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Introduction

The skin, the largest organ of the human body,
plays a critical role in maintaining homeostasis
and protecting against external environmental
factors. Its regenerative capacity is attributed to
the cambial elements of the epidermal basal layer,
skin appendages, as well as the activity of fibro-
blasts and macrophages, which enable effective
remodelling and re-epithelialisation of damaged
areas.!

Among numerous traumatic exposures, burn in-
jury represents one of the most severe challenges
to the regenerative potential of the skin. Burns,
potentially resulting from thermal, chemical,
electrical, or radiation causes, not only induce lo-
cal damage but also trigger a cascade of system-
ic pathophysiological reactions, posing a serious
burden on the healthcare system.?3 Despite sig-
nificant progress in burn treatment over the last
decade, the search for effective therapies remains
a pressing issue in modern medicine.

The pathomorphological picture of burn injury
is characterised by the formation of a three-zone
damage architecture: a central zone of coagula-
tive necrosis, where irreversible denaturation of
structural proteins of the epidermis and dermis
occurs; a zone of stasis, surrounding the necrotic
area, with progressive microcirculatory throm-
bosis; and a peripheral zone of hyperaemia, char-
acterised by vasodilation and increased vascular
wall permeability.* The cascading activation of
the complement system, induction of a spectrum
of pro-inflammatory mediators and different
prostaglandins, initiates a powerful local inflam-
matory response with subsequent systemic dis-
semination of mediators.” These processes lead
to compromise of the epidermal barrier, dys-
regulation of transepidermal water loss and the
creation of a favourable microenvironment for
bacterial adhesion and biofilm formation, which
collectively contribute to a protracted healing
process, delayed epithelialisation, formation of
incompetent granulation tissue and a significant
risk of secondary infectious complications capa-
ble of leading to multiple organ dysfunction.® ’
Existing treatment methods, including the use of
antiseptic, antibacterial and anti-inflammatory
agents, have limited effectiveness as they primar-
ily act on isolated nodes of pathogenesis and do
not provide comprehensive control of inflamma-
tion and stimulation of regeneration.®
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Within the complex microbial ecology of burn
wounds, Staphylococcus aureus rapidly colonis-
es the moist, protein-rich burn eschar, forming
highly resilient biofilms. Its arsenal of toxins,
quorum-sensing-regulated virulence factors
and intrinsic and acquired resistance to multi-
ple antibiotic classes make it a primary driver of
delayed wound closure, graft failure, sepsis and
increased mortality in burn patients.’ Current
standard guidelines emphasise early excision,
timely wound coverage and infection control;
however, conventional topical regimens often fail
to sufficiently disrupt S aureus biofilm-mediated
persistence or adequately support coordinated
tissue regeneration.’® This highlights a critical
necessity for developing of innovative therapeu-
tic approaches capable of tackling these complex
challenges posed by burn wound infections, par-
ticularly those involving resistant pathogens.

One possible solution to this problem may be
phytotherapeutic medicinal products (PMPs),
which account for about 40 % of all available
medicines.!! Of particular interest in this context
are the medicinal plants from Lamiacea family,
known for synergistic spectrum of pharmacolog-
ical metabolites: polyphenolic acids (rosmarinic
acid, caffeic acid), flavonoid glycosides (querce-
tin, luteolin) and terpenoid components of essen-
tial oils (carvacrol, thymol).'? These compounds
determine their pleiotropic pharmacodynamic
effects on inflammatory-reparative processes.
Specifically, carvacrol, gamma-terpinene and
p-cymene exhibit pronounced antibacterial, im-
munomodulatory, pro-regenerative and antioxi-
dant properties.

For the phytotherapeutic treatment of burn
wounds, one of the most rational dosage forms
is hydrolates - aqueous extracts obtained by
steam distillation.”® This method allows for the
preservation of a high concentration of essential
oils while being cost-effective. Unlike essential
oils, hydrolates primarily consist of oxygenated
monoterpenes and contain water-soluble phe-
nolic compounds and low-molecular-weight pep-
tides, which accounts for their lower membrane
toxicity, differences in antimicrobial action mech-
anisms, improved skin tolerability and potential
for synergistic effects, making them promising
for topical application in burn injuries.'*
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Main hypothesis of this study was that phyto-
preparations formulated as hydrolates from Sat-
ureja montana L and Origanum vulgare L possess
the ability to accelerate the regenerative process-
es in thermally damaged skin, partly due to the
modulation of local inflammatory status, pro-re-

Methods

Experimental animals

Twenty-five male New Zealand White rabbits (3.0
kg + 0.33 kg) and aged 7 - 8 weeks were utilised
at the study’s commencement. To ensure proper
acclimatisation and health monitoring, all ani-
mals underwent a 14-day quarantine period pri-
or to experimental procedures.

