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Degenerative changes in rat ankle cartilage induced
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Objective. To evaluate the structure of ankle joint articular
cartilage in rats following experimentally induced deformation
of the middle third of the femur over a six-month observation pe-
riod. Methods. An experimental study was conducted on 18 six-
month-old male rats divided into two groups. In the experimen-
tal group, extra-articular femoral deformation was modeled by
inserting a Kirschner wire fragment bent at a 35° angle into
the medullary cavity, the control group remained intact. Ani-
mals were evaluated at 1, 3, and 6 months. Structural changes
in the articular cartilage were assessed using the Osteoarthritis
Research Society International (OARSI) scale, and the height
of the articular cartilage of the ankle joint was measured. Re-
sults. At 1 month, structural changes were. observed only in
the talar cartilage, corresponding to OARSI grades 0—1. At
3 months, changes in the tibial cartilage corresponded to grades
1-2, in the talar cartilage to grades 1-3; and in the contralateral
limb to grades 0—1 for both surfaces: At 6 months, tibial carti-
lage changes reached grade 2, talar cartilage grade 2-3, and
the contralateral limb grade 1-2. Cartilage height in rats with
deformity decreased 1.2-fold from the 3rd month (p-< 0.001) and
did not differ from the contralateral limb at 6 months. Com-
pared with intact rats, talar and tibial cartilage height in rats
with deformity also decreased from the 3rd month by 1.4-fold
(p < 0.001) and 1.1-fold (p = 0.022), respectively. Conclusions.
Extra-articular deformation of the middle third of the femur
induces degenerative changes in talar articular cartilage be-
ginning at 1 month, and in tibial cartilage from 3 months after
modeling.

Mema. [Jocrioumu cmpykmypy cyen0606020 Xpsawa Haon simkoeo-
20MINIKOB020 /CY2n006a nicisa MoOentosanHs Oeopmayii cepeo-
HbOI Mpemunu cme2Ho80i KiCmKu 6 wypie npomsa2om niepoky
cnocmepesicenns. Memodu. Excnepumenmansie 00CiOdiCeHHs
npogedeno Ha 18 wypax camysax eikom 6 mic. y 080X epynax:
nepuia — Mo0enio8any no3acy2nobosy degopmayiio cmecnosoi
KicmKU WIAXOM 86€0€HHs 8 KICMKOB0-MO3KOB8UL KaHal ¢paz-
menma cnuyi Kipwnepa, suenymoeo nio xkymom 35° opyea —
inmakm. Cnocmepedcenns mpueano 1, 3 ma 6 mic. Oyiniosanu
cmpykmypHi 3minu 3a wxanoro Osteoarthritis Research Society
International (OARSI) ma sumiprosanu eucomy 6 cyeno606omy
XpAWi HAON IMKOBO-20MINK06020 cyz2noba. Pezynomamu. Yepes
Micayb Y wypie i3 oepopmayiero cmecHo8oi KiCMKuU GUSBILEHO
CMpYKmypui 3MiHu auwe 8 cy2i106080My Xpawyi HAON AMKO6oT
Kicmku, wo eionosioanu 0—1 cmyneuwam sa wkanoro OARSI.
Yepes 3 mic. 3MiHU 8 CYe100080MY XPAWI 8EIUKOLOMIIKOBOT Kici-
Ku gionosioanu 1-2, naon’smxoeoi — 1-3, a y koumpanamepaiv-
Hill KiHYyieyi 011 060X nosepxonv — 0—1 cmynenam 3a wKaiow
OARSI. Yepes 6 mic. cmpykmypHi 3minu 8 cyeno6080my xpsauyi
BENUKOCOMINKOBOT KICIMKU OYIHUAU K 2, HAON IMKOBOI KICMKU —
2-3, a y konmpanamepanvuii Kinyieyi — -2 cmyneni 3a wikanoin
OARSI. Bucoma cyeno6o602o xpauja 060x cy2no0606ux nogepxoms
y wypis i3 degpopmayiero 3uuzunacs 3 3-2o micays 6 1,2 pasu i ne
giopisnsanacs wepesz 6 mic. (p = 0,105) six nopiensmu 3 Konmpa-
namepanvHolo Kinyiekol. Bucoma cyenobosozo xpsawa 060x
cy2n06068ux noGepxoHv y wypie iz Oegopmayicio 3Hu3UNACA
3 3-20 micays 6 1,2 pasu (p < 0,001) i ne siopisuanacs uepes 6 mic.
Y NOPIBHAHHI 3 KOHMPALAmMepaIbHolo Kinyiekoio. IlopieHnano 3 in-
MAaKmom 8ucoma cy2n0006020 XpAauja HAON sIMKOBOI Ma 8enuKo-
20MITKOB0I KICMOK Y wypis i3 deghopmayiero maxoxic sHU3ULACS
3 3-e0 micays 6 1,4 pasu (p < 0,001) ma 1,1 pasu (p = 0,022)
610n06i0H0. Bucnosku. 3moodenvosana nozacyenoboea oeghop-
Mayis cepeOHbOi mpemunu CmecHO80l KICMKU wypie GUKIU-
Kae OeceHepamueHi sMiHU 8 CYel00080MY Xpsauwji HAON SMKOBOT
KICmMKU 3 Nepuioco Micsiys, a 3 mpemvpo20 — GeIUKO2OMINKO8OI
KICMKU 8 HAONAMKOB0-20MINKO8OMY cy2100i. Knouoei crosa.
Haon’amxkoeo-eominkosuii cyenod, cyenobosuii xpaw, oecenepa-
yis, deghopmayis cme2Ho80I KicmKu, apycHa oeopmayis, wyp.
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Introduction

