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Abstract. Background. The restoration of auricular cartilage is a major problem of otolaryngology. The low
regenerative capacity of cartilage requires alternative approaches such as cell and tissue engineering. Stem
cells are one of the ways to repair auricular cartilage damages. The aim of the investigation was the regenera-
tion of an artificial defect of the auricular cartilage of rabbits after the intravenous injection of stem cells.

Materials and Methods. The study was carried out on rabbits. A narrow strip of auricular cartilage was
surgically removed. A previously prepared suspension of homologous mesenchymal stem cells (5 million) in
0.5 ml physiological solution was injected into the vein of the opposite ear. Tissue samples from the site of the
injury were collected after 1, 2, and 3 months. Histological examinations of the tissues were carried out after
staining with fuchsin-eosin, azure II-eosin, and according to Weigert. In addition, the amount of interleu-
kin-6 (IL-6) and the transforming growth factor 1 (TGF-B1) in the blood serum were determined.

Results. The main method of healing is the formation of a connective tissue scar. Yret, an increase of the
number of fibroblasts and single islands of the newly formed auricular cartilage was found, which indicates the
migration of the injected stem cells to the site of the damage and settling there. The intravenous injection of stem
cells did not affect the secretion of pro-inflammatory IL-6, but significantly increased the amount of TGF-p1.
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Conclusions. We assume that regenerative processes were stimulated. Nevertheless, they were aimed at
quickly restoring the tissue integrity through the typical stages of scar formation. The restoration of cartilage
integrity requires additional regulatory factors which will determine the chondrogenic differentiation of
stem cells.

Key words: auricular cartilage, stem cells, regeneration, inflammation, intercellular matrix

Triusio ausies pavirsiaus kremzliy regeneracija
po intraveninés kamieniniy lgsteliy injekcijos

Santrauka. Kontekstas. Ausies kremzliy atkarimas yra svarbi otolaringologijos problema. Kadangi kremzliy
regeneracijos pajégumas yra nedidelis, biitini alternatyviis sprendimai — pavyzdziui, lasteliy ir audiniy inzi-
nerija. Kamieninés lastelés yra vienas i3 bidy atkurti ausy kremzléms padarytg zalg. Sio tyrimo tikslas buvo
dirbtinai suformuoto triusio ausies zalos defekto regeneracija po intraveninés kamieniniy lasteliy injekcijos.

MedZiagos ir metodai. Sis tyrimas atliktas su triusiais. Chirurginiu bidu buvo pasalinta siaura triusio
ausies kremzliy juostelé. I anksto buvo paruosta homologizuota mezenchiminiy kamieniniy lasteliy (5 mili-
jonai) suspensija su 0,5 ml fiziologinio tirpalo. Sios suspensijos buvo j§virksta j kitos ausies veng. Suzeidimo
vietos audiniy méginiai imti po 1, 2 ir 3 ménesiy. Surinkty audiniy histologinis tyrimas buvo atliktas istepus
juos su fuchsinu ir eozinu, aziro II-eozinu bei naudojant Weigerto metodika. Be to, kraujo serume buvo nu-
statytas interleukino-6 (IL-6) ir transformuojancio augimo faktoriaus p1 (TGF-P1) kiekis.

Rezultatai. Pagrindinis gijimo metodas yra jungiamojo audinio rando susidarymas. Buvo nustatytas fi-
broblasty skai¢iaus padidéjimas. Taip pat nustatyta naujai susidariusiy ausies kremzliy saleliy. Tai rodo, kad
jSvirkstos kamieninés lastelés migruoja j suzeidimo vietg ir ten jsikuria. Intraveniné kamieniniy lasteliy injek-
cija nepaveiké prouzdegiminio IL-6 i$skyrimo, ta¢iau reik§mingai padidino TGF-f1 kiekj.

I$vados. Darome prielaidg, kad buvo stimuliuojami regeneraciniai procesai. Tac¢iau jais siekta greitai at-
kurti audinio integraluma jprastiniais rando susidarymo etapais. Kremzliy integralumui atkurti reikia papil-
domy reguliuojamuyjy veiksniy, kurie paskatinty chondrogenine kamieniniy lasteliy diferenciacija.