All rabbits maintained under controlled envi-
ronmental conditions: ambient temperature be-
tween 22 - 23 °C, relative humidity ranging from
40 - 60 % and a precisely regulated life cycle. The
food consisted of a standard laboratory rabbit
diet, including unlimited water (ad libitum).

Experimental design

To minimise bias and enhance objectivity, ani-
mals were randomly assigned to one of five ex-
perimental groups, with five rabbits allocated to

generative and antioxidant properties. Aim of
study was to analyse the effect of topical treat-
ment with Satureja and Origanum hydrolates
based on key healing processes in third-degree
burns, specifically their ability to modulate local
inflammation and accelerate re-epithelialisation.

each group using a simple randomisation method
(Figure 1):

* Control group (I), five rabbits served as a
baseline control;

* Group II (untreated burn): five rabbits with
burn wound without treatment interven-
tion;

* Group III (standard care): five rabbits re-
ceived thermal wound followed by treat-
ment, which included applications of
“Levomekol” ointment (containing methy-
luracil and chloramphenicol), boric acid and
gauze dressings impregnated with “Beta-
dine” (povidone-iodine);

* Group IV (Satureja montana L): five rabbits
with thermal wound managed with a hy-
drolate derived from S montana L;

* Group V (Origanum vulgare L): five rabbits
with thermal wound managed with a hy-
drolate derived from O vulgare L.

-
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C

C

Animals were randomly allocated

)

to different groups

Group |
(Control, n=5)

.

Group Il <
(Untreated burn, n=5)

Group Il ) |
(Standard care, n=5)

f Copper plate )
Initiation of burn wound (2x3 cm)
(with hot copper plate)

Group IV
(Satureja montana L.
hydrolate, n=5)

Group V
(Origanum vulgare L.
hydrolate, n=5)

Figure 1: Overview of experimental groups and treatment allocation
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The key points of the study were baseline (start-
ing point), 3 days, 7 days and 14 days. Initial
evaluations encompassed comprehensive assess-
ments of body weight, behavioural responses
and biochemical parameters. In instances where
animals experienced unresolvable complications
or reached predefined humane endpoints, eutha-
nasia was performed using a combination of Zo-
letil® 100 (15 mg/kg) and xylazine (5 mg/kg).

Burn injury induction

Prior to the procedure, dorsal fur was removed.
Animals were anesthetised with an intramus-
cular injection of Zoletil 100 (15 mg/kg). A stan-
dardised third-degree "a" (Illa) thermal burn
was induced by hot copper plate (6-inch bar) to
the depilated dorsal surface for 30 seconds.

Preparation and characterisation of
hydrolates

Authenticity of the medicinal plants Satureja mon-
tana L and Origanum vulgare L was verified by a
qualified taxonomist and representative voucher
samples were archived at the Herbarium of the
Institute of Translational Medicine and Biotech-
nology, Sechenov University (Moscow, Russia).

For the production of hydrolates, freshly collect-
ed aerial parts of both species were processed
using steam distillation under controlled labo-
ratory conditions. Each portion of plant material
(approximately 1.5 kg) was distilled in deionised
water at a 1:5 plant-to-solvent ratio, employing a
Clevenger-type apparatus equipped with a tem-
perature-regulated heating unit and conden-
sation system. Distillation was carried out for
roughly three hours at atmospheric pressure, re-
sulting in a condensate composed of aqueous and
oil fractions. The hydrophilic distillate (hydro-
late) was carefully separated from the essential
oil layer and retained for subsequent analysis and
formulation.

Chemical composition of hydrolates

The volatile constituents of the Satureja montana
L and Origanum vulgare L hydrolates were anal-
ysed by gas chromatography coupled with mass
spectrometry (GC-MS). The chromatographic
profiles demonstrated a rich and diverse spec-
trum of volatile metabolites, primarily composed
of oxygenated monoterpenes, which are emblem-
atic for species of the Lamiaceae family.
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Although both hydrolates exhibited comparable
qualitative composition, quantitative differenc-
es were identified in the relative proportions of
their principal components: carvacrol, thymol
and p-cymene. Minor shifts in retention times and
relative intensities were also recorded, which can
be attributed to natural variability in the botan-
ical material and slight differences in distillation
conditions between batches.