According to various authors, the incidence
of femoral shaft fractures at the level of the middle
third is approximately 10—37 cases per 100,000 popu-
lation, with two age peaks (youth and elderly) [1, 2]. It
has been reported that the development of post-trau-
matic deformities ranges from 6 to 13 % [3, 4], though
this is more common when the fracture is located at
the distal or proximal third of the femur [5].

Femoral shaft fractures can be associated with
complications such as nonunion [6], malrotation [7],
and further deformity. These complications are char-
acterized by impaired functioning of the entire lower
limb and the development of degenerative changes in
the knee and hip joints as a result [8, 9]. However,
a 22-year follow-up of 62 patients with post-trau-
matic deformities and axial alignment disturbances
due to femoral shaft fractures revealed no signs of os-
teoarthritis in the knee joint, though mild pain was
present [10].

Typically, the treatment for femoral shaft fractures
is surgical, often involving the use of an intramed-
ullary nail for fixation [11]. However, according to
a Cochrane review, the use of retrograde intramedul-
lary nails increases the risk of valgus/varus deformi-
ties in the future [12]. At the same time, it has been
shown that individuals with rotational malalignment
of fragments with an angle < 10° after fracture treat-
ment can adapt to this condition and remain pain-
free [13], though the chances are low if the angle
of deformity exceeds 30° [7]. It has also been found
that patients with similar malalignment report pain in
the knee, hip, and patellofemoral joints [14, 15]. Fur-
thermore, there is still controversy regarding whether
external or internal rotational deformities cause more
complications. Two clinical studies [13, 14] suggest
that external rotational deformity is better tolerated,
while R. L. Jaarsma et al. [16] reported a higher
number of complaints from patients with this type
of deformity.

Thus, most modern studies focus on rotational
post-traumatic deformities of the femur rather than
axial ones. This is due to differences in treatment ap-
proaches between developed countries and Ukraine.
In these countries, intramedullary fixation of the fem-
oral shaft fragments is the standard for final fixation,
while in Ukraine, this is mostly done with extramed-
ullary osteosynthesis and external fixation devices.
The widespread use of ‘the latter is explained by
the specifics of treating combat-related injuries. At
the same time, the widespread use of intramedullary
fixation, as noted by B. Cunningham et al. [17], has

significantly reduced the frequency and significance
of post-traumatic deformities of the femur with axial
alignment disturbances.

Displacement of the physiological axis of the lower
limb due to femoral bone deformity alters the distri-
bution of load not only on the knee joint but possibly
also on the ankle joint. However, secondary osteoar-
thritis of the ankle joint has received little attention in
both clinical [18] and experimental studies [19]. Some
studies have examined the development of osteoar-
thritis of the ankle joint due to fractures of the cal-
caneus [20] and have created an experimental model
based on intra-articular fractures of bones [21]. How-
ever, the possibility of complications from higher-
placed fractures remains unclear. Experimentally, it
has been established that non-physiological loading
of the articular cartilage can lead to chondrocyte
deformation [22], alter the content of proteogly-
cans in the cartilage matrix depending on the area
of load [22], and cause microfractures under low cy-
clic loading [23].

