis and throm-
bophlebitis of superficial vessels of lower extremities,
J15.0 Pneumonia due to Klebsiella pneumoniae, K73.9
Chronic hepatitis, unspecified, L08.0 Pyoderma, L73.2
Hidradenitis suppurativa, M72.6 Necrotizing fasciitis,
M72.9 Fibroblastic disorders, unspecified, acrodermatitis,
including enteropathic);

Other traumatic injuries and their consequences
(burns, open fractures, gangrene, necrotizing fasciitis);

Molecular mechanisms of immunity and its impair-
ments that hinder recovery (immunodeficiency, leuko-
cyte adhesion deficiency, macrophages, G0:0030109
HLA-B specific inhibitory MHC class | receptor activity,
G0:0046784 Viral mRNA export from host cell nucleus,
G0:0050864 Regulation of B cell activation, G0:0070661
Leukocyte proliferation, G0:2000321 Positive regulation
of T-helper 17 cell differentiation, G0:0038178 Comple-
ment component C5a signaling pathway);

References to micronutrients and pharmaconu-
traceuticals that support the treatment of infected
wounds (G0:0008127 Quercetin 2,3-dioxygenase activ-
ity, G0:0033265 Choline binding, G0:0034516 Response
to vitamin B,, 6G0:0042360 Vitamin E metabolic process,
G0:0046146 Tetrahydrobiopterin metabolic process,
G0:0070781 Response to biotin, vitamin A deficiency, vi-
tamin C deficiency).

It should be emphasized that the terminological map
in Fig. 1 includes the most informative terms (those
whose minimal number makes it possible to distinguish
publications on the prevention, treatment, and funda-
mental research of infected wounds from the control
group). In the analysis of the pharmacological sub-
set of publications on infected wound healing [query:
“wound healing AND (bacterial OR microbiome OR viral
OR virus OR infection) AND (Wound Healing/drug effects
[MeSH Terms] OR Anti-Bacterial Agents/therapeutic use
[MeSH Terms])”, approximately 8,000 articles, with the
same control group of texts], the set of points in Cluster 2
“Antibiotics” expands significantly and allows for a num-
ber of conclusions regarding promising areas of research
on infected wound pharmacotherapy.

This expanded Cluster 2 includes terms associated
with studies on:

+ Bacterial biofilms, which significantly enhance the
survival of pathogenic bacteria and thus aggravate
wound infections;

+ Nanofibers and hydrogels (used in the development of
advanced wound dressings);
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+ Nanoparticles (employed to improve the delivery of
antibacterial agents, such as moxifloxacin, vancomy-
cin, ciprofloxacin, and clindamycin, as well as silver,
zinc, zinc oxide, and copper nanoparticles; the effec-
tiveness depends critically on the optimal nanopar-
ticle size);

« Pharmacotherapy of inflammation (NF-kB inhibitors,
glucocorticoids, and others);

+ Regulators of nitric oxide (NO) metabolism (produced
by various types of leukocytes to combat bacterial
and viral pathogens);

+ Active substances derived from natural extracts (an-
tioxidants, tannins, curcumin, and others).

Notably, current pharmacological research on infected
wound healing focuses not only on antiseptics (such as
povidone-iodine, chlorhexidine, triclosan, trimethoprim,
and colloidal nanosilver-based antiseptics) and broad-
spectrum antibiotics from a wide range of pharmaco-
logical classes (in descending order of relevance for the
treatment and prevention of bacterial wound infections:
sulfadiazine, ciprofloxacin, gentamicin, doxycycline, mu-
pirocin, tetracycline, clindamycin, rifampicin, ampicillin,
cefazolin, tobramycin, fluoroquinolones, amikacin, sul-
fadiazine, ofloxacin, cefuroxime, clarithromycin, clavula-
nate, daptomycin, linezolid, sulfamethoxazole, amoxicil-
lin, azithromycin, cephalexin, metronidazole, imidazoles,
penicillin, piperacillin, vancomycin, ceftriaxone, cephalo-
sporins, gatifloxacin, sulbactam, framycetin, Dermazin,
Flammazine, and oxytetracycline).

