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Abstract

Chronic and difficult-to-heal wounds require topical agents that combine reparative ac-
tivity with favorable local disposition and an acceptable preliminary safety profile. This
study evaluated three orotic acid-1,2,4-triazole hybrids (1-3) using an integrated com-
putational and experimental workflow. Accelerated weight histogram simulations were
performed in an atomistic human stratum corneum lipid model; acute toxicity was as-
sessed by in silico rat LDsg prediction, 96 h Danio rerio LCs testing, and OECD 425 oral
testing in rats. Compounds selected on the basis of toxicity were incorporated into elec-
trospun polyvinylpyrrolidone K-30 dressings and evaluated in a rat excisional wound
model. Compound 1 showed pronounced lipid partitioning and potential intralamellar
retention, whereas compounds 2 and 3 encountered broad membrane-interior free-energy
barriers. Compound 2 had the least favorable acute-toxicity profile and was excluded. By
day 8, wound area decreased by 89.0% with compound 1 and 78.6% with compound 3,
versus 70.5% with the drug-free vehicle dressing (p < 0.001 for both comparisons). Nei-
ther treatment caused clinically evident deterioration or a consistent biochemical pattern
of marked hepatic or renal dysfunction, although hematological and compound-specific
biochemical changes were observed. The compound 1-loaded dressing therefore warrants
further mechanistic, histological, and longer-term safety evaluation as the lead formulation.

Keywords: wound healing; orotic acid; 1,2 4-triazole; electrospun dressings; polyvinylpyrrolidone;
acute toxicity; stratum corneum

1. Introduction

Loss of skin integrity initiates a complex reparative response aimed at restoring
barrier function and protecting the underlying tissues. Although many acute wounds
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heal without major intervention, extensive injuries and wounds complicated by infection,
ischemia, metabolic disease, aging, or persistent inflammation may fail to heal and impose
a substantial clinical and socioeconomic burden. In Ukraine, the need for improved wound
care has become particularly urgent since Russia’s full-scale invasion in February 2022, as
high-energy combat trauma has resulted in complex extremity and soft-tissue wounds that
present considerable challenges for surgical treatment and subsequent tissue repair [1]. This
problem is further aggravated by infectious complications and antimicrobial resistance: in a
recent cohort of 73 wounded Ukrainian service members, bacteria were isolated from 56.2%
of wound samples, and 84.6% of the recovered isolates were multidrug resistant [2]. These
circumstances make the development of effective wound-healing agents and advanced
dressing materials not only a global biomedical objective but also an immediate healthcare
priority for Ukraine, underscoring the need for accessible topical therapies that can promote
wound closure while maintaining an acceptable safety profile.

Cutaneous wound healing is generally described as a sequence of overlapping
phases—hemostasis, inflammation, proliferation, and remodeling. In practice, these phases
form a continuous and highly coordinated biological network involving platelets, neu-
trophils, monocytes and macrophages, keratinocytes, fibroblasts, endothelial cells, extracel-
lular matrix components, cytokines, growth factors, and proteolytic enzymes [3]. Successful
healing therefore depends not on the complete suppression of inflammation but on its
appropriate resolution and transition to the proliferative phase. Failure of this transition,
together with persistent immune-cell activation, oxidative imbalance, impaired angio-
genesis, and dysregulated extracellular matrix turnover, is characteristic of hard-to-heal
wounds [4,5].

Small molecules are attractive in this context because their structures, physicochem-
ical properties, and target interactions can be systematically optimized. Compared with
proteins and growth factors, they may also be less susceptible to degradation in the highly
proteolytic wound environment and can be incorporated into relatively simple topical
delivery systems. The feasibility of this strategy has been demonstrated with the triazoloth-
iadiazine derivative UCUF-965, a small-molecule positive allosteric modulator of CXCR4
that enhanced angiogenesis and reduced wound-closure time in diabetic mice [6].

The 1,2,4-triazole scaffold [7] is particularly amenable to such structural modifica-
tion and can support hydrogen-bonding and heteroaromatic interactions as well as the
introduction of sulfur-containing substituents with tunable physicochemical properties [8].
Orotic acid is an endogenous intermediate in de novo pyrimidine biosynthesis [9]. Com-
bining a pyrimidine-2,4-dione core with an S-substituted 1,2,4-triazole moiety therefore
provides a chemically rational hybrid scaffold containing multiple hydrogen-bond donors
and acceptors, a tunable sulfur-containing region, and positions suitable for modulating
lipophilicity and steric complementarity. Systemic nutritional and metabolic status may
also influence tissue recovery, and the roles of vitamins, magnesium, and trace elements
have been discussed in the context of post-disease rehabilitation [10].

Our previous studies provided a preliminary biological rationale for the further de-
velopment of this chemical platform. Compound 1 in the present study corresponds to
compound 17 previously shown to exhibit pronounced MMP-2/MMP-9 modulation with
preferential activity toward MMP-9 [11]. In a related series of 1,2,4-triazole-thiopyrimidine
derivatives, several S-substituted compounds exhibited experimentally confirmed antiradi-
cal activity [12]. In addition, compound 2 in the present study corresponds to compound
17 evaluated in our previous cyclooxygenase-inhibition study [13]. Collectively, these
findings indicate that this chemical platform can support pharmacological effects relevant
to extracellular-matrix remodeling, oxidative balance, and inflammatory regulation. These
prior findings provided the pharmacological background for advancing the selected com-
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pounds to comparative toxicity assessment, cutaneous-disposition modeling, and in vivo
evaluation of wound-area reduction.

The pharmaceutical carrier is another important determinant of topical activity. Elec-
trospinning can produce highly porous fibrous materials with a large surface-to-volume
ratio and the capacity to incorporate small-molecule therapeutic agents [14,15]. Such mate-
rials can provide close contact with irregular wound surfaces and enable localized delivery
while limiting unnecessary systemic exposure. Depending on the polymer composition
and fiber architecture, electrospun systems may also influence hydration, drug dissolution,
release kinetics, and interactions with wound exudate [16]. Polyvinylpyrrolidone (PVP) is
a nonionic, hydrophilic pharmaceutical polymer that can be readily processed from aque-
ous or hydroalcoholic solutions. Electrospun PVP-containing systems have been used to
molecularly disperse poorly soluble drugs and enhance their dissolution or release [17,18].
Its rapid hydration makes PVP K-30 suitable as a platform for localized delivery.