Raktazodziai: ausies kremzlés, kamieninés lastelés, regeneracija, uzdegimas, tarplasteliné matrica

Introduction

Auricular cartilage reconstruction is one of the main challenges in modern otolaryngology. The
regenerative potential of cartilage tissue is low due to the small population of stem cells and differ-
entiated chondrocytes. Tissue engineering is an innovative approach for cartilage reconstruction.
The traditional approach involves surgical transplantation of autologous costal cartilage [1]. The
main disadvantages of this method are possible pathological processes at the material collection site
and insufficient aesthetic results. Polymeric materials based on biocompatible matrices provide an
alternative for cartilage reconstruction. Natural [2-6], synthetic [7, 8], or hybrid [9] polymers create
a scaffold for the cells. Biocompatible polymer materials have limited use due to issues with biocom-
patibility, biodegradation, and resorption in the body. Minor damage or fractures of the auricular
cartilage do not require the use of a scaffold. These injuries can be repaired using cell engineering
techniques. Cartilage defects can be repaired through the injection of stem cells cultivated in vitro or
by stimulating resident perichondral stem cells.

Controlling the proliferative potential and differentiation of stem cells is one of the most challeng-
ing aspects of their use in clinical practice. In some cases, they may undergo oncological transforma-
tion. Abnormal differentiation of stem cells can occur even with slight changes in the microenviron-
ment [10]. Perichondrial stem cells are employed to repair defects in elastic cartilage [11, 12]. Basic
fibroblast growth factor (bFGF) initiates proliferative processes in vivo [13, 14]. Changes persist
for 3 months after bFGF injection, and newly formed cartilage appears after 2 weeks. Antibodies
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to bFGF offer a means of controlling regeneration, but morphological changes become irreversible
after 3 months. Other studies demonstrate the potential of stem cells to regenerate elastic cartilage
[15]. Mesenchymal stem cells (MSCs) have been effective in regenerating auricular cartilage in rab-
bits. These stem cells originated from adipose tissue, bone marrow, and the ear. Local injection of
a suspension of these cells contributed to the restoration of auricular cartilage [16]. Similar results
have been obtained in other studies with near-perichondrial injection of adipose-derived MSCs
[17]. An advantage of this method is the absence of immune reactions to the implant or reconstruc-
tive materials, as well as the potential for complete regeneration of cartilage defects. Moreover, there
is no need for additional invasive procedures. The cells can be injected directly into the defect site
or intravascularly with minimal damage to other tissues. Consequently, minimally invasive cartilage
reconstruction is possible. Regeneration of damaged tissue also requires a response from the im-
mune system, and proinflammatory cytokines can usually be detected in the area of damage [18].

Systemic injection of MSCs can have an immunomodulatory effect. A decrease in the inflam-
matory response to lipopolysaccharides has been reported [19]. The plasticity of MSCs allows for
the initiation of both pro- and anti-inflammatory phenotypes, which underlies the stimulation of
regeneration in damaged tissues [20].

Therefore, the injection of MSCs into the bloodstream potentially reduces inflammatory reac-
tions at the site of damaged tissues and accelerates regenerative processes. Biologically active com-
pounds secreted by MSCs also induce and expedite regeneration. Consequently, it is important to
investigate the possibility of intravenous MSCs injection for the restoration of auricular cartilage.

The aim of this study was to regenerate the artificially defected rabbit auricular cartilage after
intravenous injection of stem cells.

Materials and methods

Stem cells

The umbilical cord was surgically removed from an adult female rabbit under local anesthesia (Li-
docaine, 2%, Darnitsa, Kyiv, Ukraine). The placenta, umbilical cord, and remnants of the amniotic
membrane were mechanically separated and then placed in a physiological solution.

