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Summary

Imbalance of bone homeostasis is associated with disor-
ders in the of nuclear factor-xB RANK/RANKL/osteo-
protegerin (OPG) activating system mediated by matrix
metalloproteinases (MMPs). The aim of this work was to
evaluate relative dynamics of (MMPs) and their tissue in-
hibitor (TIMP) in peripheral blood during development
of tuberculous osteitis (TO) in rabbit experimental mod-
el (n = 32): non-treated infectious control (group 1), and
two experimental (treated) groups in which necrecto-
my, anti-tuberculosis treatment and replacement plastic
surgery was performed by means of autografting (group
2), or 3D-printed composite scaffolds (group 3). Se-
rum levels of MMP-3 and MMP-9, their tissue inhibitor
(TIMP-1), receptor activator of nuclear factor-kB ligand
(RANKL), nonspecific alkaline phosphatase (ALPL),
serum albumin (AL), ceruloplasmin (CP), neutrophil
elastase (NE) and adenosine deaminase (ADA) were de-
termined before infection and 18 days, 2, 4 and 6 months
after the infection. Osteogenesis was evaluated on the
basis of microcomputed tomography (micro-CT) and
pathohistological examination of bone tissue in control
and experimental groups. At the stage of verified tuber-
culosis osteitis, we have detected a decrease in RANKL
(p = 0.017) and AL (p = 0.04), along with increase in
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TIMP-1 (p = 0.04), CP (p = 0.0004) and NE (p = 0.02),
with no changes in ALPL, ADA, and MMP-3 and MMP-
9. In group 1 (infection control), foci of specific damage
persisted and no signs of bone regeneration were detect-
able. Both experimental groups exhibited a progress-
ing bone regeneration with the lowest osteodestruction
scores in group 2 treated by autografting. The level of
inflammatory response increased with progressing in-
fection and declined upon combined treatment. The
RANKL levels did not change within 2-6 months. Based
on the differences in ALPL and TIMP-1, the use of com-
posite material for plastic surgery was characterized by
slower osteointegration and reparative osteogenesis com-
pared to the use of autograft.
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Introduction

The key symptom of tuberculous osteitis (TO) is a disorder
of bone homeostasis caused by Mycobacterium tuberculosis
(MTB). The TO treatment includes excision of necrotic bone
tissue followed by implantation of replacement material. In
the modern concept of reconstructive surgery in bone tu-
berculosis, an important role is given to the search for new
substituting materials with osteoconductive and/or osteoin-
ductive properties as an alternative for the conventionally
used autografts [1-4].

It is little known about immune mechanisms of TO. MTB
infection induces secretion of chemokines (e.g., IL-8, IP-10
and MCP-1) by osteoblasts leading to leukocyte recruit-
ment, thus promoting bone destruction [5,6]. An imbalance
in bone homeostasis is associated with abnormalities in the
signaling network including RANK, RANKL and osteopro-
tegerin (OPG) [7]. RANKL is expressed by osteoblast cell
lineage and binds to different receptors, with OPG being the
first, followed by RANK expression on the surface of osteo-
clasts. OPG is a natural antagonist of RANKL. By blocking
the RANKL/RANK binding, it may suppress biological ef-
fects of RANKL such as bone resorption, osteoclast differen-
tiation, activation and induction of apoptosis [8,9]. In some
studies, activation of RANKL has been reported in patients
with spinal tuberculosis [10].

Matrix metalloproteinases (MMPs) comprise a family of
zinc-dependent proteinases that mediate the action of the
RANLK/RANK/OPG system. MMPs are involved in a wide
range of physiological and pathological processes, due to
their ability to release bioactive molecules embedded in the
extracellular matrix (ECM) [11,12]. By their substrate speci-
ficity, MMPs are classified into collagenases (MMP-1, MMP-
8), gelatinases (MMP-2, MMP-9), stromelysins (MMP-3,
MMP-13), and other proteinase families. MMP levels are
determined by the balance between their expression and
specific inhibition by tissue inhibitors of metalloproteinas-
es (TIMPs). Enhanced expression of genes such as MMP-9
and cathepsin K has been observed in osteomyelitis caused
by Staphylococcus aureus [13]. Combined effect of colla-
genases, gelatinases and stromelysins determines the role of
MMP-dependent ECM degradation as an important factor
of osseointegration in surgical treatment of TO [14-17].

Recently, we developed biodegradable composite scaffolds
based on poly(e-caprolactone) (PCL) and modified nano-
crystalline cellulose (NCC), and studied their biocompati-
bility [18] and osteoconductive properties in vivo [19]. Usage
of 3D-printed composite scaffolds bearing viable adherent
mesenchymal stem cells (MSCs) in the bone tuberculosis
model did also prove the efficiency of this original material
for regeneration of affected bone tissue [20]. However, eval-
uation of the MMP/TIMP level in blood during tuberculosis
treatment of experimental TO by plastic surgery with com-
posite scaffolds and/or bone autografts has not been previ-
ously performed. Thus, the aim of this work was to study the
MMP/TIMP system for evaluation of treatment efficiency
in bone tuberculosis, which included tuberculosis therapy
combined with bone regeneration by plastic surgery using
autografts and 3D-printed composite scaffolds.

Materials and methods

Experimental model and tuberculosis treatment

The experiments were performed with 32 male Chinchilla
rabbits weighing 3.5+0.3 kg (Rappolovo Laboratory Animal
Nursery, Kurchatov Institute, Russia). The animals were kept
in a certified animal facility at the St. Petersburg Research
Institute of Phthisiopulmonology, in accordance with the
European Convention for the Protection of Vertebrate An-
imals Used for Experimental and Other Scientific Purposes
(Strasbourg, 1986). The study was authorized by Independ-
ent Ethical Committee of St. Petersburg Research Institute of
Phthisiopulmonology (protocol No.80.3 of 23.06.2021).

