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ABSTRACT This study examines the pathological processes and conditions arising from an experimental mode-
ling of II-IITA degree thermal burns in laboratory animals. These conditions are characterized by skin struc-
ture defects, diminished skin functions, especially the barrier function, and damage to skin derivatives like
hair follicles and sebaceous glands. We compared the effect of liposomes composed of soybean lecithin of 90%
phosphatidylcholine content and liposomes composed of lecithin of 26% phosphatidylcholine content on the
epidermis, dermis and its capillaries, hair follicles, and the sebaceous glands of the laboratory animals 24 h
after experimental modeling of II-IITA degree thermal skin burns. We discuss the dependency of liposome
effects on the skin and its derivatives on the fatty acid composition of the lecithin used, with particular focus

on phosphatidylinositol, phosphatidic acids, as well as oleic and linoleic acids.
KEYWORDS burn, skin, phosphatidylcholine, polyunsaturated fatty acid, liposome.

ABBREVIATIONS PUFA - polyunsaturated fatty acid.

INTRODUCTION

The skin is known to be the largest organ of the hu-
man and animal bodies, and it plays an important role
in metabolism. Damage to the skin can cause signifi-
cant abnormalities in the functioning and condition of
all its layers and derivatives, leading to serious chang-
es in the metabolic processes taking place in cells and
tissues, or even death.

The human skin contains 3—4 million sweat glands
[1]; their total weight is about 100 g [2], which is close
to the mean weight of the kidney. Sweat glands are in-
volved in the excretion of xenobiotics, exogenous and
endogenous toxic/bioactive substances, such as metals
[3], drugs [4, 5], cytokines [6], steroids [7], and lipids, in
particular cholesterol [3, 5, 8—10]. The skin possesses a
powerful antioxidant system [2] and is also considered
as an independent endocrine organ [11].

Sebaceous glands can act as immunocompetent
cells, because they are able to recognize pathogens
and synthesize and release pro- and anti-inflammato-
ry cytokines and chemokines, as well as antimicrobial
peptides and lipids [12]. An isomer of palmitoleic acid
(C16:1D6), sapienic acid in sebum, is known to exhibit
antimicrobial activity [13]. Sebaceous gland secretion
is a major physiological route of fat-soluble antioxi-
dants to the upper layers of the skin [14]. Additionally,
these glands can respond to leptin, linking them to
the regulation of starvation and obesity mechanisms
[15] and the release of pheromones [16].

Thus, sebaceous glands are considered to be the
“brain of the skin” and the most important endocrine
glands of the skin. The functional activity of seba-
ceous glands is closely related to the functioning of
hair follicles.
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The hair follicle acts as a sensor and immunologic
sentinel for the skin. The hair detects stimuli above
the skin surface, and the slightest bending of the
hair activates neuroreceptors in the follicle, sending
sensory information to the nervous system. In turn,
Langerhans cells of hair follicles, acting as macro-
phages, detect surface pathogens and activate the im-
mune system [17]. Hair follicle cells located near the
insertion of the erector pili muscle possess the prop-
erties of epithelial stem cells and can act as a re-
serve of epidermal cells and sebaceous glands [18].
Therefore, damage to or preservation of hair follicle
cells is an important indicator of the regenerative po-
tential of the skin.

One of the most common skin injuries is burn in-
jury. According to the Federal State Statistics Service
of the Russian Federation, the number of burn in-
jury cases in 2021 exceeded 220,000 people [19].
Accordingly, 70% of burn treatments should be per-
formed on an outpatient basis [20]. In this regard,
the development of novel drugs for the treatment of
burns is of particular topicality.