The umbilical cord (UC) was mechanically separated from the placenta and amnion. Subsequent-
ly, the UC was washed in phosphate buffer (PBS) and submerged in an antibiotic solution containing
benzylpenicillin (20 units/ml, Arterium, Kyiv, Ukraine) and streptomycin (20 pg/ml, Arterium). Af-
terward, it was divided into fragments of 1x1 mm in size, placed in a solution of enzymes (1:1 (v/v)
mixture of 0.2% collagenase and 0.1% trypsin), and incubated at 37°C for 1-2 hours until the tissues
were visibly degraded to the maximum extent. Following this, the solution was inactivated using
fetal bovine serum (FBS) and centrifuged at 1500 rpm for 10 minutes. The resulting pellet was re-
suspended and placed in a culture flask (25 or 75 cm?, SPL, Pocheon-si, South Korea) with DMEM
nutrient medium (Biowest, Nuaill¢, France) supplemented with benzylpenicillin (2 units/ml, Arte-
rium), streptomycin (2 ug/ml, Arterium), and 10% FBS (Gibco, Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The cells were incubated at 37°C under standard CO2 incubator conditions.

Once they reached sufficient confluence, primary culture clones were passed using a 1:1 mixture
of EDTA (0.02%) and trypsin (0.1%), counted in a Goryaev’s chamber, and seeded at a density of
1x10° cells per vial (126 cm?). The same procedure was repeated for passage 1. At each passage, the
cultures were observed using light and interference microscopy, employing a Leica DMIL inverted
microscope (Wetzlar, Germany). At passage 1, the cells were assessed for their differentiation capac-
ity for osteogenic and chondrogenic differentiation abilities, as described in our previous works [21].
MSCs at passage 2 were used for injection.
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MSCs characterization

MSCs at passage 2 were utilized for experimentation. Throughout the cultivation process, at each
passage, the cells exhibited strong adhesion to plastic surfaces and displayed a fibroblast-like mor-
phology.

At passage 2, surface marker expression was assessed using flow cytometry on a FACSAria in-
strument (Beckton Dickinson Bioscience, New York, USA). Fluorescein isothiocyanate (FITC)-la-
beled anti-human CD105 and R-Phycoerythrin (PE)-labeled CD73 (US Biological) were employed,
alongside anti-mouse CD34 (allophycocyanin (APC)-labeled) and CD45 (PE-labeled) (Beckton
Dickinson), following the manufacturer’s instructions. The population was found to be negative for
CD34 and CD45, while positive for CD73 (>70%) (Figure 1).
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Figure 1. Surface antigen expression by mesenchymal stem cells (MSCs) at passage 2: A - CD34, B -
CD45, C - CD73, D - CD105. The number of living cells was about 75% of the total population (E); (flow
cytometry by FACSAria).
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Animals

Thirty rabbits of the ‘Gray Giant’ breed were selected for the study. The animals were divided into
two groups: 12 in the control group and 18 in the experimental group. At the beginning of the inves-
tigation, the weight of the rabbits ranged within 1.5 kg.

The study adhered to the European Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes and the Law of Ukraine “About the Protection of
Animals from Cruel Treatment.” (Ethics Committee protocol #297, extract from the protocol dated
14 June 2023). The rabbits were individually kept in boxes under standard vivarium conditions at
the State Institution “O.S. Kolomiychenko Institute of Otolaryngology of the National Academy of
Medical Sciences of Ukraine”

For anesthesia, xylazine hydrochloride (Xyla, 2%, Interchemie, Netherlands) was used at a dosage
of 0.15 mg/kg. The ‘rabbit pinna punch-hole model’ was chosen as the basis for simulating auricular
cartilage damage [22]. The area of the outer ear near the head was prepared by removing hair. An
incision was made in the skin and cartilage, and a 10x1 mm fragment of auricular cartilage was
excised. Afterward, the blood was removed with a sterile swab, and the wound was sutured. In the
other ear, 5 million homologous MSCs (0.5 ml in saline) were injected into the lateral vein. The
cell count was determined using a Goryaev chamber. The maximum number of cells used was that
which did not induce changes in cytokines or trigger a significant immune system response. Control
animals received a cell-free medium.

Auricular cartilage fragments with the damaged area were excised 1, 2, and 3 months after sur-
gery, with the rabbits under general anesthesia. Additionally, blood samples were collected from the
lateral ear vein for immunological studies.