A concise summary of the identified constitu-
ents and their relative abundance is provided in
Tables 1 and 2.

Table 1: Chemical composition of Satureja montana L hydrolate

Compound E:ﬁ}::t(if?;)l Conc?(r)}:)ration
Carvacrol 1304 86.7
Thymol 1281 3.2
p-Cymene 1018 35
Linalool 1092 13
y-Terpinene 1052 14
Camphor 1143 tr

Notes: Rl values were calculated relative to n-alkanes; concentrations are ex-
pressed as relative peak area percentages; tr— indicates trace amounts (< 0.1 %)

Table 2: Chemical composition of Origanum vulgare L hydrolate

Compound %e(}g)r(lt(iglr)l COnct:(r]}:)ration
Carvacrol 1296 415
Thymol 1290 19.3
p-Cymene 1029 8.6
Linalool 1060 8.1
y-Terpinene 982 0.5
Camphor 951 tr

Notes: Rl values were calculated relative to n-alkanes; concentrations are ex-
pressed as relative peak area percentages; tr— indicates trace amounts (< 0.1 %)

Product safety and standardisation

Distillation parameters (time, temperature, pres-
sure) were strictly controlled. Each hydrosol
batch was validated for quality, including trans-
parency (visual), pH: 3.0 - 6.0 (Hanna Instru-
ments, USA), density (Anton Paar GmbH, Austria)
and refractive index (ATAGO Co Ltd., Japan).

Therapeutic gel formulation

A 2 % (20 g/L) hydroxyethyl cellulose (HEC) (Sig-
ma-Aldrich, USA) gel base was prepared. HEC was
dispersed into the hydrosol with continuous mag-
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netic stirring at room temperature, followed by gen-
tle heating to 39 °C in a water bath to ensure com-
plete hydration. The final gels were stored at 4 °C.

Biochemical assay

For analysis, blood was processed to obtain two
fractions. Serum was collected in plain tubes af-
ter clotting and centrifugation, while plasma was
obtained from EDTA-anticoagulated tubes cen-
trifuged under identical conditions. All aliquots
were stored at —80 °C until use. Concentrations
of interleukin-6 (IL-6), tumour necrosis factor-a
(TNF-a) and C-reactive protein (CRP) were quan-
tified in serum. IL-6 and TNF-a were measured
using species-specific sandwich ELISA kits, while
CRP was determined with a commercial ELISA
kit. All assays were performed in duplicate ac-
cording to the manufacturers’ protocols.

To assess oxidative stress, plasma levels of
malondialdehyde (MDA), superoxide dismutase
(SOD) and reduced glutathione (GSH) were deter-
mined using specific colorimetric assay kits. All
assays were performed in duplicate according to
the manufacturers’ protocols, with optical densi-
ty measured using a microplate reader.

Morphological assay

Tissue samples were fixed in 10 % neutral buff-
ered formalin, processed and embedded in paraf-
fin. Sections (3 pm) were stained with haematox-
ylin and eosin (HE) for general morphology.

Immunohistochemical (IHC) analysis

Immunohistochemical staining for interleukin-1f3
(IL-1B) was conducted on paraffin-embedded tis-
sue sections using primary polyclonal antibodies
against IL-1B (ThermoFisher, 1:100, USA). Visual-
isation was achieved with the HiDef Detection™
HRP Polymer system (Cell Marque, USA) and DAB
substrate. The slides were counterstained with
Mayer’s hematoxylin. Quantification of IL-1f3 ex-
pression involved semi-quantitative scoring of
staining intensity and distribution. All proce-
dures were performed on an automated stainer
(Ventana Benchmark XT) utilising the ultraView
Universal DAB Detection Kit.

Statistical analysis

All quantitative data were processed and ana-
lysed utilising the STATISTICA software suite
(V.13.5). The results are expressed throughout
the manuscript as the mean * standard deviation
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(SD). An initial assessment of data distribution
was performed for all variables using the Sha-
piro-Wilk test to determine normality. Based
on this assessment, non-parametric statistical
methods were selected for intergroup compari-
sons. Differences among multiple experimental
groups were evaluated with the Kruskal-Wallis
test, followed by Dunn'’s post-hoc test for multiple
comparisons adjustment. For direct comparisons
between two specific groups, the Mann-Whitney
U-test was employed. A p-value of less than or
equal to 0.05 was considered the threshold for
statistical significance in all analyses.