Objective: To investigate the structure of the artic-
ular cartilage of the ankle joint after modeling a de-
formity of the femoral shaft in rats over a six-month
follow-up period.

Methods

Experiments were conducted on 18 male white
laboratory rats (6 months old at the start of the study),
purchased from the Experimental Biology Clinic
of the State Institution Professor M.I. Sytenko In-
stitute of Spine and Joint Pathology of the National
Academy of Medical Sciences of Ukraine. The study
protocol was approved by the local bioethics commit-
tee (No. 117 dated 22.04.2013), in accordance with
the rules of the “European Convention for the Protec-
tion of Vertebrate Animals Used for Experimental and
Other Scientific Purposes” and the Law of Ukraine
on the Protection of Animals from Cruelty [24, 25].

Surgical Intervention

The rats were operated on under general anesthe-
sia (ketamine, 50 mg/kg intramuscularly) in aseptic
and antiseptic conditions (Fig. 1). After preparing
the surgical site with Betadine® solution, the skin
was incised, and a lateral intermuscular approach
was used to expose the middle third of the femoral
diaphysis (Fig. 1a). A transverse osteotomy was per-
formed using a disc saw (Fig. 1b). To model a varus
deformity (9 rats), a Kirschner wire fragment was in-
serted into the bone marrow canal (Fig. 1g), matching
its dimensions and length, and bent at an angle of 35°
(Fig. 1d) [26]. A comparison group consisted of 9 in-
tact rats of the same age and sex. After 1, 3, and
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6 months post-surgery, 5 animals from each group
were euthanized using a lethal dose of anesthetic (so-
dium thiopental, 90 mg/kg intramuscularly).

All rats underwent radiographic examination im-
mediately after surgery (Fig. 2a).

Histological Analysis

After euthanasia, the ankle joints from both hind
limbs of the rats were harvested. The fragments
were fixed for 4 days in a 10 % neutral formalin
solution, then decalcified in 10 % formic acid, dehy-
drated through a series of increasing concentrations
of isopropyl alcohol (80, 90, 90, 100, 100, 100 %),
infiltrated with a mixture of paraffin and isopropyl
alcohol, followed by paraffin embedding. Sagittal
sections, taken through the central axis of the limb,
were 5—6 pm thick and stained with hematoxylin and
eosin. The histological sections were analyzed using
a BX53 microscope and photographed using a DP73
camera.

Structural changes in the articular cartilage cov-
ering the articular surfaces of the tibia and talus
were assessed according to the general guidelines
for determining cartilage damage stages, developed
by the Osteoarthritis Research Society International
(OARSI) for rats. A grade of O indicates normal
cartilage, while 5 represents severe degenerative
changes [27].

The total thickness of the articular cartilage
(both calcified and non-calcified) on the distal end
of the tibia and the proximal end of the talus was
measured (Fig. 2b) using the “CellSens Dimension
1.8.1” software.

Statistical Methods

Results are presented as the mean = standard
deviation. To determine the effect of femoral shaft
deformity on cartilage thickness, data comparisons
were made using the Student’s t-test. Comparisons
between the deformed limb and contralateral limb
were also conducted using the paired samples t-test.
A difference was considered statistically significant
if p < 0.05. Statistical analysis was performed using
IBM SPSS Statistics 20.

Results

Histological Analysis

One month after modeling the femoral deformity,
the articular surfaces in the ankle joint were congru-
ent. The structure of the articular cartilage of the tibia
corresponded to the age norm, with clear zonality. In
the superficial zone, chondrocytes formed 1-2 lay-
ers in a weakly eosinophilic matrix. In the middle
zone, chondrocytes with large hypochromic nuclei
were evenly distributed, forming isogenic groups

of 2-3 cells. The matrix was evenly stained. The ba-
sophilic line was observed across the entire surface
of the articular cartilage. The calcified cartilage zone
maintained a characteristic normal structure (Fig. 3a).