Histological investigations

Histological sections of 15 um thickness were prepared using the Microtome Cryostat HM525
(Microm, Thermo Scientific, Waltham, Massachusetts, USA) at -18 °C. Tissue visualization was
achieved through hematoxylin-eosin staining [23]. Differential staining for collagen and elastin was
performed following the van Gieson and Weigert methods [24-26]. The relative amount of basic
and acidic components of the intercellular matrix was assessed after staining with azure-eosin [27],
where acidic glycosaminoglycans appeared blue, and the basic tissue components exhibited various
shades of red. Histological analysis was carried out using an Olympus BX53 microscope (Olympus,
Shinjuku, Tokyo, Japan) equipped with an Olympus DP72 camera. Primary image processing was
carried out using LabSens software.

Estimation of elastin mesh

Auricular cartilage defects were stained following the Weigert method [26]. The relative density of
fibers in the tissue was quantified using Image]J software. Comparisons were made with the connec-
tive tissue of the skin from the same histological preparation. The data were expressed in grayscale
units ranging from 0 to 255, where 0 represents black and 255 represents white. An increase in the
elastin network density corresponded to a decrease in grayscale values. Measurements were repeat-
ed 10 times. The results were presented as medians and quartiles.

Basophilic and oxyphilic tissue elements

Basophilic and oxyphilic tissue elements were visualized through staining with azure II-eosin. Ba-
sophilic tissue components appeared blue, while oxyphilic elements exhibited various shades of red.
Image processing was performed using Image]J software, analyzing the number of blue and red pixels
in the image area. Diagrams illustrating the relative amount of oxyphilic and basophilic tissue compo-
nents were constructed. These were then compared to similar graphs for the connective tissue of the
skin in the same histological preparation. The ratio of oxyphilic to basophilic elements was calculated
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for the skin’s connective tissue (control), native auricular cartilage, and the tissues that filled the carti-
lage defect. Measurements were repeated 10 times. The results were presented as medians and quartiles.

Immunological studies

The enzyme immunoassay analysis (IFA) was used to determine interleukin-6 (IL-6) and trans-
forming growth factor f1 (TGF-B1) in blood serum. RabbitIL-6 (Interleukin 6) ELISAKit and
RabbitTGF-p1 (Transforming Growth Factor Beta 1) ELISAKit (Elabscience Biotechnology Inc.,
USA) were used. Blood was collected from the lateral ear vein of rabbits during surgery and 1, 2, 3
months after it. The blood was centrifuged at 1500 rpm. Corresponding antibodies were added to an
aliquot of serum and the following manipulations were carried out according to the manufacturer’s
recommendations. The optical density was measured on a Stat Fax (USA) tablet spectrophotometer.
Statistical data processing was performed with the ANOVA Scheffé test (M+SD, p<0.05).

Results

Histological investigations

1 month after intravenous injection of MSCs, an increase in the number of fibroblasts around dam-
aged cartilage in experimental rabbits was found (Figure 2, 1B). Areas of newly formed cartilage
were observed, but they were separate fragments and did not form the necessary continuous struc-
ture (Figure 2, 1B; shown by arrow). The edge of the maternal cartilage was rounded, possibly due to
inflammatory processes after surgery and/or the influence of stem cells.

Figure 2. Morphological characteristics of artificially damaged rabbit auricular cartilage after one (1) and
three months (2) after surgery. A — without MSCs injection, B — intravenous MSCs injection (staining by
hematoxylin-eosin, magnification x100).
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In control animals, a significant number of fibroblasts was found around the damaged cartilage
(Figure 2, 1A). The edge of the cartilage was also rounded, but there were no zones of newly formed
cartilage. Two and three months after the operation, the detected changes were preserved for control
and experimental rabbits. Densification of the connective tissue, an increase in the number of fibers
and fibroblasts at the site of damage were revealed (Figure 2, 2A, 2B). In none of the animals was the
integrity of the auricular cartilage completely restored. Several specimens had satisfactory results
after three months, but scar tissue was present (Figure 2, 2B). Thus, intravenous injection of stem
cells has a limited effect on the repair of auricular cartilage.

