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ABSTRACT

Meniscus is a fibrocartilaginous anatomical structure that realizes complicated
biomechanical functions in the knee joint. However, no comparative mor-
phology studies have been done on different species and conditions regarding
the meniscus. Thus, the aim of our pilot study was to compare the morphol-
ogy of traumatized and aged human and healthy deer meniscus to reveal the
tissue ground, growth, degeneration, cell death and inflammation factors.

The study included surgery materials from one deer and two humans.
Biotin-streptavidin immunohistochemistry was performed for detection of
tissue TGFB1, MMP2, MMP9, collagen I, caspase, Il-1, I1-6, II-10. The results
were evaluated semiquantitatively. An abundant number of Collagen I posi-
tive cells were detected in the disordered human meniscus but not in the deer
one. TGFP1 was seen in numerous to abundant number of cells in all the three
cases. MMPs and caspase were distributed with numerous to abundant cells
in both human and deer meniscus. Numerous to abundant cells of trauma-
tized and aged human menisci showed IL-1 and IL-6, while the deer meniscus
demonstrated cytokine expression in a moderate number of cells only in lim-
ited zones. The traumatized human meniscus possessed an abundant number
of IL-10 positive cells, while the deer and the aged human meniscus showed
mainly a moderate number of IL-10 cells with some elevation of cytokine in
superficial and deepest layers of the meniscus.
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INTRODUCTION

The meniscus is an important fibrocartilagineus anatomical structure that is
crescent-shaped and is situated in the joint cavity of the human knee. They are
also represented in such joints as wrist, acromioclavicular, sternoclavicular and
temporomandibular joints in humans [18]. In different animals, the location of
the meniscus can differ [25].

The importance of menisci’s role in complex biomechanical processes is well
shown in the correlation between meniscal tears, partial or total meniscectomy,
meniscal degeneration cases and progression of human knee osteoarthritis
[23]. As the main function of the meniscus is dispersal of body weight during
movement and reduction of frictions, the cellular structure of the meniscus
is very specific [9]. The meniscus is defined as a fibrocartilage because of the
form of the major part of its cells, which are rounded or oval-shaped, and the
extracellular matrix that has a partly fibrous appearance when viewed through
the light microscope [3].

There is a classification of meniscus cells that was offered by Ghadially et
al. (1983) and is based on their shape and the absence or presence of a terri-
torial matrix [10]. All cells that are present in the meniscus are divided into
chondrocytes, fibroblasts and cells of intermediate morphology. Type I collagen
has been found to be the most common fibrillar collagen in meniscus tissue,
as distinct from articular cartilages where the major part of fibrillar collagen
is type II collagen [8]. This is an important parameter that can be used as a
criterion for distinguishing the fibrocartilage (type I collagen is found in the
majority) and the hyaline cartilage tissue (type II collagen presented), and to
differentiate meniscus cells from chondrocytes. McDevitt et al. (1986) called
oval-shaped meniscal cells fibrochondrocytes because they produce type I col-
lagen despite their chondrocyte-like morphology [15]. According to the loca-
tion of the cells in the meniscus tissue towards the inner part and outer layer
of the structure, three distinct cell populations could be identified: the above-
mentioned fibrochondrocytes that are primarily situated in the inner half of
the meniscus (the forces that act in this part are predominantly compressive);
the fibroblast-like cells that are located in the outer fraction of the meniscus
(which is more fibrous and is connected with more tensile forces); and super-
ficial zone cells that occupy the surface of the meniscus that in in contact with
the synovial fluid [3].

It is important to compare the molecular phenotype of the healthy and nor-
mally functioning meniscus with that of the torn or degenerated meniscus. For
example, TGFp1 protein plays one of the most significant roles in meniscus
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development and functioning. The research results of Verdonk et al. (2005) on
the human meniscus cell phenotype revealed that TGFP1 molecule’s presence
stimulated cell proliferation and the synthesis of aggrecans and type I and
type II collagens [27]. Being known as an important inductor of producing
the above-mentioned molecules, TGFB1 induces a similar increase in articular
chondrocytes, intervertebral disc cells, chondroprogenitor cells and is also con-
sidered to promote a chondrogenic phenotype in meniscus cells. An increase
in aggrecan synthesis rates, an aggregation of them in hyaluronan-aggrecan
complexes and production of biglycans in alginate cultures has been observed
in the presence of TGFP1 [27]. TGFp1 also plays an important role in the
meniscus healing process. So, in the case of meniscal lesions in dogs, perios-
teum graft as a source of chondrogenic factors with a combination of TGFf1
stimulation was used, and the tissue with an old lesion of avascular area healed
completely in 16 weeks [1].