Results

Biochemical assay

The control group maintained stable baseline lev-
els throughout the study, serving as a reference
for physiological norms. On day 3 post-injury, a
systemic inflammatory response was evident
across all infected burn groups (II - V), most
pronounced in the untreated group (Figure 2, 3).
Inflammatory cytokines (IL-6, TNF-a) and acute-
phase protein (CRP) in group II peaked signifi-
cantly (p < 0.001 vs baseline). This acute phase
was also characterised by oxidative stress, with
MDA levels in group II reaching 11.9 + 1.7 nmol/
mL, while antioxidant defences (SOD: 83 * 4.2 U/
mL, GSH: 2.1 + 0.3 umol/L) were markedly sup-
pressed (p < 0.001 vs baseline).

In contrast, both hydrolate-treated groups
demonstrated an attenuated inflammatory and
oxidative response from day 3 onwards. Group
IV consistently exhibited the most pronounced
reductions in inflammatory markers (eg IL-6:
23.4 £ 6.1 pg/mL; CRP: 26.1 + 3.0 mg/L) and ox-
idative stress (MDA: 6.7 + 1.4 nmol/mL), along-
side better-preserved antioxidant capacity (SOD:
152 + 8.5 U/mL; GSH: 4.2 + 0.2 pmol/L) compared
to group II (p < 0.01). Group V showed similar,
though slightly less pronounced, improvements.
The standard care group demonstrated mod-
erate reductions in these markers compared to
group II but generally performed less effectively
than the hydrolate groups.

By day 7, group IV maintained lower levels of in-
flammatory cytokines and acute-phase proteins
(eg IL-6: 25.7 + 4.1 pg/mL; CRP: 18.0 + 5.2 mg/L)
and continued normalisation of oxidative stress
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markers (MDA: 7.2 + 0.8 nmol/mL; SOD: 167 +
18.0 U/mL; GSH: 3.8 £ 0.3 pmol/L), outperform-
ing group II (p < 0.01; Figure 2, 3). Group V also
showed sustained improvement, with markers
lower than group II (p < 0.05).

By day 14, group IV showed levels of inflamma-
tion and oxidative stress markers that were close
to control values, indicating almost complete
elimination of systemic inflammation and oxida-
tive damage (Figure 2, 3). Group V also showed
improvement. In contrast, group Il showed a per-
sistentincrease in the levels of markers of inflam-
mation and oxidative stress, indicating ongoing
inflammation and oxidative damage (although
after two weeks there was a persistent decrease
in all indicators).
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Morphological assay

Macroscopic findings. Across all experimental co-
horts, the excised thermal burn zones uniformly
presented as a dense, dry, reddish-brown eschar.
By seven days, a small amount of greenish-yellow
exudate was observed on the burn wound surface
in groups Il and III, persisting partially until the
experiment’s conclusion. Conversely, in animals
from Lamiacea hydrogels groups, especially for
fourth group, macroscopic signs of thermal heal-
ing, including complete defect replacement, were
evident by day 7 and fully achieved by day 14,
with no signs of infection. The worst healing sce-
nario was observed in the group of rabbits with-
out therapy.

Microscopic findings. On day 3, histological analy-
sis of the burn site across all animal cohorts ini-
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Figure 2: The temporal variations in blood levels of interleukin 6 (IL-6), tumour necrosis factor-a (TNF-a) and C-reactive protein
(CRP). Control group (1): baseline control; Group Il (untreated burn): rabbits with burn wound without treatment intervention; Group Il
(standard care): rabbits received thermal wound followed by treatment, which included applications of “Levomekol” ointment, boric
acid and gauze dressings impregnated with “Betadine”; Group IV (Satureja montana L): rabbits with thermal wound managed with
a hydrolate derived from S montana L; Group V (Origanum vulgare L): rabbits with thermal wound managed with a hydrolate derived
from O vulgare L;. Temporal dynamics were assessed at 3 (A), 7 (B) and 14 (C) days after the thermal injury. All data are expressed as
mean =+ SD. Statistical significance between groups is denoted by asterisks, where *p < 0.05, ** p < 0.01, ** p < 0.001;
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Figure 3: The temporal variations in blood levels of malondialdehyde (MDA), superoxide dismutase (SOD) and reduced glutathione
(GSH). Control group (I): baseline control; Group Il (untreated burn): rabbits with burn wound without treatment intervention; Group Il
(standard care): rabbits received thermal wound followed by treatment, which included applications of “Levomekol” ointment, boric
acid and gauze dressings impregnated with “Betadine”; Group IV (Satureja montana L): rabbits with thermal wound managed with
a hydrolate derived from S montana L; Group V (Origanum vulgare L): rabbits with thermal wound managed with a hydrolate derived
from O vulgare L; Temporal dynamics were assessed at 3 (A), 7 (B) and 14 (C) days after the thermal injury. All data are expressed as