Recent advances in wound-dressing research illustrate the increasing multifunctional-
ity of topical biomaterial systems. For example, intrinsically antibacterial cationic hydro-
gels have been shown to combine bacterial killing with hemostatic activity, modulation
of macrophage polarization, collagen deposition, and neovascularization in experimental
wound models [19]. More broadly, nanomaterial-based wound dressings are evolving from
passive wound coverings toward multifunctional therapeutic and diagnostic platforms
capable of supporting wound management and, in some cases, monitoring the healing
environment [20]. In contrast to these multifunctional biomaterial-centered approaches,
the present study focuses on the pharmacological selection of structurally defined small-
molecule orotic acid-1,2,4-triazole hybrids and their incorporation into a comparatively
simple PVP K-30 fibrous carrier. The distinguishing feature of our workflow is the inte-
gration of molecular-level cutaneous disposition modeling, complementary acute-toxicity
assessment, formulation into an electrospun carrier, and subsequent in vivo evaluation of
macroscopic wound-area reduction.

Cutaneous disposition must also be considered when prioritizing molecules for topical
development. The stratum corneum is the principal permeability barrier of intact skin
and consists of corneocytes surrounded by a highly organized intercellular lipid matrix
dominated by ceramides, cholesterol, and free fatty acids [21]. Molecular dynamics simula-
tions using such models can characterize the free-energy cost of transferring a molecule
from water into and across different regions of the lipid lamella and have demonstrated
meaningful correlations with experimentally measured skin permeability [22]. Enhanced-
sampling methods, such as the accelerated weight histogram (AWH) method, can improve
the exploration of these high-barrier processes by combining spatial and alchemical re-
action coordinates [23]. The resulting potential-of-mean-force profiles provide informa-
tion on membrane permeation barriers, favorable intralamellar locations, and possible
lipid-phase retention.

2. Materials and Methods
2.1. Chemistry

Compounds 1-3 were selected for the present study based on the encouraging findings
obtained in our previous investigations, which demonstrated their potential for further
development as wound-healing agents [11,13]. They were previously synthesized and
characterized at the Department of Toxicological and Inorganic Chemistry using our re-
ported approach to the preparation of 6-(5-mercapto-4R-4H-1,2,4-triazol-3-yl)pyrimidine-
2,4(1H,3H)-dione derivatives [24]. Accordingly, the detailed synthetic procedures and
analytical characterization data are not repeated here. The chemical structures of the
investigated compounds are shown in Figure 1.
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Figure 1. Chemical structures of the orotic acid-1,2,4-triazole hybrids investigated in this study.

2.2. Molecular Dynamics Model of the Stratum Corneum Lipid Barrier

Free energy profiles of compounds throughout the stratum corneum lipid matrix were
calculated using the accelerated weight histogram (AWH) method implemented in GRO-
MACS 2025.3. An atomistic model of the human stratum corneum lipid lamella containing
ceramides, cholesterol, free fatty acids, and explicit water was constructed with refer-
ence to previously reported atomistic models and simulation studies of stratum corneum
lipid organization and permeation [25-27]. Lipids and permeants were described using
CHARMMB36-compatible parameters and CGenFF parameters, respectively [28,29]. Com-
pound 3 was modeled as the neutral thiol tautomer (R-SH). Although sulfur-containing
heterocycles may undergo thione-thiol tautomerism depending on their molecular envi-
ronment, as previously demonstrated for related heterocyclic thiones [30], only the thiol
form was explicitly considered in the present simulations.

A two-dimensional AWH protocol was used, combining ligand displacement along
the membrane normal (z = —5.215 to +5.215 nm) with an alchemical bond coordinate
comprising 21 states [31]. For each compound, two communicating AWH walkers were
simulated for 120 ns each, corresponding to an aggregate sampling time of 240 ns per
compound. The walkers shared a common adaptive bias and were therefore not treated
as statistically independent replicas. PMF profiles were extracted at 10 ns intervals and
normalized to the pooled mean free energy of the terminal aqueous regions. Convergence
was assessed by comparison of the 10-110 ns profiles with the final 120 ns profile and by
evaluation of agreement between the two terminal aqueous regions. The RMS deviations
between the 110 and 120 ns profiles were 1.89, 1.75, and 1.94 k] mol ! for compounds 1, 2,
and 3, respectively. Accordingly, the PMF profiles were interpreted as semi-quantitative
comparative estimates rather than as fully converged absolute free-energy profiles.

The calculated PMFs were used to compare membrane affinity and free energy barri-
ers associated with compound transport across the lipid lamella. Absolute permeability
coefficients were not calculated as this additionally requires an independently validated
position-dependent diffusion coefficient D, [32]. Detailed information on the molecular
composition, permeant parameters, two-dimensional AWH setup, PMF normalization,
and stability-assessment procedures is provided in Section S1 and Tables S1 and S2 of the
Supplementary Materials.

2.3. In Silico and Experimental Assessment of Acute Toxicity

The acute toxicity of compounds 1-3 was evaluated using complementary computa-
tional and experimental approaches. The assessment included in silico prediction of rat
oral toxicity, a 96 h acute toxicity test in adult Danio rerio, and acute oral toxicity testing of
all three compounds in rats.

The chemical structures of compounds 1-3, represented as canonical SMILES strings,
were analyzed using the U.S. EPA Toxicity Estimation Software Tool (TEST, version 5.1.2)
and the pkCSM web platform [33-35]. Rat oral LDs( values in TEST were obtained using
the consensus QSAR method [36,37]. The pkCSM model provides rat oral LDs( estimates
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in mol/kg; therefore, these values were converted to mg/kg using the molecular weight of
each compound.

Acute aquatic toxicity was evaluated in clinically healthy adult Danio rerio using
a protocol adapted from OECD Test Guideline 203 [38]. Before testing, the fish were
acclimatized to the laboratory conditions. Fish were maintained in aerated tap water
purified through an activated-carbon filter at 26.5 °C and pH 7.3 £ 0.3. Temperature, pH,
and dissolved oxygen concentration were monitored throughout the experiment.

Fish were randomly allocated to six nominal test concentrations (5, 10, 18, 34, 65, and
100 mg/L), a negative-control group, and a vehicle-control group, with seven fish per
concentration or control group. Each group was maintained in 3 L of exposure medium.
To facilitate dispersion, the test compounds were initially mixed with 0.067 mL of Tween
80 before dilution with water to the required nominal concentration. This corresponded
to a final Tween 80 concentration of approximately 0.0022% (v/v). The same volume
of Tween 80 was added to the vehicle-control medium, whereas the negative-control
medium contained neither the test compound nor Tween 80. The exposure concentrations
of the test compounds were nominal and were not analytically verified. No mortality
was observed in either the negative-control or vehicle-control group during the 96 h
exposure period (0/7 fish in each group). Exposure was conducted under static conditions
for 96 h without feeding. Mortality was recorded after 24, 48, 72, and 96 h. Fish were
considered dead when spontaneous movement, opercular movement, and response to
gentle mechanical stimulation of the caudal peduncle were absent; dead fish were removed
immediately. Changes in swimming activity and equilibrium, respiratory movements,
responsiveness to external stimuli, and the occurrence of exophthalmia, hemorrhage,
excessive mucus secretion, or edema were additionally recorded. Cumulative mortality
at each concentration was expressed as the number and percentage of dead fish at 24, 48,
72, and 96 h. The complete concentration-mortality data are provided in Section S2 of the
Supplementary Materials. The 96 h LCs values were calculated from the concentration-
mortality relationships using the Quest Graph™ LCsy Calculator provided by AAT Bioquest,
Inc. (Pleasanton, CA, USA). [39].