The meniscus also widely expresses matrix metalloproteinases (calcium-
dependent zinc-containing endopeptidases), which are enzymes that degrade
the extracellular matrix and trigger inflammation processes. The stimulation
of normal meniscus cell cultures with pro-inflammatory factors (IL-1p, IL-6
or FnF (fibronectin fragments) has led to some significant alterations [26]. The
above-mentioned pro-inflammatory stimuli markedly increase the expression
of matrix-degrading enzymes, including different types of MMPs. Interestingly,
the specific type of expressed MMP depended on the stimuli that were used.
All kinds of factors increased the expression of MMP-1, but IL-1p especially
stimulated MMP-2 and MMP-10 expression. IL-6, in turn, stimulated MMP-3
expression [26]. These researches show the correlation between inflammatory
factors (interleukins) and matrix degradation by matrix metalloproteinases.
The same results can be found in the research of Brophy et al. (2012) who wrote
about molecular analysis of age- and sex-related gene expression in meniscal
tears. The authors mention that the level of MMP-1, MMP-9 and IL-1p was
significantly higher in patients with meniscal tears, who were under the age of
forty years than it was in those over the age of forty years [5].

Programmed cell death is an important mechanism that forms a part in
cell life. Caspases family is one of the most widespread families of proteases
enzymes (their specificity is explained with cysteine protease activity). Rob-
ertson et al. (2006) researched pro-apoptotic and matrix-degradative gene
expression following the induction of osteoarthritis in rabbits. Caspase 8 and
Fas ligand significantly increased in mature animals’ menisci and cartilages
with induced osteoarthritis, compared with control animals [21]. Haywood
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and Yammani (2016) researched palmitate influence on apoptosis promoting
in meniscus cells. They wrote that palmitate treatment increased the expression
of caspase-3, in this way promoting apoptosis in meniscus cells [11].

An inflammation process that is directly connected to traumatic lesions
or degeneration processes in tissues, can appear in torn menisci or in menis-
cal tissues of aged people. There is a multitude of inflammation factors, pro-
teinases and signal molecules that take part in this complicated mechanism.
From all, interleukins are the most widespread ones. No inflammations of
meniscus in human body can occur without interleukins. Hennerbichler et al.
(2007) researched IL-1 and TNF-a inhibitive effect on the porcine meniscus in
vitro and concluded that meniscal lesions in some untreated samples showed
a severe capacity for intrinsic repair, including increase in cell accumulation
and repair strength during the experiment, but no repair was noticed in the
presence of IL-1 or TNF-a [12]. Other researchers have written about IL-10
ameliorative effect on TNF-a induced meniscus degeneration in mature menis-
cal tissue [4]. IL-10, which can prevent the mechanism of meniscal degenera-
tion induced by TNF-a, is considered to be the key cytokine of osteoarthritis.
IL-10 administration might improve the biological regeneration of meniscal
tissue and might become an approach in degenerative meniscus injuries and
post-traumatic sport injuries treatment [4]. The level of synovial fluid biomark-
ers in patients with knee osteoarthritis (OA) and meniscus injury (MI) was
studied by Ding et al. (2017). The results showed the synovial fluid levels of
vascular endothelial growth factor (VEGF) and IL-6 to be severely higher in
patients with OA, while IL-10 was lower in patients with OA, compared to MI
patients [7].

Our aim was to compare the morphology of traumatized and aged human
and healthy deer meniscus to reveal the tissue basic and growth, degeneration,
cell death and inflammation factors.

MATERIALS AND METHODS

The study included three surgery materials from deer (Cervus elaphus) and
two human patients (Homo sapiens sapiens). The tissues were taken from knee
joints’ menisci during meniscectomy procedure and are the property of the
collection of the Institute of Anatomy and Anthropology at RSU.