The following promising therapies are also being ac-
tively explored:

+ Natural antibiotics (such as bacitracin and cathelici-
din; the latter is synthesized in the body when vita-
min D3 levels are adequate);

+ Biguanides (used in the treatment of infected wounds
complicated by patient-specific carbohydrate metabo-
lism disorders);

+ Hyaluronic acid and citric acid (applied in wound
dressing formulations to enhance healing of the con-
nective tissue matrix at the site of injury);

+ Phytoextracts (aloe, turmeric, cinnamon) and their in-
dividual components (triterpenes, saponins, tannins,
including tannic acid);

+ Natural pharmaconutraceuticals collectively referred
to as antioxidants (e.g., curcumin, bioflavonoids);

+ Copper and zinc, which are particularly important for
wound healing when applied either topically or sys-
temically, and are used as immunostimulants (in the
form of organic salts) and/or antiseptics (as colloidal
suspensions of elements or oxides);

+ Lactobacilli and other probiotics, which contribute to
the breakdown of pathogenic biofilms.

Examples of evidence-based studies illustrating spe-
cific findings from the computational scientific data ana-
lysis are presented below. The analysis made it possible
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to identify three of the most promising research trends

aimed at improving treatment outcomes and/or preven-

tion of wound infections, which deserve further consid-

eration:

+ Biofilm management strategies;

 Surgical procedure characteristics related to wound
infection;

+ Pharmaconutraceuticals and natural extracts in the
management of wound infections.

BIOFILM MANAGEMENT STRATEGIES

In antibiotic therapy, one important characteristic of
bacteria is often overlooked: the formation of so-called
biofilms, which are bacterial colonies with enhanced
survivability. Pathogenic bacterial biofilms, which are
highly resistant to antibiotics, are particularly sensitive
to changes in environmental pH and specific modulatory
substances that influence biofilm formation.

Biofilms are commonly found in poorly healing
“chronic” wounds. For example, in a meta-analysis of
9 studies in patients with chronic wounds (n=185), the
prevalence of biofilms was 78.2% (95% confidence in-
terval [CI]: 61.6-89, p <0.002) [7]. A meta-analysis of
8 clinical trials found insufficient evidence to support the
claimed antibiofilm efficacy of conventional topical anti-
septics. When assessing wounds using visual methods,
including autofluorescence imaging, clinical expertise
and physicians’ skills play a key role in biofilm removal
and improved wound healing outcomes [8].

Biofilm management strategies in wound care are di-
verse and include the use of specific biofilm-disrupting
molecules, standardized colloidal nanosilver solutions,
and natural extracts (see below). In terms of micronu-
trients, topical application of ascorbic acid (vitamin C)
promotes the destruction of bacterial biofilms through
various molecular mechanisms, such as restoring pH to
physiological levels, which also creates optimal condi-
tions for the survival of beneficial lactobacilli biofilms [9].
One approach to reducing biofilm colonization in wounds
is the use of silver nanoparticles. Some physicians still
perceive silver nanoparticle-based products as part of
folk medicine, and even the “nano-" prefix fails to dispel
this misconception. However, a series of meta-analyses
of clinical studies on nanosilver has confirmed the prom-
ise of this approach in wound therapy.

A meta-analysis by Jiang et al. [10] demonstrated that
standardized colloidal nanosilver solutions significantly
reduce wound healing time compared to iodine-based
dressings (-0.95 conventional units, 95% Cl: -1.62 to
-0.28, 12=92%, p=0.005). Moreover, they help reduce ex-
udate volume and may partially alleviate pain symptoms
(an effect observed in 3 out of 7 studies included in the
meta-analysis), indicating greater antibacterial efficacy
of silver compared to povidone-iodine. A meta-analysis
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by Luo et al. [11], which included seven studies (n = 650),
confirmed the efficacy of silver nanoparticle dressings
in the treatment of diabetic foot ulcers: a significant in-
crease in healing rate and time to complete wound clo-
sure was observed, as well as a shorter hospital stay
and faster infection resolution. In a meta-analysis of 11
studies, 1% silver sulfadiazine was shown to be effective
in promoting tissue healing in burn patients compared to
other treatment methods, with a reduction in the mean
time to complete wound healing by 4.26 days (95% ClI:
-5.96 to -2.56, p <0.00001) [12].