The acute oral toxicity of compounds 1-3 was evaluated in clinically healthy adult
Wistar male rats weighing 200-240 g according to the main-test up-and-down procedure
described in OECD TG 425 [40]. Each compound was investigated in a separate sequential
experiment. Before administration, the animals were fasted overnight while retaining
unrestricted access to water. The test compounds were administered once by oral gavage.
Animals were dosed individually and sequentially, generally at intervals of at least 48 h. The
starting dose for each compound was selected one step below the best preliminary estimate
of its LD5p. Subsequent dose levels were generated automatically by the AOT4255tatPgm
software developed by Westat for the U.S. EPA [41]. If an animal survived, the next animal
received the subsequent higher dose; if the animal died or reached a predefined humane
endpoint, the next animal received the subsequent lower dose. Dosing was continued until
the software-defined stopping criterion was met. The complete dose sequences, individual
short- and long-term outcomes, stopping criteria, LDsj estimates, and 95% confidence
intervals for all three compounds are provided in Section S2 of the Supplementary Materi-
als. Animals were observed closely during the first 4 h after administration, periodically
during the first 24 h, and at least once daily for 14 days. Rat oral LDs5; values and their 95%
confidence intervals were calculated by AOT4255tatPgm using the maximum-likelihood
procedure implemented for OECD TG 425 [40]. Acute oral toxicity categories were as-
signed from the experimental LDsy point estimates according to the criteria of the Globally
Harmonized System of Classification and Labelling of Chemicals [42].
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All procedures involving animals were conducted in accordance with national bioethi-
cal requirements, the European Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes (ETS No. 123), Directive 2010/63/EU,
and the principles of replacement, reduction, and refinement [43,44]. The study protocol
was reviewed and approved by the Commission on Bioethics of Poltava State Agrarian
University (Protocol No. 1 C/I, approved on 12 January 2026).

2.4. Preparation of Fibrous Materials by Electrospinning

Nonwoven fibrous materials were fabricated by capillary electrospinning using a
laboratory-scale setup. The spinning solution was prepared by dissolving polyvinylpyrroli-
done K-30 (PVP K-30) in 96% ethanol to obtain a final polymer concentration of
40% (w/w) [45].

Compounds 1 and 3 were separately incorporated into the corresponding PVP K-30
solutions at a loading of 1% (w/w) relative to the mass of the polymer. An identically
prepared drug-free PVP K-30 solution was used to produce the vehicle-control dressing.
Each mixture was thoroughly stirred until a visually homogeneous spinning solution
was obtained. During preliminary optimization, the applied voltage was varied from 5
to 60 kV. The samples used in subsequent studies were produced at an applied voltage
of 55-60 kV and a tip-to-collector distance of 17-20 cm. Under these conditions, stable
jet formation and deposition of visually uniform fibrous materials without pronounced
macroscopic defects were observed; SEM examination further confirmed the formation of
an interconnected fibrous network (Figure 2C). The surface morphology of the electrospun
material was additionally examined by scanning electron microscopy using a MIRA3
TESCAN instrument (TESCAN, Brno, Czech Republic).

a 9
MIRA3 TESCAN

Figure 2. Appearance and morphology of the PVP K-30-based fibrous material prepared by electro-
spinning: (A) overall view of the sample; (B) enlarged view of its surface; and (C) representative SEM
micrograph of the fibrous structure. Scale bar: 10 pm.

2.5. Excisional Wound Model and Topical Treatment

Fifteen clinically healthy adult Wistar male rats weighing 200-240 g were housed under
standard conditions at the Educational, Research, and Production Clinic of Veterinary
Medicine of Poltava State Agrarian University (Poltava, Ukraine), with free access to
standard laboratory chow and water. After an acclimatization period of 14 days, the
animals were allocated to three groups of five rats each.

The procedure was performed under general anesthesia using a Veta 5 veterinary
anesthesia system operated in ACGO mode. Anesthesia was maintained with isoflurane
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following premedication with tiletamine-zolazepam (Zoletil®) and medetomidine. After
hair removal and antiseptic preparation of the intervention area, a standardized full-
thickness excisional skin wound was created on the lateral abdominal wall [46], resulting
in a mean baseline wound area of 1.73 & 0.01 cm?.

Immediately after wound induction, the animals received one of the following PVP
K-30-based electrospun fibrous dressings: a dressing containing compound 1, a dressing
containing compound 3, or an identically prepared drug-free dressing used as the vehicle
control. The dressings prepared as described in Section 2.4 were cut into 20 x 40 mm pieces
weighing approximately 200 4= 12 mg. Compound loading was defined as 1% (w/w) relative
to the dry mass of PVP K-30. Accordingly, a dressing containing approximately 198 mg of
PVP K-30 contained a theoretical compound amount of approximately 1.98 mg. This value
represents theoretical loading based on formulation composition and was not determined
analytically. The dressing was placed directly in contact with the wound bed and secured to
the surrounding shaved intact skin using medical adhesive tape without applying excessive
pressure. Dressings were replaced once daily throughout the active treatment period up
to Day 8. Thereafter, the animals were monitored until Day 14 to document the final
macroscopic outcome of wound closure. Additional details of the dressing application
and fixation procedure are provided in Section S3 of the Supplementary Materials and
illustrated in Figure S1.

Wound area was quantitatively assessed immediately after wound induction and
on Days 4 and 8. An additional macroscopic assessment was performed on Day 14 to
document the final appearance and closure status of the wounds. Before each assessment,
the adhesive tape and dressing were gently removed, and the wound was photographed
for macroscopic documentation. The maximum wound length (L) and width (W) were
measured in centimeters, and the wound area was estimated using Kundin’s formula [47]:

S5=Lx W x0.785

where S is the wound area in cm?2. Wound-area reduction was calculated relative to baseline

as follows: G _ g
Wound — area reduction(%) = 0 ; £ %100
0

where (Sp) is the baseline wound area and (5¢) is the area at the corresponding assess-

ment time. After the day-4 assessment, a fresh dressing of the corresponding type
was applied and secured in the same manner. General clinical condition, activity, food
and water consumption, dressing position, and macroscopic wound appearance were
monitored daily.