In the articular cartilage covering the lateral side
of the talus, moderate destructive changes were de-
tected, corresponding to grade 0—1 on the OARSI
scale. Specifically, irregularities in the contours
of the superficial zone were noted. At the boundary
between the middle zone and the calcified cartilage,
isogenic groups of 4 chondrocytes were observed
(Fig. 3b). Additionally, areas without chondrocytes
were noted. The matrix showed uneven staining. No
structural changes were found in the articular carti-
lage of the contralateral ankle joint.

Three months after modeling the deformity, de-
generative changes were observed in the articular
cartilage of the distal end of the tibia, corresponding
to 1-2 degrees on the OARSI scale. The superficial
zone showed loosening, and the matrix staining was
uneven. In the middle zone, some chondrocyte nu-
clei were hyperchromatic, and there were focal ar-
eas of matrix destruction with collagen fibers being
unmasked. The basophilic line was interrupted, but
the calcified cartilage zone retained its characteristic
features (Fig. 4a).

In the contralateral limb, structural changes were
found only in the superficial zone (Fig. 4b), corre-
sponding to grades 0—1 on the OARSI scale.

In the articular cartilage of the talus on the de-
formed limb, the matrix showed uneven staining, and
dead chondrocytes were present in the superficial
zone. In the middle zone, chondrocytes were necrotic
and had low density. The basophilic line was irregu-
lar, and in the calcified cartilage zone, focal areas
of bone tissue were formed, occasionally extending
to the basophilic line (Fig. 4g). Degenerative changes
were graded as 1-3, while in the contralateral limb's
articular cartilage, they were grade 0—1. In the con-
tralateral limb, chondrocytes in the middle zone were
disorganized, and the basophilic line was uneven
(Fig. 4d).

Six months after creating the deformity, the su-
perficial zone in the articular cartilage of the distal
end of the tibia was no longer visible, and the mid-
dle zone (Fig. 5a) was significantly narrower com-
pared to the contralateral limb (Fig. 5b) and intact
limb (Fig. 5¢). In this zone, the matrix was unevenly
stained, and the acellular areas occupied a larger area
than at the previous time point. The basophilic line
was intermittently absent, and the calcified cartilage
zone had widened nearly twice as much as the middle
zone (Fig. 5a).
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Fig. 1. Stages of performing the surgical procedure
for modeling femoral deformity in rats. The middle
third of the diaphysis of the bone (a); transverse
osteotomy (b); insertion of a Kirschner pin
fragment into the bone marrow canal (c); bending
the Kirschner pin at a 35° angle (d); applying
sutures (e).

Fig. 2. Radiographic image of a rat with a limb with a modeled
femoral deformity (a). Schematic representation of the articular
cartilage of the talocrural joint (b).

Fig. 3. Articular cartilage of the tibia (a) and talus (b) in
the talocrural joint of a rat 1 month after modeled femoral
deformity. Fibrillation of the surface zone of the talus
articular cartilage (b). Staining with hematoxylin and eosin.
Magnification 400x.

In the contralateral limb, acellular areas were
detected in the middle zone, and the calcified carti-
lage zone was narrower compared to the intact limb
(Fig. 5b). In the superficial zone of the articular car-
tilage of the intact limb, a decrease in chondrocyte

density in the middle zone was also observed, charac-
teristic of the age norm for rats (12 months). Accord-
ing to the OARSI scale, the structural changes in the
deformed limb corresponded to grade 2, grade 1-2
in the contralateral limb, and grade 0—1 in the intact
animals.

On the surface of the talus bone, the articular car-
tilage, 6 months after the femoral deformity, showed
significant structural changes compared to the distal
end of the tibia. The characteristic zonality was lost.
There was observed delamination of the superficial
zone, significant areas without cells or with chondro-
cytes in a state of necrosis and necrobiotic changes.
The basophilic line was either completely absent or
sharply basophilic. The calcified cartilage zone was
very narrow and almost devoid of cells (Figure 5d).
In the contralateral limb, the middle zone showed
low chondrocyte density (Figure Se). In the articu-
lar cartilage of the intact rats, the characteristic zon-
ality was preserved with a reduction in the width
of the calcified cartilage zone (Figure 5f), which was
related to the age of the animals (12 months). Accord-
ing to the OARSI scale, the structural changes cor-
responded to the following: 2-3 degrees for the de-
formed limb, 1-2 degrees for the contralateral limb,
and 0—1 degrees for the intact rats.