The tissues were fixed for a day in a mixture of 2% formaldehyde and 0.2
picric acid in 0.1M phosphate buffer (pH 7.2). Afterwards, they were rinsed in
thyroid buffer containing 10% saccharose for 12 hours and then embedded into
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paraffin. Three-micrometre-thin sections were cut, which were then stained
with hematoxylin and eosin (H&E) for morphological evaluation. The biotin-
streptavidin biochemical method (Guesdon et al., 1979) was used for immuno-
histochemistry (IMH) to detect: TGFB1 (orb7087, 1:100, Biorbyt, UK), MMP2
(orb11061, 1:200, Biorbyt, UK), MMP9 (orb11064, 1:100, Biorbyt, UK), type I
collagen (ab88147, 1:100, Abcam, UK), caspase (sc-81653, 1:100, Santa CRUZ
BIOTECHNOLOGY INC., USA), II-1 (orb308737, 1:100, Biorbyt, UK), I1-6
(sc-130326, 1:100, Santa CRUZ BIOTECHNOLOGY INC., USA), 11-10 (250713,
1:100, BioSite, Sweden). The slides were analysed by light microscopy. The
results were evaluated by grading the appearance of positively stained cells in
the visual field (Pilmane et al., 1998). No positive structures in the visual field
were labelled as 0, rare positive structures were labelled with 0/+, few positive
structures: +, few to moderate number of positive structures in the visual field:
+/++, moderate number of positive structures in the visual field: ++, moderate
to numerous positive structures in the visual field: ++/+++, numerous positive
cells in the visual field: +++, numerous to abundant structures in the visual
field: +++/++++ and abundance of positive structures in the visual field was
labelled as ++++.

RESULTS

Routine evaluation showed meniscus cells surrounded by a large amount of
extracellular matrix. Cells were most densely located in the outer part of the
deer meniscus (Fig. 1). Deer meniscus structure was homogenous enough,
there were no tears, its border was flat (Fig. 1). Cells were more evenly dis-
tributed in the human meniscus (Fig. 2). Many tears and an uneven border
were observed in the traumatized human meniscus (Fig. 2). There were highly
vascularized areas in the inner part of the aged human meniscus (Fig. 3).

Type I collagen was found in all cell types of three different menisci. Its
presence ranged from few to moderate (+/++) in the healthy deer meniscus
(Fig. 4) to abundant (++++) in the traumatized and aged human meniscus
(Fig. 5) (see Table 1).
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Table 1. Distribution and appearance of different tissue factors in menisci of different species.

Subject Deer meniscus Traumatized meniscus Aged meniscus
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TGFp1 protein was also widely expressed in all meniscal materials, but the
number of positive cells varied. In the healthy deer meniscus, TGFp1 positive
cells were abundant (++++) in the superficial zone and ranged from numerous
(+++) to few (+) in the inner part of the meniscus (Fig. 6). In the traumatized
human meniscus, an abundant (++++) number of TGFp1 positive fibrochon-
drocytes was detected, but in the aged human meniscus - an abundant (++++)
number of TGF1 positive fibroblast-like cells (Fig. 7).

An abundant (++++) number of both MMP2 and MMP9 positive superfi-
cial zone cells and fibroblast-like cells was found in the deer meniscus, while
its fibrochondrocytes were seen to be without positive enzyme activity (Fig. 8).
The human traumatized and aged meniscus had a numerous to abundant
(++++) number of both MMP2 and MMP?9 positive fibrochondrocytes (Fig.
9-10). There was an abundant (++++) number of MMP9 positive fibroblast-
like cells in the aged meniscus.

There was a moderate (++) (in the inner zone) to abundant (++++) (in
the superficial zone) number of caspase positive cells in the deer meniscus
(Fig. 11). Caspase positive fibrochondrocytes were found in the traumatized
and aged human meniscus, and their number ranged from numerous (+++) to
abundant (++++) (Fig. 12-13).
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The number of IL-1, IL-6 and IL-10 positive cells in the deer meniscus
ranged from moderate (++) to numerous (+++) (Fig. 14). Only superficial
zone cells were IL-1 and IL-6 positive, while all deer meniscus cells were IL-10
positive (Fig. 15). All cell types of traumatized and aged human menisci were
IL-1, IL-6 and IL-10 positive and their number ranged from numerous (+++)
to abundant (++++) (Fig. 16). An exception was the moderate (++) number of
IL-10 positive fibroblast-like cells and fibrochondrocytes of the aged meniscus.