SURGICAL PROCEDURE
CHARACTERISTICS RELATED
TO WOUND INFECTION

Topical application of antibiotics is not always effec-
tive in preventing or treating wound infections. A me-
ta-analysis by Lin et al. [13] demonstrated that topical
antibiotics do not significantly reduce the risk of postop-
erative wound infections (relative risk [RR] 0.83, 95% Cl:
0.61-1.16, p >0.1). Subgroup analysis showed no reduc-
tion in wound infection rates with the use of topical anti-
biotics for incisions in spinal (RR0.75, 95% Cl: 0.40-1.38),
orthopedic (RR0.69, 95% Cl: 0.37-1.29), dermatologic
(RR0.77, 95% Cl: 0.39-1.55), or cardiothoracic surgeries
(RR1.31, 95% Cl: 0.83-2.06).

At the same time, a meta-analysis of 12 random-
ized controlled trials (n=1,781) conducted by Wang et
al. [14] confirmed the effectiveness of topical gentami-
cin (a broad-spectrum aminoglycoside antibiotic) in the
prevention and treatment of wound infections. Compared
to the control group without gentamicin, topical appli-
cation of gentamicin demonstrated significantly higher
clinical efficacy (odds ratio [OR] 3.57, 95% Cl: 2.52-5.07).
Regarding wound healing duration, the gentamicin group
showed a shorter healing time than the non-gentamicin
group (-4.94 days, 95% Cl: -8.37 to —1.51).

A meta-analysis of 10 randomized clinical trials
(n=1,006,587) revealed that laminar airflow ventilation
systems in orthopedic operating rooms do not reduce the
risk of wound infections. Moreover, it was shown that
these systems may even increase the risk of infection
(RR1.27, 95% Cl: 1.02-1.59, p <0.05) [15].

A meta-analysis of 22 randomized clinical trials
(n=4,492) conducted by Li et al. [16] confirmed the clini-
cal efficacy of wound edge protectors in reducing surgi-
cal site infections following abdominal surgery. The use
of protectors significantly reduced the overall infection
rate (RR0.66, 95% Cl: 0.53-0.83, p=0.0003), including su-
perficial infections (RR0.59, 95% CI: 0.38-0.91, p=0.02)
and the risk of infection in clean-contaminated wounds
(RRO.61, 95% Cl: 0.40-0.93, p=0.02) and contaminated
wounds (RR0.47, 95% Cl: 0.33-0.67, p <0.0001).
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A meta-analysis of 22 clinical studies (n=5,487), which
assessed the effects of nine types of surgical dressings,
showed that three types of dressings demonstrated a
significant effect in reducing the risk of wound infection.
These were dressings containing mupirocin (OR1.076,
95% Cl: 1.014-1.142, p=0.015), dressings containing di-
alkylcarbamoyl chloride (OR1.047, 95% Cl: 1.012-1.083,
p=0.008), and dressings containing a vitamin E-silicone
compound (OR1.129, 95% CI: 1.016-1.255, p=0.025).
The vitamin E-silicone dressing was the most effective
(SUCRA score 0.37), followed by the mupirocin-contain-
ing dressing (SUCRA score 0.31) [17].

Falagas et al. [18] conducted a meta-analysis of
22 studies (n=2,467), which demonstrated the effective-
ness of vacuum-assisted closure (VAC) therapy in pa-
tients with wound infections. Patients who received VAC
therapy had significantly lower mortality rates than those
treated without VAC (RR0.40, 95% Cl: 0.28-0.57). More-
over, VAC therapy was associated with a decreased re-
currence rate (RR0.34, 95% Cl: 0.19-0.59).

The effectiveness of negative pressure therapy for
wounds that have progressed to the chronic stage was
demonstrated in a meta-analysis of 15 studies (n=3,599)
conducted by Burhan et al. [19]. Creating an artificially re-
duced air pressure in the wound area (by lowering atmo-
spheric pressure to 80—125 mm Hg using a vacuum pump;
normal atmospheric pressure being 740-760 mm Hg)
significantly improved microcirculation and accelerated
healing. To ensure favorable outcomes, the procedure
must be performed by qualified medical personnel who
properly carry out all stages of the procedure and regular-
ly monitor each patient’s condition throughout treatment.

In addition to the aforementioned medical interven-
tions, it is important to emphasize the urgent need for
disciplinary measures, primarily the complete cessation
of unhealthy habits such as smoking, especially during
the wound healing period. A meta-analysis of 11 stud-
ies (n=218,567; 176,670 individuals were non-smokers
or had quit smoking, whereas 41,897 were smokers)
showed that patients who had quit smoking or were non-
smokers experienced significantly fewer postoperative
wound healing complications (OR0.59, 95% ClI: 0.43-0.82,
p <0.001). Moreover, postoperative patients who did not
smoke had a significantly lower risk of wound infections
compared to those who did (OR0.74, 95% CI: 0.63-0.87,
p <0.001) [20].