All animal procedures complied with national bioethical requirements, the European
Convention ETS No. 123, Directive 2010/63/EU, and the principles of the 3Rs [43,44]. The
study protocol was reviewed and approved by the Commission on Bioethics of Poltava
State Agrarian University (Protocol No. 1 C/I, approved on 12 January 2026).

2.6. Blood Sampling and Hematological and Biochemical Analyses

On Day 8, immediately after the final quantitative wound-area assessment, blood
samples were collected from the tail vein of each animal (n = 5 per group). Animals
were subsequently monitored macroscopically until Day 14. Hematological parameters
included white blood cell (WBC) count, red blood cell (RBC) count, hemoglobin (HGB)
concentration, hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red blood
cell distribution width (RDW), platelet (PLT) count, mean platelet volume (MPV), ery-
throcyte sedimentation rate (ESR), and leukocyte differential count. Serum biochemical
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parameters included albumin, total protein, alkaline phosphatase (ALP), alanine amino-
transferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), gamma-
glutamyl transferase (GGT), creatinine, urea, glucose, total cholesterol, triglycerides, o-
amylase, total and direct bilirubin, uric acid, inorganic phosphorus and total calcium. Indi-
rect bilirubin and the albumin-to-globulin ratio were calculated from the corresponding
measured parameters.

Hematological analyses were performed at the specialized veterinary laboratory “Bald”
(Kyiv, Ukraine), whereas serum biochemical analyses were conducted at the biochemical
laboratory of Poltava City Hospital No. 4 (Poltava, Ukraine).

2.7. Statistical Analysis of the Results

Wound-area data were analyzed using a two-way mixed repeated-measures ANOVA,
with treatment group as the between-subject factor and time as the within-subject factor,
including the group x time interaction. Normality of model residuals was assessed using
the Shapiro-Wilk test, homogeneity of variances at each time point using Levene’s test,
and sphericity using Mauchly’s test; no significant violations of these assumptions were
detected. Between-group comparisons at individual time points were additionally per-
formed using one-way ANOVA followed by Dunnett’s multiple-comparisons test, with
the vehicle-control group as the reference. Effect sizes were expressed as partial n? for
the repeated-measures ANOVA and n? for the one-way ANOVA, and mean differences
are reported with 95% confidence intervals. Hematological, leukocyte differential, and
serum biochemical parameters measured at the terminal time point were compared be-
tween each treatment group and the vehicle-control group using the unpaired Student’s
t-test. No formal a priori power calculation was performed because the in vivo study was
exploratory; accordingly, effect sizes and 95% confidence intervals were emphasized to
support interpretation of the magnitude and precision of the observed effects. Data are
presented as mean £ SEM, with five biologically independent animals per group, and a
two-sided p value < 0.05 was considered statistically significant. Statistical analyses were
performed using BioStat LE version 7 (AnalystSoft Inc., Walnut, CA, USA) and MedCalc
version 23.7.1 (MedCalc Software Ltd., Ostend, Belgium) [48,49]. Individual animal-level
wound-area measurements and detailed statistical results are provided in Section S4 of the
Supplementary Materials.

3. Results and Discussion
3.1. Free-Energy Profiles and Predicted Cutaneous Disposition

Before experimental safety and efficacy testing, accelerated weight histogram (AWH)
simulations were used to compare the thermodynamic behavior of the investigated com-
pounds within an atomistic human stratum corneum lipid model. Potential of mean force
(PMF) profiles were obtained for compounds 1-3 (Figure 3). Each system was sampled
using two communicating AWH walkers for 120 ns per walker.

The PMF profiles describe the free-energy changes associated with transfer from
the aqueous phase into different regions of the lipid lamella. They therefore provide
comparative information on lipid affinity, thermodynamic barriers to membrane entry, and
possible intralamellar retention. Because position-dependent diffusion coefficients were
not calculated, the results should not be interpreted as absolute permeability coefficients.

The three compounds displayed markedly different free-energy profiles (Table 1).
Compound 1 exhibited the most favorable interaction with the lipid matrix, with a global
PMF minimum of —24.78 k] mol~! at (z = +1.17) nm and a comparatively low free-energy
value of +3.56 k] mol~! near the membrane center.
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Figure 3. Potential of mean force profiles of compounds 1-3 across the human stratum corneum
lipid model. The reaction coordinate z represents the displacement of the compound relative to the
lipid lamella along the membrane normal. PMF values were extracted from the fully interacting
state of the two-dimensional accelerated weight histogram simulations and normalized to the mean
free energy of the terminal aqueous regions. Each profile was obtained from two communicating
AWH walkers simulated for 120 ns per walker. Compound 1 exhibited pronounced stabilization
within the lipid phase, whereas compounds 2 and 3 displayed broad free-energy barriers in the

membrane interior.

Table 1. Summary of potential of mean force (PMF) extrema and central free-energy values for
compounds 1-3 across the human stratum corneum lipid model.

Global PMF Position of Maximum PME, Position of PMF Near
Compound .. 1 .. 1 . Membrane Centre,
Minimum, kJ mol Minimum, nm kJ mol Maximum, nm 1J mol -1
1 —24.78 +1.172 +17.27 —-3.777 +3.56
2 —1.18 +5.205 +29.62 —4.260 +27.57
3 —14.03 —3.968 +31.96 —3.616 +31.96

Note: PMF values were normalized to the mean free energy of the terminal aqueous regions. Positions
correspond to the reaction coordinate (z) along the membrane normal.

These findings indicate that transfer of compound 1 from the aqueous phase into a
specific intralamellar region was thermodynamically favorable. This behavior suggests
pronounced lipid partitioning and the potential formation of a local intramembrane reser-
voir. However, a deep free-energy minimum may also promote retention within the lipid
phase; therefore, strong lipid affinity should not be equated with rapid passage across the
entire membrane.

In contrast, compound 2 did not exhibit a pronounced favorable minimum within
the lipid phase. Its PMF increased upon entry into the lipid lamella, reaching a maximum
of +29.62 k] mol~!, while the free energy near the membrane center remained high at
+27.57 k]-mol~!. The broad high-energy region indicates that passive transfer of compound
2 through the ordered stratum corneum lipids is thermodynamically unfavorable.

https://doi.org/10.3390/scipharm94040093
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Compound 3, modeled in its neutral thiol form, displayed the highest central free-
energy barrier, reaching +31.96 kJ-mol~!. An apparent minimum of —14.03 kJ-mol~! was
detected near z = —3.97 nm; however, it was located immediately adjacent to a steep and
incompletely stabilized PMF transition. This feature should therefore not be regarded as a
confirmed membrane-binding site. Although the same neutral thiol form was used in the
experimental studies, its protonation state and local disposition under biological conditions
may still depend on the local pH and surrounding microenvironment.