Histomorphometry

In the limbs of animals with deformed bones,
the height of the articular cartilage of the talus and
tibia was 1.2 times (60.23 + 7.14 vs. 49.23 + 7.70 pm;
p < 0.001) and 1.4 times (66.14 + 13.64 vs.
48.09 £ 948 um; p < 0.001) greater at 1 month,
1.2 times smaller at 3 months (43.55 + 5.30 vs.



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2025. Ne 4

53.50 + 8.65 um; 46.84 + 7.09 vs. 57.53 + 6.27 um;
p <0.001), and did not differ at 6 months (54.51 = 10.18
vs. 53.46 £ 5.44 um; p = 0.570; 58.28 £ 10.08 vs.
5516 £ 8.50 um; p = 0.105) when compared to
the contralateral limb, respectively (Figure 6).

Compared to the intact rats, the height of the ar-
ticular cartilage of the talus and tibia was greater
by 1.2 and 1.3 times at 1 month (47.39 + 5.88 pm;
55.03 £ 6.98 pm; p < 0.001), smaller by 1.4 times
(59.39 £ 8.16 pm; p < 0.001) and 1.1 times
(53.47 £ 5.84 um; p = 0.022) at 3 months, smaller
by 1.1 times (61.82 + 10.60 um; p < 0.001) for the ta-
lus, but did not differ for the tibia (60.82 + 10.08 pm;
p = 0.178) at 6 months (Figure 6).

In the contralateral limb of rats with femoral
deformity, compared to intact animals, the height
of the articular cartilage of the talus did not differ
at 1 month, was smaller by 1.1 times (p = 0.018) at
3 months, and smaller by 1.2 times (p < 0.001) at
6 months. The tibia cartilage was smaller by 1.1 times
(p=0.006) at 1 month, larger by 1.1 times (p.= 0.023)
at 3 months, and smaller by 1.1 times (p = 0.005) at
6 months (Figure 6).

Discussion

In the conducted experimental study, we demon-
strated that extra-articular femoral deformity leads
to degenerative changes in the articular cartilage
of the talocrural joint in rats. However, the se-
verity of these changes is less pronounced com-
pared to the knee joint, which we had previously
studied [28]. In the articular cartilage of the talus,
structural changes began earlier than at the distal
end of the tibia. Already one month after the defor-
mity, these changes corresponded to 0—1 degrees on
the OARSI scale [27]. Degenerative changes pro-
gressed over time and reached 2-3 degrees after
6 months of observation. In the articular cartilage at
the distal end of the tibia, destructive changes were
observed later, starting from 3 months of observation,
but their degree of manifestation was similar after
6 months; as in the talus bone. The height of the ar-
ticular cartilage on both surfaces at the first month
of observation was higher compared to the con-
tralateral limb and intact animals, but by 3 months,
it became smaller, and at 6 'months, it was smaller
only for the talus surface. These changes align with
structural alterations that progressed more in the ta-
lus of the limb with deformity. At the same time,
the likely increased height of the articular cartilage at
the first month of observation is associated with a re-
duction in load on the limb due to the injury.

Degenerative changes in the articular cartilage,
leading to osteoarthritis, begin in the superficial
zone, followed by the loss of its distinct contour and
chondrocyte death. One of the factors contributing to
this is impaired biomechanics/instability, either due
to post-traumatic osteoarthritis or excessive loads in
obesity [29]. In the model of femoral deformity, we
believe that an abnormal load distribution on the limb
and talocrural joint also occurs. We observed the de-
velopment of degenerative changes more on the side
of the articular cartilage surface than in the calcified
zone, which is characteristic of excessive loading,
rather than-aging [29].

By the end of the observation period, delamina-
tion of part of the superficial zone was detected, in-
dicating chondrocyte ‘death, which secretes matrix
components, and subsequent cracking of the matrix.
S. Santos et al. [23] showed that mechanical loading
induces microcracks in the collagen network of artic-
ular cartilage samples.