Estimation of elastin mesh

Analysis of the results was carried out on the same histological section due to slight differences in
the intensity of staining of different samples. The relative density of the elastin mesh is presented in
Figure 3.
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Figure 3. The density of the elastin mesh of the connective tissue of the skin (C), auricular cartilage (1) and
tissue at the point of cartilage damage (2) for 1, 2 and 3 months after surgery (tissue staining by Weigert,
grayscale value, medians and quartiles).
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No significant differences were found between the newly formed tissues and the connective tissue
of the skin. The results indicate the formation of a scar, which confirms the data of the general histo-
logical analysis. Nevertheless, an increase in the density of the elastin mesh was found in some areas
of the auricular cartilage defect after MSCs injection. These changes were detected after 2 months
(Figure 3). Such changes were found in few animals only, so it is impossible to reliably establish the
influence of MSCs. Further research is needed to confirm this.

Basophilic and oxyphilic tissue elements
Staining with azure II-eosin differentiate of acidic and basic components of the intercellular matrix.

Ear cartilage had many basophilic elements and almost no oxyphilic ones (Table 1).

Table 1. The relative amount of basophilic and oxyphilic tissue elements of rabbit ear 1 month after surgery
(median)

Grayvalue units

Variant Tissue Basophylic elements Oxyphylic elements Ratio R/B
(blue, B) (red, R)

Auricular cartilage 57 15 0.26
Without MSCs Damaged cartilage 36 58 1.6
Skin connective tissue 38 98 2.6
Auricular cartilage 35 4 0.11
MSCs Damaged cartilage 34 26 0.76
Skin connective tissue 42 70 1.7

1 month after MSCs injection, a high oxyphilia of the tissue filling the cartilage defect was de-
tected. The ratio of oxyphilic and basophilic tissue components was within 0.7. This indicator was
2 times lower than the similar one calculated for the control group of rabbits (Table 1). The relation-
ship was persisted after 2 months (Table 2). A lot of oxyphilic elements was present in the newly
formed tissue.

Table 2. The relative amount of basophilic and oxyphilic tissue elements of rabbit ear 2 months after surgery
(median)

Grayvalue units

Variant Tissue Basophylic elements Oxyphylic elements ~ Ratio R/B
(blue, B) (red, R)

Auricular cartilage 38 8 0.21
Without MSCs Damaged cartilage 25 35 1.4
Skin connective tissue 31 84 2.7
Auricular cartilage 25 4 0.16
MSCs Damaged cartilage 42 29 0.69
Skin connective tissue 46 76 1.7

There were no changes in experimental animals after three months (Table 3). The ratio of baso-
philic and oxyphilic elements 4:3 was preserved for experimental rabbits. The results indicate an
early determination of the type of regenerated tissue and preservation of its properties.
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Table 3. The relative amount of basophilic and oxyphilic tissue elements of rabbit ear 3 months after surgery
(median)

Grayvalue units

Variant Tissue Basophylic elements Oxyphylic elements Ratio R/B
(blue, B) (red, R)

Auricular cartilage 34 4 0.12
Without MSCs Damaged cartilage 29 37 1.27
Skin connective tissue 27 53 1.96
Auricular cartilage 28 3 0.11
MSCs Damaged cartilage 38 31 0.82
Skin connective tissue 43 95 221

Thus, intravenous injection of stem cells partially contributes to the initiation of regeneration
processes of auricular cartilage damaged. The mechanisms underlying the process do not ensure the
formation of full-fledged cartilage within 3 months after the start of treatment.

Immunological studies

Increased concentrations of IL-6 in blood were detected for control and experimental rabbits after
1 month (Figure 4A).
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Figure 4. The concentration of IL-6 (A) and TGF-B1 (B) in the blood plasma of rabbits after 1, 2 and 3
months after the artificial auricular cartilage damage and the injection of stem cells. Control — animals
without stem cells injection, MSC - intravenous injection of 5-10° of homologous mesenchymal stem cells in

saline (M+SD, *p<0.05).

Intravenous injection of stem cells did not affect the amount of this cytokine. We assume that
the main pro-inflammatory effect was caused by mechanical damage of the auricular cartilage. An
almost two-time decrease of IL-6 concentration after 2 months was registered (Figure 4A). The iden-
tified changes indicate the termination of inflammatory processes.