Healing damaged skin involves four main stages:
hemostasis, inflammation, proliferation, and remod-
eling. Each stage is controlled by a cascade of mo-
lecular biological processes [21]. The stage of inflam-
mation and its resolution are considered crucial for
wound healing. In this regard, prostaglandins, leu-
kotrienes, and hydroxy- and keto-eicosatetraenoic ac-
ids are important [22] and their synthesis requires
polyunsaturated fatty acids (PUFAs), mainly omega-3
and omega-6 fatty acids (w-3 and w-6, respective-
ly). PUFAs are the preferred targets for free radical
oxidation, and their enhanced oxidation can lead to
devastating consequences of burn injury [23]. Given
the smaller amount of essential PUFAs in phospha-
tidylcholine from sebaceous glands compared with
that in phosphatidylcholine from other organs [24],
enhancement of free radical oxidation during skin
burns can cause a significant deficiency of essential
-3 and w-6 PUFAs. Under these conditions, there
may be a partial or significant transition to the pro-
duction of prostanoids from endogenously synthesized
w-9 series PUFAs capable, under a deficiency of w-3
and -6 series essential fatty acids, of boosting the
production of pro-inflammatory cytokines by macro-
phages [25]. Thus, it seems appropriate to use topical
agents containing essential -3 and w-6 PUFAs, such
as phosphatidylcholine-based liposomes, in the treat-
ment of burn injuries.

The history of liposome discovery and application
began in the 1960s with the work of Alec Bangham
and colleagues, who experimented with phospholip-
ids in aqueous media and discovered their ability to
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form membrane-like structures [26]. Currently, lipo-
somes are widely used as biological nanocontainers
for drug delivery in oncology [27, 28], ophthalmol-
ogy [29], dermatology [30], gene therapy [31], and
other fields of medicine. The undeniable advantages
of liposomes include their biodegradability, low im-
munogenicity, and ability to interact with the cell
membrane, ensuring intracellular delivery of their
contents [32]. However, despite the evidence of high
metabolic activity of essential PUFAs constituting
the phospholipids used for the production of lipo-
somes, not enough attention is focused on the meta-
bolic effects of such liposomes, depending on the
spectrum of fatty acids included in their composi-
tion. In the scientific literature, there are only a few
studies which compare the activities of liposomes
with different fatty acid compositions. For example,
L.J. Jenski et al. [33, 34] mentioned the ability of li-
posomes containing o-linolenic and docosahexaenoic
acids to increase the survival chances of mice with
experimental cancer. The effect was explained by
the cytotoxicity of docosahexaenoic acid against tu-
mor cells. The ability of liposomes composed of lino-
lenic acid-containing phosphatidylcholine to inhibit
the growth of Helicobacter pylori has been reported
[35]. However, there are no systematic studies on the
effect of liposomes with different contents and range
of fatty acids on skin derivatives.

EXPERIMENTAL

Our studies were performed on the basis of a coop-
eration agreement between the Vitebsk State Medical
University (VSMU) and the Pushchino Scientific
Center for Biological Research of the Russian
Academy of Sciences, in the research laboratory of
VSMU.

Preparation of liposomes

Liposomes of two compositions were prepared from
soybean lecithin (phosphatidylcholine) and choles-
terol (Sigma, USA) at a 5:1 ratio according to the
procedure described in [36]. Lecithin (7.78%) and
cholesterol (1.5%) were dissolved in 15 mL of chlo-
roform and 5 mL of methanol. A thin film layer of
lipids was formed by vacuum drying the solution on
a rotary evaporator. The film was slowly resuspend-
ed in 0.01 M phosphate buffer (pH 6) and shaken.
The final liposome solution was extruded through
a 400 nm filter using an Avanty laboratory mini-ex-
truder (Avanti Polar Lipids, USA). To prepare lipos-
omes of the first composition, we used pharmaceuti-
cal lecithin (Riceland Foods, Inc., USA) that contained
26% of phosphatidylcholine, 12—-15% of phosphatidy-
linositol, 4-8% of phosphatidic acids, and 40-50% of
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Fig. 1. Size distribution of liposomes. (A) Liposomes with
26% of phosphatidylcholine. (B) Liposomes with 90% of
phosphatidylcholine

free fatty acids; also, 100 g of the compound contained
3,000 mg of P, 1,250 mg of K*, 150 mg of Ca%*, 4 mg
of Fe, 150 mg of Mg?**, 30 mg of Na*, and 5 mg of vi-
tamin E. Liposomes of the second composition were
prepared using lecithin containing 90% of phosphati-
dylcholine (PanReac AppliChem, Spain).