Overall, compound 1 showed the strongest predicted lipid partitioning and potential
intramembrane retention, whereas compounds 2 and 3 encountered broad free-energy
barriers of approximately 30-32 k] mol~! within the membrane interior. The difference
between compounds 2 and 3 was relatively small and should not be overinterpreted. The
progressive decrease in the RMS differences between successive PMF profiles indicated
an approach toward stabilization; nevertheless, residual differences of 1.75-1.94 k] mol~!
remained between 110 and 120 ns. Accordingly, the calculated profiles were interpreted
as semi-quantitative comparative estimates, and emphasis was placed on the consistent
qualitative differences among the compounds rather than on the exact magnitudes of
individual PMF extrema.

These findings identified distinct patterns of predicted cutaneous disposition but were
not used as an exclusion criterion. The stratum corneum model used in the present study
represents the permeability barrier of intact skin and therefore does not reproduce the
environment of a full-thickness open wound, in which the stratum corneum is absent.
Consequently, the PMF profiles should not be interpreted as direct predictors of compound
availability within the wound bed or as predictors of therapeutic efficacy. Rather, these
simulations provide comparative information on the interaction of the investigated com-
pounds with intact or regenerating cutaneous lipid domains and may be most relevant to
periwound skin, wound margins, and newly re-epithelialized regions during the healing
process. Furthermore, favorable membrane disposition does not necessarily imply an ac-
ceptable safety profile. Consequently, all three compounds were subsequently subjected to
complementary computational and experimental acute-toxicity assessment, which served
as the principal stage for selecting candidates for the wound-healing study.

3.2. Acute-Toxicity Assessment

The acute toxicity of compounds 1-3 was evaluated using complementary in silico
and experimental approaches (Table 2). The rat oral LDsj values predicted by TEST and
pkCSM were generally consistent with the experimentally derived estimates, although the
degree of agreement differed among the compounds.

Table 2. In silico-predicted rat oral toxicity, experimental acute oral toxicity in rats, and 96 h acute
toxicity in Danio rerio for compounds 1-3.

TEST pkCSM Toxicity
Compound Rat Oral Rat Oral Danio Rerio Rat Oral
LDso, mg/kg LDso, mg/kg LCso, mg/L LDsy, mg/kg
1 1503.06 1573.26 40.4486 1570 (1030-2430 *)
2 719.38 11129 6.6462 1110 (408.1-1600 *)
3 1199.65 2788.9 23.1785 1800 (1760-2800 *)

Note: * Values in parentheses represent 95% confidence intervals calculated using AOT425StatPgm.

For compound 1, the TEST and pkCSM predictions were 1503.06 and
1573.26 mg/kg, respectively, and closely corresponded to the experimental LDsq of
1570 mg/kg (95% CI: 1030-2430 mg/kg). This close agreement indicates good consis-
tency between the computational models and the in vivo outcome.
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For compound 2, pkCSM predicted an LDsy of 1112.9 mg/kg, which was almost
identical to the experimental estimate of 1110 mg/kg (95% CI: 408.1-1600 mg/kg). In
contrast, TEST predicted a lower LDsg of 719.38 mg/kg, suggesting greater acute toxicity.
Nevertheless, both computational models correctly identified compound 2 as the most toxic
compound within the investigated series. Compound 3 showed the greatest intermodel
variability: TEST predicted an LDsg of 1199.65 mg/kg, whereas the pkCSM estimate was
2788.9 mg/kg. The experimentally calculated LD5y of 1800 mg/kg was intermediate
between these predictions.

Based on the experimental point estimates, the order of acute oral toxicity in rats was
compound 2 > compound 1 > compound 3. All three compounds had LDs5, values within
the range of 300-2000 mg/kg and could therefore be assigned to GHS acute oral toxicity
Category 4.

The acute toxicity pattern in Danio rerio was consistent with the rat results in identifying
compound 2 as the most toxic member of the series. Its LCsy was 6.6462 mg/L, compared
with 23.1785 mg/L for compound 3 and 40.4486 mg/L for compound 1. Thus, compound
2 was approximately 3.5-fold more toxic than compound 3 and 6.1-fold more toxic than
compound 1 in the fish model. Compound 3 exhibited intermediate aquatic toxicity,
whereas compound 1 demonstrated the most favorable fish toxicity profile.

Taken together, the computational predictions and experimental findings consistently
identified compound 2 as the least favorable candidate in terms of acute toxicity. In contrast,
compounds 1 and 3 demonstrated comparatively more favorable toxicity profiles in both
rats and Danio rerio. Thus, acute-toxicity assessment provided the principal basis for
candidate selection: compounds 1 and 3 were advanced to topical evaluation, whereas
compound 2 was excluded from further in vivo investigation.

In the present workflow, acute oral toxicity was used as an early comparative hazard-
ranking tool for candidate prioritization rather than as a surrogate for topical safety. The
relevance of oral LDsj values to repeated application on an open wound is inherently
limited because local tolerability, dermal or wound-bed exposure, systemic absorption
from damaged skin, and repeated topical toxicity were not directly assessed. Accordingly,
dedicated studies of local tolerability, systemic exposure, and repeated-dose topical safety
will be required before further pharmaceutical development.

3.3. In Vivo Wound-Healing Activity of the Selected Compounds

Based on the acute-toxicity findings, compounds 1 and 3 were incorporated separately
into PVP K-30-based electrospun fibrous dressings and evaluated in the rat excisional
wound model. An identically prepared compound-free PVP K-30 dressing was used as the
vehicle control. This design enabled comparison of the wound-healing effects of the two
selected compounds, which combined comparatively favorable acute-toxicity profiles with
distinct patterns of predicted interaction with the stratum corneum lipid matrix.

Throughout the experimental period, the animals in all groups remained active and
mobile and maintained normal food intake. Topical application of the tested materials
containing compound 1 or compound 3 was not associated with any clinically evident
deterioration in the general condition of the animals. Changes in wound area are presented
in Table 3. Planimetric assessment performed on days 0, 4, and 8 revealed differences in the
rate of wound-area reduction among the study groups.
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Table 3. Macroscopic wound appearance and planimetric wound area (cm?) in rats treated with PVP
K-30-based fibrous dressings containing compounds 1 and 3 and in the vehicle-control group.

Date Vehicle Control Compound 1 Compound 3

Day 0
Day 4

1.59 £ 0.02 0.75 4= 0.01 *** 1.19 £ 0.01 ***
Day 8

0.51 +0.01 0.19 4 0.02 *** 0.37 4= 0.01 ***
Day 14

Data are presented as mean + SEM (1 = 5 biologically independent animals per group). Between-
group comparisons at each time point were performed using one-way ANOVA followed by Dunnett’s
multiple-comparisons test, with the vehicle-control group as the reference. *** p < 0.001 versus the
vehicle-control group at the corresponding time point.