The biomechanics of the hind limbs of rats differ
from those of humans, which may influence the de-
velopment of osteoarthritis, and this needs to be con-
sidered. However, S. H. Chang et al. [30] found no
differences when comparing structural changes in
the talocrural joint in three mouse models of osteoar-
thritis with human samples. It remains unknown how
this applies to the talocrural joint in rats. Currently,
there is little information regarding the condition
of the talocrural joint in patients with extra-articular
femoral deformity [8, 15]. Clinical studies typically
focus on the knee joint [7, 10], where biomechanical
changes closer to the defect lead to more pronounced
alterations and osteoarthritis development. But bio-
mechanically, it has been shown that axial alignment
disturbances in femoral fragments after surgical
treatment of a fracture lead to excessive loading on
the talocrural joint [14]. We obtained similar results
in a previously conducted study, where we modeled
femoral deformity and found an increase in maximal
stress on the articular surfaces [31]. However, there
is a lack of clinical observations regarding osteoar-
thritis development in the talocrural joint in individ-
uals with femoral deformity [18]. This may be due
to the fact that degenerative changes in this location
in such patients do not cause significant pain or no-
ticeable functional impairment, especially when com-
pared to the knee joint. Additionally, pain in osteoar-
thritis, according to recent data, is not associated with
damage to the articular cartilage, which lacks nerve
endings [32]. This disease in the early stages in the ta-
locrural joint can be effectively controlled with ther-
apy using non-steroidal anti-inflammatory drugs [33].
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Fig. 4. Articular cartilage of the tibia (top row) and
talus (bottom row) in the talocrural joint of rats
3 months after modeling femoral deformity (a, d),
compared with the contralateral limb (b, e) and
intact (c, f). Disruption of histoarchitecture (a),
areas without cells, cells in a state of necrobiosis,
uneven matrix staining (d) after deformity.
Moderate disruption of cartilage histoarchitecture
in the contralateral limb (b, e). Staining with
hematoxylin and eosin. Magnification 400x.

Fig. 5. Articular cartilage of the tibia (top row) and
talus (bottom row) in the talocrural joint of rats
3 months after modeling femoral deformity (a, d),
compared with the contralateral limb (b, e) and
intact (c, f). Narrow middle zone with sparsely
located chondrocytes, uneven matrix staining (a),
detachment of the surface zone (d) after deformity.
Disruption of the histoarchitecture of the articular
cartilage, areas without cells (b, e).
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However, femoral deformity causes systemic
changes in the axis of the limb that affect the func-
tion of all its joints [14], and likely even in the con-
tralateral limb, as we demonstrated in the articular
cartilage of the distal end of the tibia in the contralat-
eral limb of rats after 3 months of observation. This
highlights the importance of comprehensive exami-
nation of patients with bone deformities to develop
preventive measures aimed at preserving the function
of the joints in both limbs.

An interesting aspect is the development of de-
generative changes initially in the articular cartilage
of the talus in the talocrural joint of rats. This may be
linked to the greater load on the bones of the foot dur-
ing walking and their function of absorbing the load,
in contrast to the long bones, where the load transmit-
ted is already of lesser force by the time of the first
contact with the surface. This is confirmed by bio-
mechanical studies on post-mortem limb specimens,
which showed that = 83% of the load is borne by
the articular cartilage of the talus in this joint [34].

When evaluating the risk of osteoarthritis devel-
opment in the talocrural joint, it is important to take
into account the age of patients with extra-articular
femoral deformity and the duration of the defor-
mity. In our experimental study, we used rats aged
6 months because, according to leading experimen-
tal researchers’ recommendations [27], degenerative
changes do not develop in younger animals under os-
teoarthritis modeling. Therefore, it is likely that in
younger patients, changes in the talocrural joint will
be less pronounced and will not interfere with normal
physical activity.

A limitation of this study is the examination
of structural changes in the articular cartilage us-
ing sagittal sections taken through the central axis
of the rat limb, whereas the load on the medial part
of the cartilage may have been higher due to the varus
deformity. At the same time, the degenerative
changes observed even under these conditions sug-
gest that the deformity affects even the less-loaded
areas of the joint.

Conclusion

The modeled extra-articular femoral deformity
in rats induces degenerative changes in the articular
cartilage of the talus from the first month, and from
the third month, in the tibia in the talocrural joint. In
the contralateral limb, degenerative changes in the ar-
ticular cartilage were observed after 3 months, but

they were less pronounced.
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