The size of the liposomes was determined using
a Zetasizer Nano ZS analyzer (Malvern Instruments
Ltd, UK) (Fig. 1A,B). The mean size of the liposomes
containing 26% and 90% of phosphatidylcholine was
486.7 nm and 523.2 nm, respectively.

Fatty acid methylation of both lecithins was per-
formed using sodium methoxide (Sigma-Aldrich). The
spectrum of fatty acids was studied by gas-liquid
chromatography on a Thermo Focus GC chromato-
graph (USA) using a capillary column SGEBPX70
(60 m x 0.25 mm) and the temperature program:
evaporator temperature — 200°C, flame ionization de-
tector temperature — 280°C, the column thermostat
temperature was elevated from 120°C to 245°C at
a speed of 3°C/min, an isotherm step at 245°C was
5 min (total analysis time was 46.66 min). The carrier
gas (He) rate was 1.3 mL/min. Fatty acids were iden-
tified with respect to the retention times of standard
methyl esters (Sigma-Aldrich). The amount was esti-

mated as a percentage of the total area of all identi-
fied peaks.

Laboratory animals

The experiments were carried out in two stages, on
92 white non-inbred male rats weighing 180-250 g di-
vided into four groups: 1 — intact animals (n = 7 for
the first liposome type and n = 12 for the second); 2 —
stress control, so-called false stress (n = 7 for the first
liposome type and n = 12 for the second) (unburned
and untreated animals); 3 — thermal burn (n = 15 for
the first liposome type and n = 12 for the second);
and 4 — thermal burn + liposomes of the first type
(n = 15) and liposomes of the second type (n = 12).

Simulation of thermal burns of the skin

A device for simulating thermal burns was manufac-
tured by the design bureau Display (Vitebsk, Republic
of Belarus) based on a cooperation agreement with
VSMU.

To simulate burns, the rats were anesthetized with
ketamine at a dose of 150 uL/rat [37—39]. The fur on
the back was shaved, and the device heated to 150°C
was applied to the skin for 4 min. The induced dam-
age was morphologically assessed as II-IITA degree
burns (Fig. 2). The burn area was 8-9% of the body
area. To calculate the burn area, we used the for-
mula proposed by Meeh: S = k x W2/3, where S is
the body surface area (cm?); W is the body weight of
the animal (kg); and k is a Meeh constant of 9.46 [40].
Immediately after burn induction, the damaged skin
in the animals of the fourth experimental group was
treated with 0.45 mL of a type 1 or type 2 liposome
solution.

Histological examination of the skin

The animals were decapitated under ether anesthesia
24 h after the burn injury, and the skin was sampled
for histological examination. Skin samples were fixed
in a 10% neutral formaldehyde solution. Histological
sections were stained with hematoxylin—eosin and
examined on a Leica DM 2500 microscope (Germany,
%10 eyepiece, X20 and x40 objectives) equipped with
a Leica DFC 320 digital camera. The number of dam-
aged elements was counted in 10 fields of view, and
the mean indicator of examined skin elements was
calculated.

Statistical data analysis was performed using the
R package, version 4.0.5 (2021-03-31). The distribu-
tion of analyzed indicators was assessed using the
Shapiro—Wilk test; in the case of a Gaussian distri-
bution, parametric statistics methods were used for
comparison; otherwise, nonparametric methods were
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Fig. 2. Micrograph of intact animal skin. Hematoxylin and
eosin stain. X20 objective. 1 — epidermis, 2 — dermis,
3 — hair follicles, 4 — sebaceous glands

used. Pairwise comparisons were performed using the
Student’s t test or the Wilcoxon—-Mann—Whitney test.
Multiple comparisons were performed using ANOVA
(in the case of heterogeneity of variances of the ana-
lyzed indicators, the Welch correction was applied) or
the Kruskal-Wallis H test. Post hoc analysis was per-
formed using the Tukey test or the Kruskal-Wallis
H test and the Dunn test, corrected for multiple
comparisons using the Benjamini—Iekutieli method.
Differences were considered statistically significant
at p < 0.05.