PHARMACONUTRACEUTICALS
AND NATURAL EXTRACTS IN THE
MANAGEMENT OF WOUND INFECTIONS

An analysis of out-of-cluster high-informative terms
(see Fig. 1) identified specific micronutrients and phar-
maconutraceuticals that may facilitate the treatment of
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infected wounds (quercetin, choline, vitamins B, By, bio-
tin, C, E, A, and D3).

A meta-analysis of 44 randomized trials in older and
middle-aged patients (n=716; mean age 67 years, 95%
Cl: 35-87 years) confirmed the effectiveness of vitamin-
mineral premix supplementation (typically containing the
majority of B vitamins, vitamins A, D3, C, and E, zinc,
copper, magnesium, and potassium) in reducing wound
healing complications. The average intake of supplemen-
tary micronutrients was 588 kcal/day (95% Cl: 125-1,750;
protein 22 g/day, 95% Cl: 0-54); patients followed the
diet for an average of 74 days (95% Cl: 5-365 days).
In the majority of studies included in the meta-analysis
(77%), the incidence of wound healing complications was
lower than in the control group. The micronutrient-en-
riched diet reduced wound healing-related complications
(infections, pressure ulcers, fracture healing) by an aver-
age of 32% (OR0.68, 95% Cl: 0.59-0.79, p <0.001), both
in inpatient care settings (OR0.72, 95% Cl: 0.59-0.87,
p=0.001) and in patients who followed the diet outside
the facility (OR0.65, 95% Cl: 0.52-0.80, p <0.001). A sig-
nificant reduction in complications, including wound in-
fections, was observed only with high adherence to the
micronutrient-enriched diet (OR0.63, 95% Cl: 0.48-0.83,
p=0.001) [21].

A meta-analysis conducted by Tao et al. [22], which
included 22 studies (n=2,170), confirmed that glutamine
supplementation in burn patients reduced the length
of hospital stay (-7.95 days, 95% Cl: -10.53 to -5.36),
improved wound healing quality (9.15 conventional
units, 95% Cl: 6.30-12.01), and shortened healing time
(-5.84 days, 95% Cl: —7.42 to -4.27). Moreover, gluta-
mine supplementation lowered the risk of wound infec-
tion (RRO0.38, 95% Cl: 0.21-0.69).

A meta-analysis by Yammine et al. [23], which in-
cluded 10 studies (n=1,644; 817 patients with diabetic
foot ulcers and 827 patients with diabetes but no foot
complications), showed that severe vitamin D, deficiency
(250HD, <20 ng/mL) was associated with a 3.6-fold in-
creased risk of chronic non-healing foot wounds (95% Cl:
2.94-4.42, p <0.0001).

The “tissue therapy” approach proposed by Filatov
is still applied in wound healing. For example, a meta-
analysis of studies in patients after skin grafting (n=219)
confirmed that amniotic membranes may be beneficial
for accelerating wound healing. Compared to other meth-
ods, the mean difference in healing time was -3.87 days
(95% Cl: —4.39 to —3.35, p <0.00001) [24]. Notably, Fila-
tov's works paved the way for more systematic research
and clinical application of human placenta hydrolysates
(HPHs). Studies of the peptide composition of HPHs using
modern proteomic techniques have made it possible to
propose a set of molecular mechanisms by which HPHs
act under various conditions. The effects of HPHs have
been demonstrated in the treatment of liver diseases,
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atopic dermatitis, viral infections (herpes, COVID-19, vi-
ral hepatitis), iron overload disorders, and chronic fa-
tigue syndrome. HPHs stimulate the body’s regenera-
tive potential, which is vital not only for accelerating
and improving wound healing, but also for treating joint
diseases [25].

A meta-analysis of six animal studies demonstrated
the effectiveness of probiotics as pharmaconutraceuti-
cals in cutaneous wound models. Wound area percent-
age at the end of the first week after initial injury was
used to assess efficacy. Based on the calculated Hedges’
g value, the use of probiotics was associated with an
accelerated reduction in wound size (g=-2.55, 95% ClI:
-3.59 to -1.50, p <0.0001). A meta-regression analysis
showed that sterile kefir extract (g = -5.6983, p=0.0442)
and bacterial probiotic therapy (70% kefir gel, Lacto-
bacillus brevis, L. fermentum, L. plantarum, L. reuteri;
g=-2.3814, p=0.0003) had a significant, dose-dependent
effect [26].