The most pronounced reduction in wound area was observed in animals treated
with compound 1. By day 4, the wound area had decreased from 1.73 £ 0.01 to
0.75 & 0.01 cm?, representing a 56.6% reduction from baseline. In contrast, the vehicle-
control group showed a reduction of only 8.1%, from 1.73 & 0.01 to 1.59 £ 0.02 cm?. The
difference compared with the vehicle-control group was statistically significant (p < 0.001).
By day 8, the wound area in the compound 1 group had decreased to 0.19 + 0.02 cm?,
corresponding to an 89.0% reduction from baseline, and was significantly smaller than that
observed in the vehicle-control group (0.51 4 0.01 cm?; p < 0.001).
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The pronounced wound-closure effect of compound 1 was accompanied by a higher
relative proportion of monocytes. However, because the total WBC count was lower in
this group, the calculated absolute monocyte count was not appreciably increased. Given
the involvement of monocytes and macrophages in wound debridement, regulation of
the inflammatory response, and stimulation of reparative processes, these findings may
indicate the involvement of the mononuclear phagocyte system.

In animals treated with compound 3, the reduction in wound area was less pro-
nounced than that observed with compound 1 but remained greater than that in the vehicle-
control group. By day 4, the wound area had decreased to 1.19 + 0.01 cm?, corresponding
to a 31.2% reduction from baseline and a statistically significant difference compared
with the vehicle-control group (p < 0.001). By day 8, the wound area had decreased to
0.37 4 0.01 cm?, representing a 78.6% reduction from baseline, and remained significantly
smaller than the corresponding control value (p < 0.001). Thus, compound 3 exhibited a
moderate wound-closure effect that was less pronounced than that of compound 1 but
greater than that observed in the vehicle-control group.

In the vehicle-control group, the wound area decreased by only 8.1% during the first
four days, whereas the overall reduction reached 70.5% by day 8. This pattern is consistent
with the expected course of wound repair and the transition from the inflammatory to the
proliferative phase.

A limitation of the present study is that wound repair was assessed primarily by
macroscopic wound-area reduction, without histological evaluation of re-epithelialization,
granulation tissue formation, collagen deposition and organization, or angiogenesis. There-
fore, the observed differences should be interpreted as evidence of accelerated macroscopic
wound closure rather than definitive demonstration of complete tissue regeneration. In ad-
dition, the study did not include an equimolar free-compound treatment arm; consequently,
the current design demonstrates the effect of the compound-containing formulation as
a whole but does not allow the intrinsic pharmacological effect of the compounds to be
separated from formulation-dependent effects on local delivery. Histological and molecular
studies, together with appropriately matched free-compound controls, will be required to
establish the structural quality, mechanisms of repair, and the relative contribution of the
active compounds and the carrier system.

The hematological parameters recorded at the end of the experimental period are
summarized in Table 4. Compared with the vehicle-control group, WBC counts were
significantly lower in animals treated with the fibrous dressings containing compound
1 or compound 3: 4.40 & 0.30 and 3.90 + 0.14 versus 8.30 & 0.10 x 10 /L, respectively
(p < 0.001 for both comparisons). In contrast, ESR did not differ significantly among the
groups and amounted to 1.10 £ 0.10, 1.20 & 0.20, and 0.80 % 0.20 mm/h, respectively
(p > 0.05). Thus, ESR provided no evidence of a marked between-group difference in the
systemic inflammatory response.

In animals treated with the compound 1-containing dressing, RBC count, HGB concentra-
tion, and HCT were significantly lower than those in the vehicle-control group and amounted to
7.90 & 0.04 x 10'2/L, 15.20 + 0.12 g/dL, and 42.60 4 0.20%, respectively (p < 0.001). However,
MCYV remained close to the control value (56.20 £ 0.12 vs. 57.20 + 0.21 fL), while MCH and
MCHC were not reduced. This profile does not indicate insufficient hemoglobinization of
erythrocytes. The modest increase in RDW from 13.00 £ 0.06% in the vehicle-control group to
14.10 £ 0.04% in the compound 1 group indicates slightly greater variability in erythrocyte size.
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Table 4. Hematological parameters in Wistar rats at the end of the experimental period following
topical treatment with PVP K-30-based fibrous dressings containing compound 1 or compound 3.

Parameter Compound 1 Compound 3 Vehicle Control
WBC (x10°/L) 4.40 £ 0.30 *** 3.90 £ 0.14 *** 8.30 £0.10
HGB (g/dL) 15.20 £ 0.12 *** 13.30 £ 0.32 *** 21.80 £0.10
HCT (%) 42.60 £ 0.20 *** 48.70 £ 0.63 *** 68.10 £ 0.63
RBC (x10'2/L) 7.90 £ 0.04 *** 9.50 + 0.07 *** 12.00 £ 0.16
MCV (fL) 56.20 £ 0.12 ** 51.10 +£ 0.04 *** 57.20 £ 0.21
MCH (pg) 18.90 £ 0.04 ** 13.80 £ 0.22 *** 18.40 +0.14
MCHC (g/dL) 35.40 £ 0.20 *** 27.40 £ 0.29 *** 3240 £0.14
RDW (%) 14.10 £ 0.04 *** 13.10 + 0.04 13.00 + 0.06
PLT (x10°/L) 997.10 £ 0.71 *** 1087.40 £ 2.60 *** 72420 £1.27
MPV (fL) 8.20 £ 0.14 *** 9.10 £ 0.07 9.50 +0.16
ESR (mm/h) 1.10 £ 0.10 1.20 +0.20 0.80 +0.20

Note: Data are presented as mean + SEM (n = 5 biologically independent animals per group).
Statistical significance was assessed relative to the vehicle-control group: ** p < 0.01, and
*** p < 0.001. The vehicle-control group received a blank PVP K-30-based fibrous dressing with-
out the investigated compounds. WBC, white blood cell count; RBC, red blood cell count; HGB,
hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; RDW, red blood cell distribution width; PLT,
platelet count; MPV, mean platelet volume; ESR, erythrocyte sedimentation rate.

In the compound 3 group, RBC count, HGB, and HCT were 9.50 % 0.07 X 1012 /1,
13.30 £ 0.32 g/dL, and 48.70 &+ 0.63%, respectively. MCV, MCH, and MCHC were
also significantly lower than the corresponding vehicle-control values and amounted to
51.10 £ 0.04 fL, 13.80 + 0.22 pg, and 27.40 &+ 0.29 g/dL, respectively (p < 0.001). The
concurrent decreases in MCH and MCHC suggest reduced erythrocyte hemoglobinization
and a shift toward a hypochromic erythrocyte profile.