RESULTS

According to our measurements using gas-liquid
chromatography, pharmaceutical lecithin (26% phos-
phatidylcholine) included the following fatty ac-
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ids (of the total fatty acid content, %): C16:0 — 18.87,
C18:0 — 3.86, C18:1n9c — 8.8, C18:2n6c — 56.95, and
C18:3n3 — 6.81. Lecithin containing 90% of phosphati-
dylcholine included the following fatty acids (of the
total fatty acid content, %): C16:0 — 13.63, C18:0 — 3.68,
C18:1n9c — 11.36, C18:2n6c — 62.88, and C18:3n3 — 6.12.
Therefore, lecithin containing 90% of phosphatidylcho-
line had a higher content of linoleic acid (C18:2n6c —
62.88% vs. 56.95% in pharmaceutical lecithin) and oleic
acid (C18:1n9c 11.36% vs. 8.8% in pharmaceutical lec-
ithin).

An assessment of the influence of the so-called
false stress (see Experimental section) on the exam-
ined indicators did not reveal statistically significant
deviations from the values characteristic of the intact
animals (Table 1).

The epidermis of the intact animals and animals
from the false stress group has a layered structure:
the stratum corneum, basal, spinous, and granular lay-
ers are preserved (Fig. 2). The dermis is characterized
by a fibrous structure; collagen fibers are crimped,
the tissue is well structured. The integrity of hair and
hair follicles is preserved; the outer and inner epider-
mal root sheath is clearly structured; and the medulla
is not expanded. The integrity of sebaceous glands is
preserved; secretion-containing vesicles are tightly
adjacent to each other; and the stratified epithelium
of the glands is preserved. Microvasculature vessels
and papillary capillaries of the dermis are not hyper-
emic and, therefore, are poorly visualized.

Figure 3 shows the changes in the skin 24 h after
the II-ITIA degree thermal burns. The structure of
all epidermal layers had changed, which manifested
itself as the destruction of the stratum corneum and
necrosis of highly proliferating cells of the spinous
and basal layers; the granular layer was preserved
only in certain areas; the epidermal-dermal junction
was flattened. There were no dermal papillae or der-
mal fiber bundle structure; the tissue was represented
by a homogeneous structureless mass resulting from
collagen denaturation. Destruction of the hair root,
root sheath, and connective tissue follicle was not ob-
served; the medulla of the hair root was significantly
expanded, the shape of the hair root was changed,
and there was a single-layer cell contour around the
root. Sebaceous glands were deformed, secretory ves-
icles were destroyed, and epithelial cells were dam-
aged. Hypodermal vessels were hyperemic, and the
wall was destroyed.

A mathematical assessment of the burn impact on
the assessed parameters revealed a statistically signif-
icant decrease in the thickness of the epidermis, stra-
tum corneum of the epidermis, and epidermis without
the stratum corneum compared with that in both in-
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Fig. 3. Morphological
changes in the skin

24 h after thermal
burn. Hematoxylin and
eosin stain.

%20 (A, B) and

x40 (C) objectives.

1 — epidermis,

2 — dermis,

3 — hair follicles,

4 — sebaceous glands,
5 — blood vessels

tact and false stress animals (Table 1). In addition, the
number of hyperemic vessels, hair follicles, and seba-
ceous glands was increased in the group of animals
with burns compared with that in intact and false
stress animals; accordingly, burns caused negative,
statistically significant changes in all analyzed param-
eters (Table 1).

A partial restoration of the layered structure of
the epidermis was noted 24 h after burning and ap-
plication of a solution of lecithin liposomes contain-
ing 26% of phosphatidylcholine to the burned surface
(Fig. 4). There was partial formation of dermal bun-

dles, a crimped fiber structure, an increased num-
ber of microvessels, and, compared with the skin of
the intact animals, a large amount of amorphous sub-
stance. The integrity of the hair and hair follicles was
preserved, the epidermal root sheath was structured,
and the medulla was not expanded. The secretory
vesicles of sebaceous glands were damaged, the ep-
ithelial cells were loosely located, and intercellular
contacts were lost. Large hypodermal vessels were
hyperemic, and their walls were partially destroyed.
Following application of a solution of lecithin lipo-
somes containing 90% of phosphatidylcholine, a partial
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Fig. 4. Morphological
changes in the skin
with burn injury 24 h
after application of
liposomes with 26% of
phosphatidylcholine.
Hematoxylin and eosin
stain.