A meta-analysis of nine randomized trials confirmed
that standardized aloe vera phytoextracts significantly
reduced the average wound healing time in patients with
second-degree burns compared to other topical wound
treatments (-3.76 days, 95% Cl: —=5.69 to —1.84), with
no significant differences in pain reduction (-0.76 points,
95% Cl: -1.53 to 0.01) or risk of wound infection (RR 1.10,
95% CI: 0.34-3.59) [27].

CONCLUSION

The diversity of inflammatory mechanisms, bacterial
and viral pathogens, and antibiotics and other pharma-
cological agents whose effects are explored in scientific
publications, makes the development of “magical” treat-
ment protocols for wound infections, based on the prin-
ciple of “let’s try another antibiotic we haven't used yet,”
problematic. Even with the very limited set of fundamen-
tal and evidence-based data presented above, there is a
clear need for more comprehensive, integrative, holistic,
and multifaceted approaches to the treatment and pre-
vention of wound infections, particularly those sustained
in combat settings. It is equally important to consider
biofilm management strategies, surgical intervention
characteristics, and the use of pharmaconutraceuticals
and natural extracts.

The presented data clearly illustrate that medical re-
searchers are actively exploring not only a wide range of
antiseptics and antibiotics from various classes, but also
the pharmacological effects of natural antibiotics, bigu-
anides (for the treatment of infected wounds complicated
by patient-specific carbohydrate metabolism disorders),
hyaluronic acid and citric acid (for wound dressing for-
mulations), phytoextracts (aloe, turmeric, cinnamon) and
their components collectively referred to as “antioxidants”
(curcumin, bioflavonoids), as well as micronutrients
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such as copper and zinc, lactobacilli, and other probi-
otics that contribute to the breakdown of pathogenic
biofilms.

In addition to the above research areas derived from
scientific data analysis, the present review highlights the
urgent need to form a cohort of patients with wounds in
order to identify, using modern data mining techniques,
the factors influencing mortality and wound healing rate
and quality.
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AOMO/THUTENIbHASA UHOOPMALIUA

Bknap astopos. W.10. Topwwmh, 0.A. [pomMoBa — aHanu3 nony-
UEHHBbIX [aHHbIX, 0030p NUTEpaTypbl, BHECEHUE OKOHYaTeNbHOM
MpaBKY, KOHLENUUS 1 OM3aiiH uccnefoBaHus, cbop u obpaboTka
MaTepuanos, npueneyeHue uHaHCMpoBaHUs. ABTOpbI 0A00pUNK
BepCuIo 418 NyBAMKaLuMK, a TakKe COrNacuinch HeCTH 0TBETCTBEH-
HOCTb 3a BCe acrneKTbl paboTbl, rapaHTMpys HaAexallee paccMo-
TPEHWE 1 peLLeH e BOMPOCOB, CBA3aHHbIX C TOYHOCTBIO M Jobpoco-
BECTHOCTbIO JI0BON ee YacTu.

UcTouHnkmn dmHaHcupoBaHus. OTcyTcTByHoT.

PackpeiTue uHTepecoB. ABTopbl 3asBSKOT 006 OTCYTCTBMM OT-
HOLLIEHWIA, [eATENIbHOCTM U MHTEpPecoB 3a MoCNefHue TpU ropa,
CBAA3aHHbIX C TPETBUMM NIULAMU (KOMMEPYECKUMM U HEKOMMepYe-
CKMUMM), MHTEPEChl KOTOPbIX MOFYT BbITb 3aTPOHYTHI COflEpKaHNeM
cTaTby.

OpuruHanbHocTb. [lpy co3pgaHum HacTosiwen paboTbl aBTOpbI He
UCMONb30BanM paHee onybnMKoBaHHbIe CBEAEHUS (TEKCT, UI0-
CTPaLMK, AaHHBbIE).

leHepaTMBHLIA UCKYCCTBEHHBIA MHTeseKT. [py co3aaHum Ha-
CTOSILLE CTaTbU TEXHONOMUW FeHepaTUBHOMO MCKYCCTBEHHOMO UH-
TeseKTa He UCMONb30BaM.
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