mean =+ SD. Statistical significance between groups is denoted by asterisks, where *p < 0.05, ** p < 0.01, **p < 0.001;

tially showed necrotic debris and a widespread
inflammatory infiltrate, which was primarily
composed of granulocytes and monocytes. Addi-
tionally, early signs of healing were observed, in-
cluding nascent pockets of granulation tissue and
significant vascular hyperaemia. The nuclei of ep-
ithelial cells at the wound margin also displayed
reactive morphological changes.

On the seventh day post-injury, all experimental
groups (II - V) displayed clear histological signs
of active wound repair. Notably, the cohort receiv-
ing the S montana L hydrolate treatment demon-
strated the most advanced regenerative activity,
characterised by intense fibroblast proliferation
and focal marginal re-epithelialisation. The ther-
apeutic effects in groups Il (standard care) and
V (O vulgare L) were less remarkable, showing

more moderate progress. In stark contrast, the
untreated control animals exhibited the slowest
healing trajectory, with minimal evidence of ef-
fective tissue regeneration or remodelling at this
time point.

By day 14, burn wounds in group IV rabbits were
almost completely regenerated: near-complete
tissue restoration, evidenced by extensive re-epi-
thelialisation and a dramatic reduction in dermal
inflammatory infiltrates. Group V also showed
healing effect, though some focal lymphoid infil-
tration remained in the subepidermal region. In
comparison, the standard care group displayed
only moderate effect, which was accompanied
by persistent inflammation, while the untreated
group showed only the very beginning of epithe-
lial recovery (Figure 4).
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0 vulgare L group

Figure 4: Microscope slides of burn wounds in experimental animals in all groups on all experimental time-points. Stained with

haematoxylin and eosin (HE), magnification x200

Immunohistochemical analysis

Immunohistochemical analysis of IL-13 expres-
sionrevealed distinct patterns across experimen-
tal groups and time points (Figure 5, 6). On day
3 post-injury, both the untreated burn wounds
(Group II) and S montana L treated wounds

showed a moderate presence of IL-1f positive
cells, primarily localised to inflammatory infil-
trates at the wound periphery. This indicated an
early inflammatory response in both conditions.
By day 7, a notable divergence in IL-1f expres-
sion was observed. In untreated burn wounds,

Ve

Day 3

\

\.

Day 7

Untreated burn wound group

S montana L group

N\

Day 14

J

Figure 5: Immunohistochemical staining for IL-13 in burn wounds of untreated animals (Group Il) and Satureja montana L treated
animals (Group IV) on all experiment time-points, highlighting key differences inflammatory response, magnification x200
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Figure 6: Quantitative analysis of IL-13 positive cells in burn wounds across all experimental groups. Group Il (untreated burn):
rabbits with burn wound without treatment intervention; Group Ill (standard care): rabbits received thermal wound followed by
treatment, which included applications of “Levomekol” ointment, boric acid and gauze dressings impregnated with “Betadine”;
Group IV (Satureja montana L): rabbits with thermal wound managed with a hydrolate derived from S montana L; Group V (Origanum
vulgare L): rabbits with thermal wound managed with a hydrolate derived from 0 vulgare L; Temporal dynamics were assessed at
3 (A), 7 (B) and 14 (C) days after the thermal injury. All data are expressed as mean + SD. Statistical significance between groups
is denoted by asterisks, where ns — not significant, * p < 0.05, ** p < 0.01;

IL-1B positive cells remained scattered and of-
ten associated with necrotic areas, suggesting a
persistent, dysregulated inflammatory state. In
contrast, S montana L treated wounds exhibited
a more organised pattern of IL-1f positive cells,
concentrated in areas of active granulation tissue
formation and re-epithelialisation, indicating a
modulated inflammatory response conducive to
healing. Group III showed a similar, but slightly
less pronounced, reduction in IL-1f3 positive cells
compared to Group IV, while Group V (O vulgare
L) demonstrated IL-18 expression levels compa-
rable to Group III, suggesting moderate anti-in-
flammatory effects.