Figure 1. Deer meniscus with homogenous  Figure 2. Traumatized human meniscus.
structure, flat border and cells, densely dis-  Note tears, uneven border and evenly dis-
tributed in the outer layer. H&E, X100 tributed cells. H&E, X100

Figure 3. Aged human meniscus. Note well-  Figure 4. Few to moderate number of col-
vascularized area in the upper-left corner. lagen | positive structures in deer meniscus.
H&E, X100 Collagen | IMH, X250
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Figure 5. Abundant number of collagen | Figure 6. Abundant (in superficial zone) to
positive structures in traumatized human few (in the inner zone) number of TGFB1 posi-
meniscus. Collagen | IMH, X200 tive cells in deer meniscus. TGF31 IMH, X200

R : L

Figure 7. Abundant number of TGFB1 posi-  Figure 8. Abundant number of MMP2 posi-
tive fibrochondrocytes in traumatized hu- tive structures in deer meniscus. MMP2 IMH,
man meniscus. TGFB1 IMH, X200 X200

Figure 9. Numerous number of MMP2 posi-  Figure 10. Abundant number of MMP9 posi-
tive fibrochondrocytes in aged human me-  tive fibrochondrocytes in traumatized hu-
niscus, MMP2 IMH, X200 man meniscus. MMP9 IMH, X200
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Figure 11. Moderate number of caspase Figure 12. Abundant number of caspase
positive fibroblast-like cells and abundant positive fibrochondrocytes in traumatized
number of caspase positive superficial zone human meniscus. Caspase IMH, X100
cells in deer meniscus. Caspase IMH, X200

Figure 13. Abundant number of caspase Figure 14. Moderate to numerous number
positive fibrochondrocytes in aged human  of IL-6 positive superficial zone cells of deer
meniscus. Caspase IMH, X200 meniscus. IL-6 IMH, X200

Figure 15. Moderate to numerous number  Figure 16. Abundant number of IL-6 positive
of IL-10 positive cells of deer meniscus. IL-10  cells of traumatized human meniscus. IL-6
IMH, X200 IMH, X100
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DISCUSSION

Type I collagen is the most common fibrillar collagen in meniscus tissue as
well as in bone tissue, making them stiffer and more resistant to mechanical
stress [28]. In our study, limited expression of collagen I was detected in the
healthy deer meniscus in comparison with the disordered human meniscus.
The reduced production of collagen I in the deer meniscus could be explained
with the wild life of the animal, which includes both mechanical pressure dur-
ing displacements and nutrition specificities during the year. The collagen
molecule has a specific amino acid composition - its main components are
glycine, proline and lysine [17]. The main sources of these amino acids are
meat, fish, and dairy products, and they usually have no place in wild hoofed
ruminants’ diet. On the contrary, humans, having a balanced diet, provide
themselves with amino acids in necessary amounts. Vitamin C is a cofactor for
hydroxylation of lysine and proline, and the successful process of type I col-
lagen synthesis in the deer organism can be explained with the particular role
of lichen, which is rich in ascorbic acid, in their diet [20]. Another explanation
for the relatively limited type I collagen expression in the deer meniscus can
lay in the high level of the stress-hormone cortisol in wild animal blood, com-
pared to comfortably living humans [2]. Cortisol stimulates the degradation of
collagen into amino acids [13]. Cortisol also decreases both collagen synthesis
and enzymes hydroxylases activity, as it was indicated in Oikarinen’s research
(1977) on cortisol effect on collagen biosynthesis in chick-embryo tendon
cells [16]. The abundant number of type I collagen positive cells in disordered
human menisci can be explained with compensatory processes that take place
in the tissues that are vulnerable to heavy compression. A confirmation for this
assumption was found in Paavo Komi’s book Strength and Power in Sport, in
which the author describes some experiments on chondrocytes obtained from
fibrocartilage and enhanced synthesis of collagen and proteoglycans caused by
cyclic compression [14].