A two-fold increase of TGF-1 concentration in the blood of rabbits was detected after intrave-
nous injection of stem cells compared to control animals (Figure 4b). These effects were remained
for 3 months. Thus, intravenous injection of stem cells did not affect the secretion of pro-inflamma-
tory IL-6, but significantly increased the amount of TGF-f1. Combined with histological studies, we
assume that regenerative processes were stimulated.
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Discussion

Cartilage regeneration stands as one of the central challenges in modern otolaryngology. The pri-
mary obstacle is the lack of cells which are already highly specialized. Hence, external sources of
stem cells are often used. The cell type is recognized to be crucial for successful cartilage repair [28-
30]. MSCs are particularly well-suited for cartilage regeneration due to their notable proliferative
potential and the minimally invasive methods used for their extraction [31]. Various sources of stem
cells are applied for cartilage regeneration, with chondrocytes obtained from the perichondrium of
auricular cartilage being the most commonly used [32]. Adipose-derived and bone marrow-derived
MSCs have also demonstrated positive effects on cartilage regeneration [16]. However, there re-
mains a challenge of improper differentiation and the formation of cartilage ossification islands [33-
35]. The injection of stem cells into the bloodstream leads to their dispersal throughout the body,
settling in areas of tissue damage. The direction of their differentiation is determined by the local
microenvironment and biologically active substances present. Interestingly, histological studies did
not reveal significant differences in tissue regeneration following intravenous stem cell injection. We
hypothesize that the enhancement of the effect may necessitate the presence of locally acting biologi-
cally active compounds, such as growth factors or cell differentiation regulators.

Auricular cartilage stands out due to its high content of elastin fibers, making it unique among
other cartilage subtypes [36]. The surrounding tissues exhibit less organization and have a lower
elastin content. We determined the relative density of the elastin mesh in native auricular cartilage,
tissues in the damaged area, and the connective tissue of the skin through staining with lithium
carmine. The density of the elastic fiber mesh at the site of artificial damage to the ear cartilage cor-
responds to that of connective tissue in a scar. However, we also identified tissue fragments in close
proximity to the native cartilage, and we believe that the microenvironment contributed to this
phenomenon.

Ear cartilage is known to contain a significant amount of glycosaminoglycans. These macromol-
ecules consist of protein and repeating disaccharide residues, giving them a negative charge due to
the abundance of sulfate groups [37]. We observed an increase in the acidic component of the tissue
following the injection of MSCs. Our hypothesis is that stem cells, in conjunction with blood flow,
reach the damaged auricular cartilage and can settle there. Their further differentiation is likely in-
fluenced by the local microenvironment and growth factors. In the immediate vicinity of the carti-
lage, differentiation into chondrocytes occurs, whereas at a distance, they tend to form a population
of fibroblasts with varying degrees of differentiation.

Mechanical tissue damage is usually accompanied by inflammation [38]. IL-6, a pro-inflamma-
tory cytokine, plays several key roles, including the modulation of interactions between T- and B-
lymphocytes, the enhancement of T-killer cell activity, and the stimulation of granulocytic hemat-
opoiesis [39]. During acute inflammatory processes, the levels of IL-6 increase rapidly and decline
relatively quickly. In contrast, chronic inflammation is characterized by a sustained elevation of this
cytokine in the blood over an extended period. TGF-family proteins are known to regulate the activ-
ity of CD44+ T-cells in the immune system and play a central role in the remodeling of the intercel-
lular matrix [40, 41].

Conclusions

The intravenous injection of stem cells did not allow obtaining the stable regenerative processes of
cartilage tissue and the restoration of the intercellular matrix to its original state. The main method
of healing is the formation of a connective tissue scar, but an increase of fibroblasts number and
single islands of the newly formed auricular cartilage were found, which indicates the migration of
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the injected stem cells to the site of damage and settling there. The microenvironment certainly plays
a decisive role in their differentiation. Intravenous injection of stem cells did not affect the secre-
tion of pro-inflammatory IL-6, but significantly increased the amount of TGF-B1. Combined with
histological studies, we assume that regenerative processes were stimulated. Nevertheless, they were
aimed at quickly restoring tissue integrity through the typical stages of scar formation. Restoration

of cartilage integrity requires additional regulatory factors that will determine the chondrogenic dif-

ferentiation of stem cells.
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