By day 14, untreated burn wounds still present-
ed with significant, albeit reduced, IL-1p positive
cells, often associated with chronic inflamma-
tion and delayed healing. Conversely, S montana
L treated wounds showed a decrease in IL-1f3
positive cells, with expression largely confined to
residual inflammatory foci, signifying effective
resolution of inflammation and advanced tissue
regeneration. Group Il and Group V maintained
intermediate levels of IL-1f3 expression, superior
to Group II but not reaching the optimal reduc-
tion seen in Group IV.

Discussion

The present investigation was designed to eluci-
date the wound-healing properties of hydrogel

formulations containing hydrolates from two
Lamiaceae species, Satureja montana L and Orig-
anum vulgare L. Study’s primary focus was to as-
sess their capacity to modulate the complex pro-
cesses of inflammation and tissue repair within
a two-week timeframe using a rabbit model of
third-degree thermal injury.

Thermal skin injuries represent a global health
challenge, characterised by high morbidity and
potential mortality. Epidemiological studies re-
port approximately 8 million new burn cases an-
nually worldwide, resulting in around 111,000
fatalities.'®> The burden is dramatically high in
low- and middle-income countries, where limited
access to specialised care contributes to higher
incidence, complication rates and mortality.? De-
spite advancements in burn treatment protocols
(especially second- and third-line pharmacologi-
cal therapy), the issues of disability and patholog-
ical scar formation remain pressing, necessitat-
ing novel approaches in regenerative medicine.

The pathology of a burn wound is a dynamic and
multiphasic process. The core of the wound com-
prises a zone of coagulation, where cellular death
is irreversible. This is encircled by a zone of sta-
sis, a critical area of ischemic tissue where cellu-
lar viability is compromised and the risk of pro-
gressive necrosis is high. The outermost region
is the zone of hyperaemia, which is characterised
by vasodilation. Crucially, the progression of
this local injury is driven by two interconnect-
ed pathogenic events: the profound activation of
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both local and systemic inflammatory pathways
and the induction of severe oxidative stress.*

This inflammatory cascade is characterised by a
rapid surge in signalling molecules. This includes
a massive liberation of key pro-inflammatory
cytokines and various chemokines. These mole-
cules act as powerful chemoattractants, orches-
trating the large-scale recruitment of leukocytes
and other immune cells directly to the site of
injury.> While an acute inflammatory response
is integral to healing, its excessive or prolonged
activation can exacerbate tissue damage, delay
re-epithelialisation and contribute to hypertro-
phic scar formation.'® Concurrently, burn injury
induces an imbalance between reactive oxygen
species (ROS) production and antioxidant de-
fence, leading to oxidative stress. Excess ROS
damages cell membranes, proteins and nucleic
acids, worsening tissue damage and perpetuat-
ing chronic inflammation.'” Presented results
align well with these established pathophysio-
logical mechanisms. Early in the experiment (day
3), pronounced signs of acute inflammation were
observed: macroscopically, the burn zone in all
groups was dry, dense and reddish-brown, while
serum levels of IL-6, TNF-a and CRP were elevat-
ed. These changes reflect the typical systemic
inflammatory response phase described in the
literature.

In the search for novel therapeutic agents for burn
wounds, Satureja and Origanum genera (Lamiace-
ae family) have attracted considerable attention.
S montana (winter savoury) and O vulgare (orega-
no) are traditionally used in folk medicine and
are actively investigated in modern pharmacol-
ogy due to their rich phytochemical composition
and broad biological activity.'® ¥ Their chemical
profiles are characterised by a high content of
phenolic monoterpenes, predominantly carvac-
rol and thymol, known for potent antioxidant, an-
ti-inflammatory and antimicrobial properties.?°
Other bioactive components like y-terpinene,
p-cymene, linalool and 1,8-cineole may act syner-
gistically to enhance overall therapeutic effects.?!