%20 (A, B) and

x40 (C) objectives.

1 — epidermis,

2 — dermis,

3 — hair follicles,

4 — sebaceous glands,
5 — blood vessels

10 um

Table 1. Effect of liposomes with various compositions on the parameters of the skin and its derivative 24 h after burn
injury

28.89 = 3.63 25.95 £ 5.97 13.00 = 3.87" 11.93 + 2.69" 12.25 + 4.03"#
13.05 £ 2.04 13.42 £ 391 5.70 = 2.20° 473 + 1.49°% 5.00 £ 2.95%

15.84 £ 2.73 12,53 £ 2.46 7.30 £ 2.32° 720 £ 2.14'# 725 = 1.71%#
0.00 = 0.00 0.00 = 0.00 14.48 + 473" 12.00 + 3.74" 775 £ 1.227
0.00 = 0.00 0.00 = 0.00 2.93 £ 347 0.00 = 0.00" 3.42 £ (.90

0.00 = 0.00 0.00 = 0.00 6.78 £ 1.19'# 6.13 £ 1.13'# 0.00 = 0.00%

Note. PC — phosphatidylcholine. Statistically significant: * — compared with intact rats; # — compared with stress;
v — compared with burn,  — compared with 26% PC.
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Fig. 5. Morphological
changes in the skin
with burn injury after
application of lipos-
omes with 90% of
phosphatidylcholine.
Hematoxylin and eosin
stain. X20 (A, B) and
x40 (C) objectives.

1 — epidermis,

2 — dermis,

3 — hair follicles,

4 — sebaceous glands,
5 — blood vessels

restoration of the layered epidermal structure, an in-
creased number of basal layer cells, a decreased num-
ber of spinous layer cells, and a damaged granular
layer were observed (Fig. 5). There was partial for-
mation of dermal bundles, a crimped fiber structure,
an increased number of microvessels, and, compared
with the skin of the intact animals, a large amount of
amorphous substance. The hair root and outer and in-
ner root sheath were destructed, the medulla of the
hair root was expanded, the shape of the hair root
was changed, and there was a single-layer contour
of cells around the root. The integrity of sebaceous
glands was preserved, the secretion-containing vesi-
cles were tightly adjacent to each other, and the strat-
ified epithelium of the glands was preserved. Large
hypodermal vessels were hyperemic, and their walls
had partially thinned.

According to a mathematical assessment, the li-
posomes of different fatty acid compositions did not
have a statistically significant effect on the thickness
of the epidermis, stratum corneum of the epidermis,
or epidermis without the stratum corneum, but there
was a trend towards a partial restoration of the epi-
dermal layers upon using lecithin containing both 26%
and 90% of phosphatidylcholine (Table 1). However, no
damaged hair follicles were detected after the appli-
cation of liposomes composed of lecithin of 26% phos-
phatidylcholine content (Table 1).

Liposomes composed of lecithin containing 90% of
phosphatidylcholine had no effect on the number of
damaged hair follicles, but it reduced the number of
hyperemic vessels by 47% compared with that in the
group of burned animals and eliminated the negative
effect of burns on sebaceous glands, whose number
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was reduced to values observed in healthy animals
(Table 1).

Therefore, the burns caused negative changes in all
studied parameters. Liposomes composed of lecithin
containing 26% of phosphatidylcholine prevented the
development of damage to hair follicles, which may
be due to additional components present in pharma-
ceutical lecithin.

Liposomes composed of lecithin containing 90% of
phosphatidylcholine reduced the number of hyper-
emic blood vessels and prevented damage to seba-
ceous glands. In addition, a significant restoration of
the dermis structure was observed with liposomes
composed of lecithin containing both 26% and 90% of
phosphatidylcholine.