Platelet counts were significantly higher in the compound 1 and compound 3
groups than in the vehicle-control group: 997.10 + 0.71 and 1087.40 £ 2.60 versus
724.20 4+ 1.27 x 10° /L, respectively (p < 0.001). These values correspond to increases
of 37.7% and 50.2%, respectively. MPV was significantly lower only in the compound 1
group (8.20 £ 0.14 vs. 9.50 =+ 0.16 fL; p < 0.001), whereas no significant difference was
observed between the compound 3 and vehicle-control groups.

Overall, treatment with the compound 1-containing dressing was not associated with
a hypochromic erythrocyte pattern, despite significant differences in several erythrocyte-
related indices, lower WBC counts, and higher platelet counts relative to the vehicle control.
Compound 3 produced a more pronounced reduction in erythrocyte hemoglobinization
indices, which warrants cautious interpretation. The absence of significant ESR changes
does not indicate a marked systemic inflammatory response as assessed by this parameter.
At the same time, the high RBC, HGB, and HCT values observed in the vehicle-control
group may reflect hemoconcentration or study-specific preanalytical factors.

Taken together, the hematological findings in the compound 3 group were charac-
terized by lower erythrocyte hemoglobinization indices and total WBC count, together
with a higher platelet count, relative to the vehicle-control group. The reductions in MCV,
MCH, and MCHC suggest a shift toward a hypochromic erythrocyte profile; however,
these findings should be interpreted cautiously in view of the unusually high RBC, HGB,
and HCT values observed in the vehicle-control group.

The differential leukocyte counts are presented in Table 5. Promyelocytes, myelocytes,
metamyelocytes, myeloblasts, band neutrophils, basophils, and plasma cells were not
detected in the peripheral blood of animals from any group. The absence of circulating
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immature granulocytes and blast cells indicates that no marked left shift in the differential
leukocyte count was present at the time of analysis.

Table 5. Differential leukocyte counts in Wistar rats at the end of the experimental period.

Vehicle Control Compound 1 Compound 3
Leukocyte Type (1 =5) (n=5) (n=05)
Segmented neutrophils (%) 14.10 £ 0.04 22.40 £ 0.13 *** 25.20 £ 0.06 ***
Monocytes (%) 5.00 £+ 0.02 10.10 £ 0.06 *** 4.00 = 0.06 ***
Lymphocytes (%) 78.90 £+ 0.32 66.50 £ 0.45 *** 69.80 £ 0.56 ***
Eosinophils (%) 2.00 £0.32 1.00 + 0.32 1.00 + 0.32

Note: Data are presented as mean + SEM (n = 5 biologically independent animals per group).
*** p < 0.001 versus the vehicle-control group. Basophils, band neutrophils, immature granulocytic
cells (promyelocytes, myelocytes, and metamyelocytes), plasma cells, and blast cells were not detected
in the peripheral blood of animals from any group.

The relative proportions of segmented neutrophils were significantly higher in the
compound 1 and compound 3 groups, reaching 22.40 £ 0.13% and 25.20 £ 0.06%, respec-
tively, compared with 14.10 £ 0.04% in the vehicle-control group (p < 0.001). However,
total WBC counts in both treatment groups were approximately half that observed in the
vehicle-control group.

In the compound 1 group, the relative proportion of monocytes was 10.10 & 0.06%,
which was higher than that in the vehicle-control group (5.00 £ 0.02%; p < 0.001). Neverthe-
less, when the lower total WBC count is taken into account, these findings do not indicate a
marked increase in the absolute monocyte count. In the compound 3 group, the relative
proportion of monocytes was lower than that in the vehicle-control group (4.00 £ 0.06 vs.
5.00 % 0.02%; p < 0.001).

Lymphocytes remained the predominant circulating leukocyte population in all
groups, which is characteristic of rats. Their relative proportions were lower in the com-
pound 1 and compound 3 groups, accounting for 66.50 &= 0.45% and 69.80 & 0.56%, respec-
tively, compared with 78.90 & 0.32% in the vehicle-control group (p < 0.001).

The proportion of eosinophils was low and did not differ significantly among the
groups, accounting for 1.00 £ 0.32% in both treatment groups and 2.00 £ 0.32% in the
vehicle-control group. Thus, no eosinophilia was observed.

Overall, the differential leukocyte profile was characterized by a higher relative pro-
portion of segmented neutrophils and a correspondingly lower proportion of lymphocytes
in the compound 1 and compound 3 groups. Because total WBC counts were lower in
both treatment groups, these relative changes do not indicate absolute neutrophilia or a
pronounced systemic inflammatory response. The findings indicate a moderate redistribu-
tion of circulating leukocyte populations without the appearance of immature cells in the
peripheral blood.

The serum biochemical parameters measured at the end of the experimental period
are summarized in Table 6. Serum albumin concentrations did not differ significantly
among the groups. Total protein was unchanged in the compound 1 group, whereas a
modest increase was observed in the compound 3 group compared with the vehicle control.
The albumin/globulin ratio was modestly lower in the compound 1 group, whereas no
significant difference was observed in the compound 3 group.
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Table 6. Serum biochemical parameters in Wistar rats at the end of the experimental period.

Parameter Vehicle Control Compound 1 Compound 3
Albumin (g/L) 35.00 + 0.40 34.00 £+ 0.56 35.00 £ 0.63
Total protein (g/L) 70.00 + 0.40 69.00 £ 1.27 7400 £141*

ALP (U/L) 657.00 £+ 2.35 1216.00 £ 4.90 *** 403.00 + 3.16 ***
ALT (U/L) 49.00 + 0.40 73.00 £ 0.56 *** 46.00 & 0.35 ***
AST (U/L) 211.00 + 0.63 209.00 + 1.43 278.00 4 1.27 ***
LDH (U/L) 3255.00 £+ 5.10 1668.00 £ 6.39 *** 4256.00 £ 4.15 ***
GGT (U/L) 2.00 £ 0.03 3.00£032* 1.00 + 0.28 **
Creatinine (umol/L) 43.00 + 0.40 45.00 + 0.63 * 46.00 + 0.35 ***
Urea (mmol/L) 7.20 £+ 0.68 5.90 + 0.32 3.70 £+ 0.68 **
Glucose (mmol/L) 7.00 £+ 0.40 6.70 & 0.60 8.60 + 0.51*
Total cholesterol (mmol/L) 2.18 £0.01 2.27 £0.06 2.75 £ 0.08 ***