A crucial aspect determining therapeutic poten-
tial is the extract form. Presented study focused
on hydrolates (aqueous phases obtained during
steam distillation for essential oil production).
Unlike essential oils, which are concentrated li-
pophilic mixtures of volatile compounds that can
cause irritation or sensitisation on damaged skin,
hydrolates contain water-soluble components

1091

and significantly lower concentrations of volatile
substances.?” This makes them milder and safer
for skin application, especially on high-sensitive
and damaged skin after thermal trauma. Special-
ised literature indicates that hydrolates, despite
lower concentrations of main components com-
pared to essential oils, retain significant biologi-
cal activity, including antioxidant and anti-inflam-
matory properties, due to hydrophilic compounds
not transferring into the essential 0il.#

Treatment with S montana L hydrolate gel at-
tenuated the biochemical inflammatory mark-
ers, bringing them close to baseline by day 14.
O vulgare L also reduced inflammation, albeit
to a lesser extent. This anti-inflammatory effect
aligns with the known properties of rosmarinic
acid and thymol, major bioactive compounds in
these plants, which have demonstrated capacity
to modulate inflammatory pathways.?* The sus-
tained elevation of CRP in the untreated group
underscores the detrimental impact of prolonged
inflammation on wound resolution, a well-estab-
lished factor in delayed healing and increased in-
fection risk.

Histological and immunohistochemical evalu-
ations constituted a holistic view of tissue re-
pair. Macroscopically, Lamiacea treated groups
showed earlier signs of healing and complete
defect replacement by day 14, contrasting sharp-
ly with the slowest healing observed in the un-
treated group. Microscopically, on day 3, all burn
wounds exhibited extensive necrotic tissue and
diffuse inflammatory infiltration, consistent
with the initial injury phase. By day 7, both hy-
drolate groups displayed regenerative changes,
including fibroblast proliferation and re-epitheli-
alisation. S montana L consistently demonstrat-
ed regenerative effects, leading to near-complete
re-epithelialisation and minimal dermal inflam-
mation by day 14.

Immunohistochemical assessment of IL-13 ex-
pression demonstrated distinct temporal pat-
terns of inflammation across groups. On day 3,
all animals exhibited a comparable inflammatory
response characteristic of thermal injury. By day
7, the untreated group maintained a high propor-
tion of IL-1f3 positive cells, whereas the S montana
L group showed a peak decline, indicating an at-
tenuation of the acute inflammatory phase. Orig-
anum vulgare L and standard care groups also
displayed a decline, although less pronounced. By
day 14, IL-13 expression in the S montana L group
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was minimal, suggesting near-complete resolu-
tion of inflammation, while persistent expression
in the untreated group indicated progression to-
ward chronic inflammation. The downregulation
of IL-1p in the S. montana L group likely facilitat-
ed the transition to tissue regeneration and con-
tributed to improved healing dynamics.

In addition, male New Zealand White rabbits
were used in this study. The selection of a sin-
gle sex aimed to minimise potential variability
in physiological parameters and wound healing
rates that could arise from hormonal fluctua-
tions associated with oestrous cycles in female
animals.?® This approach provides a more stable
baseline for assessing the direct effects of the
hydrogel preparations. However, acknowledging
the potential influence of sex hormones on wound
healing, future studies should include female co-
horts to ensure comprehensive understanding of
the therapeutic potential across genders and en-
hance translational relevance.

Collectively, presented findings suggest a syner-
gistic action of the bioactive compounds within
S montana L and O vulgare L hydrogel forms. The
observed reductions in pro-inflammatory cyto-
kines, accelerated re-epithelialisation and res-
toration of the natural redox system paint a ho-
listic picture of improved wound healing. While
this study provides interesting evidence for the
efficacy of these hydrolates, further molecular in-
vestigations are warranted to elucidate the pre-
cise mechanisms by which these compounds ex-
ert their effects, including their interaction with
specific growth factors and signalling pathways
involved in tissue repair. Additionally, optimising
formulations and exploring broader applications
represent important avenues for future research.

Conclusion

Presented findings establish that hydro-
late-based gels, particularly the formulation
derived from Satureja montana L and Origa-
num vulgare L are an effective therapeutic for
accelerating the resolution of severe thermal
burns. The specific hydrolate from S montana
L demonstrated potent multifactorial activi-
ty, simultaneously suppressing inflammation,
restoring redox homeostasis and promoting
tissue regeneration, which collectively led to
re-epithelialisation.
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