A correct balance in cytokine expression was found in the deer meniscus
with the predominance of anti-inflammatory interleukin-10. Interestingly, the
moderate to numerous numbers of fibrochondrocytes and fibroblast-like cells
of the deer meniscus were IL-10 positive and less positive for IL-1, compared to
superficial zone cells. We explain the most numerous number of IL-10 positive
fibrochondrocytes, which are situated in the inner part of the meniscus, with
the highest level of biomechanical stress this zone is vulnerable to. Crowder et
al. (2016) in their research on material cues as potent regulators of epigenet-
ics and stem cell function wrote that biophysical signals could modulate the
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epigenetic status of cells [6]. That is why the region with massive biomechanical
pressure can normally regulate inflammation processes with high level of anti-
inflammatory cytokines. At the same time, moderate to numerous numbers of
IL-1 and IL-6 positive superficial zone cells found in the deer meniscus cor-
relate with the smaller number of IL-10 positive superficial zone cells. The cells
of this zone are in contact with the synovial fluid, and, possibly, the inflam-
mation process in the superficial zone can be explained with the impact of
interleukins on the synovial fluid. Wild life, nutrition disadvantages, infections
and high level of physical activity can trigger different inflammation processes
in animals’ organisms, which explains cytokine presence in the synovial fluid.
For example, IL-6 gene expression can be induced by INF-y and TNF-a [22].

In our study, rich cytokine expression was observed in the aged human
meniscus with pro-inflammatory cytokine secretion predominance. The
decrease in IL-10 positive fibroblast-like cells and fibrochondrocytes (moderate
number) can be explained with age-related changes in the human organism. Ye
and Johnson (2001) indicated that age is associated with increased inflamma-
tion and elevation of pro-inflammatory cytokines, as IL-1, IL-6, level, and - on
the contrary — decreasing the anti-inflammatory cytokine (IL-4, IL-10) level
[29]. The high level of pro-inflammatory cytokines expression results from the
decreased IL-10 expression. As Behrendt et al. (2017) wrote, IL-10 ameliorates
pro-inflammatory cytokines induced meniscus degeneration; so, its presence
reduction in tissue can cause inflammation development [4]. Ding (2017) dis-
covered in the research on synovial fluid biomarkers that patients with knee
osteoarthritis had a lower IL-10 expression level in their meniscus cells in com-
parison to patients with meniscal injury. Interestingly, the latter had a lower
level of IL-1 and IL-6 expression than the former [7]. The research by Spencer
(1996) also noted the possible linkage of dysregulation of IL-10 production
with aging to the age-associated decline in DHEAS (dehydroepiandroster-
one sulphate) [24]. He underlined the ability of DHEAS treatment to restore
normal control over IL-10 expression. A decline in DHEA could explain the
decrease of IL-10 expression in aged meniscus cells. Our study showed that
IL-10 expression in other injured meniscus cells was very high, compared to
the degenerative meniscus; so, the patients’ age and their DHEAS level could
be a crucial point in this difference.

There can be a connection between IL-10 expression intensity and type I
collagen expression in the deer meniscus. As it was written above, few to a
moderate number of collagen I positive fibroblast-like cells and fibrochondro-
cytes were found in the deer menisci, while the number of IL-10 positive cells
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was moderate to numerous. Reitamo (1994) described that tissue incubation
with IL-10 resulted in a reduction in immunostaining of cell cultures with anti-
bodies to human type I collagen, while IL-10 affected the expression of several
genes involved in collagenase synthesis [19]. That means that IL-10 could play
a significant role in the breakdown and remodelling of the extracellular matrix.

To sum up, the deer meniscus demonstrated the highest approximation to
the healthy meniscal structure and normal molecular phenotype despite the
deer’s wild lifestyle, possible infections and nutritional weaknesses. Trauma-
tized and aged human menisci showed rich interleukin expression, while the
degenerative process in the latter could be explained by the imbalance in pro-
and anti-inflammatory cytokine expression.

CONCLUSIONS

The deer meniscus with relatively limited collagen I expression probably
proved the limitation in hard tissue metabolism due to the wild life but might
also serve as a key comparative point for detection of compensatory increase of
protein in the human traumatized and aged meniscus. The disordered human
menisci were characterized by rich pro- and anti-inflammatory cytokine
expression with some signs of decompensation in IL-10 appearance during
aging, while the deer meniscus showed correct balance in cytokine expression
(with less pro-, but more anti-inflammatory cytokine secretion in meniscus).

ABBREVIATIONS:

TGEFp1 - transforming growth factor beta 1
MMP - matrix metalloproteinase
IL - interleukin
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