Triglycerides (mmol/L) 1.98 £0.01 0.71 £ 0.08 *** 0.78 £ 0.09 ***

a-Amylase (U/L) 6591.00 £+ 5.10 5701.00 £ 20.10 *** 6124.00 £ 8.48 ***

Total bilirubin (umol/L) 5.00 £ 0.28 5.00 £ 0.63 6.00 £ 0.28 *

Direct bilirubin (umol/L) 2.00 £0.28 2.00 £0.35 2.00 £0.35
Indirect bilirubin (wmol /L) 3.00 £0.56 3.00 £0.32 4.00 +£0.28
Uric acid (pumol/L) 177.00 £ 0.40 178.00 £ 0.63 278.00 £ 0.63 ***
Inorganic phosphorus 2.33 +0.26 1.97 +0.30 1.95 + 0.28
(mmol/L)

Total calcium (mmol/L) 2.28 £0.01 2.54 4+ 0.01 *** 2.55 £ 0.05 ***
Albumin fraction (%) 49.10 &+ 0.06 47.70 4 0.06 *** 48.80 4 0.04 **
Globulin fraction (%) 50.90 &+ 0.06 52.30 & 0.06 *** 51.20 4 0.04 **

Albumin/globulin ratio 0.96 £ 0.006 0.91 +£ 0.006 *** 0.95 £ 0.006

Note: Data are presented as mean + SEM (1 = 5 biologically independent animals per group). Sta-
tistical significance was assessed relative to the vehicle-control group: * p < 0.05, ** p < 0.01, and
*** p <0.001. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotrans-
ferase; LDH, lactate dehydrogenase; GGT, gamma-glutamyl transferase.

Treatment with the compound 1-containing dressing was associated with significantly
higher ALP, ALT, and GGT activities than those recorded in the vehicle-control group. ALP
activity increased from 657.00 % 2.35 to 1216.00 & 4.90 U/L (p < 0.001), ALT increased
from 49.00 + 0.40 to 73.00 =+ 0.56 U/L (p < 0.001), and GGT increased from 2.00 £ 0.03 to
3.00 £ 0.32 U/L (p < 0.05). In contrast, AST activity remained unchanged, while LDH
activity was significantly lower than that in the vehicle-control group.

The compound 3 group displayed a different enzymatic profile. AST and LDH ac-
tivities were significantly higher than the corresponding vehicle-control values, reaching
278.00 & 1.27 and 4256.00 £ 4.15 U/L, respectively (p < 0.001). Conversely, ALP, ALT, and
GGT activities were lower than those in the vehicle-control group.

Creatinine concentrations were slightly but significantly higher in the compound 1
and compound 3 groups than in the vehicle-control group (45.00 £ 0.63 and 46.00 = 0.35
vs. 43.00 = 0.40 umol/L, respectively; p < 0.05 and p < 0.001, respectively). However, these
increases were small and were not accompanied by increased urea concentrations. Urea
was unchanged in the compound 1 group and significantly lower in the compound 3 group.
Therefore, the combined creatinine and urea profiles do not indicate a consistent pattern of
impaired renal excretory function.

Glucose was unchanged in the compound 1 group, whereas a modest increase was
observed in the compound 3 group compared with the vehicle control. Total cholesterol
was significantly higher in the compound 3 group (2.75 4 0.08 vs. 2.18 £ 0.01 mmol/L;
p < 0.001), whereas no significant change was detected in the compound 1 group. Triglyc-
eride concentrations were significantly lower in both treatment groups than in the vehicle-
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control group (p < 0.001), indicating treatment-associated changes in the circulating
lipid profile.

Serum x-amylase activity was significantly lower in the compound 1 and compound
3 groups than in the vehicle-control group. Total bilirubin was modestly higher in the
compound 3 group than in the vehicle-control group, whereas direct and indirect biliru-
bin concentrations did not differ significantly. Overall, these findings did not indicate a
consistent pattern of impaired bilirubin conjugation or excretion.

Uric acid was unchanged in the compound 1 group but was significantly higher in
the compound 3 group (278.00 & 0.63 vs. 177.00 £ 0.40 pmol/L; p < 0.001). This isolated
increase may indicate altered purine metabolism or tissue turnover.

Inorganic phosphorus concentrations did not differ significantly among the groups.
In contrast, total calcium concentrations were moderately but significantly higher in both
treatment groups than in the vehicle-control group (p < 0.001). These findings indicate
a modest treatment-associated change in calcium homeostasis without a corresponding
significant alteration in serum phosphorus.

Overall, the two investigated compounds produced distinct biochemical profiles. Com-
pound 1 was associated primarily with increased ALP, ALT, and GGT activities, whereas
compound 3 was associated with increased AST, LDH, uric acid, and total cholesterol
concentrations. Nevertheless, neither treatment produced a consistent biochemical pattern
of impaired hepatic synthetic or excretory function or marked renal dysfunction. The
unusually high RBC, HGB, and HCT values in the vehicle-control group may reflect hemo-
concentration or preanalytical variability. The increased ALP, ALT, and GGT activities
observed with compound 1 indicate a treatment-associated biochemical response; how-
ever, no consistent pattern of hepatic synthetic/excretory dysfunction or renal dysfunction
was observed.

4. Conclusions

This study combined free-energy simulations, computational and experimental acute-
toxicity assessments, and an in vivo excisional wound model to evaluate the biological
potential of the investigated compounds. The PMF analysis revealed distinct interactions
with the stratum corneum lipid model: compound 1 showed pronounced lipid partitioning
and potential intramembrane retention, whereas compounds 2 and 3 encountered broad
free-energy barriers within the membrane interior. The acute-toxicity results provided
the basis for selecting compounds for subsequent wound-healing evaluation. Compound
2 consistently exhibited the highest acute toxicity in both the rat and Danio rerio models
and was therefore excluded from further investigation. In contrast, compounds 1 and
3 demonstrated comparatively more favorable acute-toxicity profiles and were selected
for topical evaluation. PVP K-30-based fibrous dressings containing either compound
significantly accelerated wound-area reduction compared with the blank vehicle dressing.
The greatest effect was observed for compound 1, which reduced the wound area by
89.0% by day 8, compared with 78.6% for compound 3 and 70.5% for the vehicle control.
Neither treatment caused clinically evident deterioration in the animals. Nevertheless,
the lower total WBC counts, higher platelet counts, altered erythrocyte indices in the
compound 3 group, and compound-specific changes in serum enzyme activities and
metabolic parameters demonstrate that wound-closure efficacy should not be interpreted
as evidence of complete systemic safety. At the same time, the absence of a consistent
pattern across hepatic synthetic/excretory and renal-function-related markers provided
no evidence of overt systemic organ dysfunction during the observation period. Overall,
the compound 1-containing fibrous dressing demonstrated the most pronounced effect
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on macroscopic wound-area reduction and should be prioritized for further histological,
mechanistic, and longer-term safety evaluation.
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