DISCUSSION

The barrier function is known to be the main role of
the skin. This function is actualized by preventing the
physical penetration of foreign components by kerat-
inocytes, due to the unity of their monolayers; the li-
pid-protective part due to the presence of ceramides,
cholesterol, and the free fatty acids present in the
intercellular space of corneocytes; lipolytic, proteo-
lytic enzymes, and antimicrobial peptides synthesized
by skin cells; and the renewal of lipid and enzymat-
ic components through their secretion by skin cells
[41, 42].

Our findings suggest that burns significantly re-
duce the barrier function of the skin, in particular
due to the lipid-protective component of the inter-
cellular space of corneocytes. Probably, inclusion
of lipid components into anti-burn agents may re-
duce the intensity of thermal damage to the skin.
Also, phosphatidylinositol 3-kinase/protein kinase B
is known to be involved in postburn sepsis [43]. The
presence of 12—15% of phosphatidylinositol (phos-
phatidylinositol 3-kinase/protein kinase B substrate)
in 26% of lecithin suggests potentiation of the nega-
tive effect of burn injury. However, our experiment
revealed no negative effects from the first type of
liposomes on the studied parameters, suggesting
that phosphatidylinositol does not adversely affect
the burn healing process. The positive effect of li-
posomes composed of 26% of phosphatidylcholine
on preventing damage to hair follicles may be due
to the phosphatidic acids present in the substance
from which the liposomes are made (4—8%). In this
regard, the lack of a positive effect from liposomes
composed of lecithin with 90% of phosphatidylcho-
line on hair follicles may be due to the absence of
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phosphatidic acids in the liposomes. This suggestion
requires further research.

The observed decrease in the number of hyper-
emic vessels is regarded as positive, because the in-
tensity of a skin vessel filling up with blood cells is
associated with inflammatory process activity [44].
Thus, liposomes composed of lecithin containing 90%
of phosphatidylcholine likely have the ability to re-
duce inflammatory activity. This effect may be related
to the higher content of y-linolenic acid (C18:3n6c) in
lecithin containing 90% of phosphatidylcholine, which
is consistent with its positive effects reported in ex-
perimental burns in rats [45].

Sebaceous glands are known to release their se-
cretion into hair follicles [46, 47] and synthesize a
mixture of lipids, creating a permeability barrier
and imparting certain antimicrobial properties to
the skin [48, 49]. For this reason, preservation of se-
baceous glands by liposomes composed of lecithin
containing 90% of phosphatidylcholine is a consid-
erable protective outcome. This effect is most like-
ly due to a higher phosphatidylcholine content and
higher contents of linoleic acid (C18:2n6c, 62.88% vs.
56.95%) and oleic acid (C18:1n9c¢, 11.36% vs. 8.8%)
than in pharmaceutical lecithin. This suggestion
seems reasonable, because there is evidence that ole-
ic (C18:1n9) and linoleic (C18:2n6) acids are able to
accelerate the healing of skin wounds and reduce
the intensity of any inflammation in them by inhib-
iting the production of pro-inflammatory cytokines
[50, 51]. Regeneration of auxiliary organs of the skin,
such as hair follicles and sebaceous glands, not only
accelerates wound healing, but also improves the
functionality of regenerated skin. Furthermore, re-
generation of sebaceous glands indirectly indicates a
regeneration of the hair follicle [52].

CONCLUSION

The presented material suggests that liposomes com-
posed of lecithin containing 90% of phosphatidylcho-
line are more effective in reducing vascular hyper-
emia in burn-damaged skin and in preventing damage
to sebaceous glands than those composed of lecithin
containing 26% of phosphatidylcholine. Nevertheless,
liposomes composed of lecithin with 26% of phosphati-
dylcholine prevent damage to hair follicles, which
may be due to the presence of phosphatidic acids, as
well as other components. Further research is needed
to elucidate the molecular mechanisms of action of li-
posomes of various compositions. ®
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