The TO model was carried out by the previously developed
protocol [21] using M. tuberculosis suspension (standard
H37Rv strain) sensitive to any antituberculosis drugs. The
animals were infected by M. tuberculosis at the dose of 1x10°
CFU. The suspension of M. Tuberculosis was inoculated in
the medial condyle of the right femur of the rabbit. After ver-
ification of tuberculosis infection (Diaskintest®, Generium,
Russia) and visualization of the foci using Aquilion Prime
CT scanner (Toshiba, Japan), the animals were divided into
three groups. The infection control (group 1, n=>5), was not
subjected to necrectomy and treatment. In two experimen-
tal groups, etiotropic therapy was administered (isoniazid 10
mg/kg subcutaneously; ethambutol and pyrazinamide, 20
mg/kg intragastrically). 18 days later, the necrectomy of af-
fected bone was performed (n=27). In experimental groups,
the bone defect was filled with autograft material (group
2, n=12) or with the 3D-printed composite scaffold with
pre-adhered MSCs (group 3, n=15). No animal deaths were
observed during the entire observation period.

Composite scaffolds

The 3D-printed composite scaffolds used for implantation
were prepared as described in our previous paper [19].
Poly(e-caprolactone) (PCL) was used as a matrix poly-
mer, and nanocrystalline cellulose (NCC) modified with
poly(glutamic acid) was added as a filler. For the 3D-printing,
we used a blend which consisted of PCL containing 10 wt%
of the filler. Before implantation, rabbit mesenchymal stem
cells (MSCs) were seeded on the surface of the 3D-printed
composite scaffolds [20]. 3D printing was performed using
the GeSim BioScaffolder 3D printer (GeSim, Germany).

Biochemical analysis

Blood serum samples were analyzed before experimental in-
fection, and at different terms of infectious process (18 days,
2, 4 and 6 months). The following parameters were meas-
ured: serum concentrations of total protein and albumin as-
sayed by a biochemical analyzer kit (LLC "Eiliton", Russia);
ceruloplasmin (CP) measured by Ravin method; neutrophil
elastase (NE) activity [22], and adenosine deaminase (ADA)
activity [23]. The contents of RANKL (E0289Rb), non-spe-
cific alkaline phosphatase ALPL (SEB091Rb), MMP-3
(SEA101Rb), MMP-9 (SEA553Rb) and TIMP-1 (SEA552Rb)
were determined by immunoenzymatic method using the
reagents purchased from Cloud-Clone Corp. (USA).
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Micro-CT and histological analysis

Bone samples were excised in the animals after 2, 4 and 6
months of experiment and were examined with a Skyscan
1172 micro-CT scanner (Bruker microCT, Belgium). A con-
ditional qualitative/quantitative scale (0 to 2 points) was uti-
lized for evaluation of results: 0 means absence of the feature;
1 means the moderate expression of the feature, and 2 means
strong expression of the feature. The signs of osteoregener-
ation (implant visualization, sprouting of bone beams, their
composition, structural restoration of cortical closure and ep-
iphyseal plates) and the signs of osteodestruction (presence of
bone cavities and microsequestrations) were considered.

Histopathology studies of femoral diaphysis/epiphysis seg-
ments included fixation in 10% neutral formalin, decalcifica-
tion, paraffin embedding, staining of sections with hematox-
ylin and eosin as well as Ziehl-Nielsen technique (detection
of acid-fast mycobacteria). The incidence and activity stage
of the specific infiltrates were evaluated. Appropriate techni-
cal details can be found in our previous paper [20].

Statistical data processing

Statistica 7.0 software package (StatSoftInc., USA) was used
for data processing. After testing for normality of distribu-
tion (Shapiro-Wilkie), data were presented as median (Me),
first and third quartiles (Q1-Q3). The repeated observations
analysis of variance model (ANOVA Repeated Measures)
was applied with the assessment of significance (effect) of
differences between groups (group factor) and in the dynam-
ics of the experiment (time factor): before infection (0 day)
and 18 days, 2, 4 and 6 months after infection, and significant
interaction effect of groups and time [24].

Results

At all steps of the study, body mass of animals in group 1
(infected controls) was significantly lower than in the experi-
mental (treated) groups (p = 0.05), the time-dependent effect
was significant (p = 0.05). Evaluation of inflammatory mark-
ers 18 days after infection revealed an increase in the median
level CP (p = 0.02) from 0.34 (0.28; 0.45) g/L to 0.42 (0.35;
0.52) g/L, and a decrease in total protein from 71.00 (66.00;
77.00) g/L to 65.60 (62.50; 60.70) g/L. Neutrophil elastase
(NE) activity increased from 293.40 (251.90; 323.30) IU to
347.70 (293.40; 423.80) 1U, while ADA values remained un-
changed. Evaluation of bone homeostasis markers revealed
a decrease in RANKL concentration (p = 0.03) from 99.70
(87.50; 102.80) ng/L to 76.70 (57.6; 91.40) ng/L, and a trend
toward a decrease in alkaline phosphatase (ALPL) from
0.32 (0.20; 1.10) to 0.13 (0.10; 0.23). There was a decrease
in TIMP-1 concentration from 16.47 (10.58; 20.44) to 3.52
(0.40; 11.64) ng/L (p=0.002), with no changes in MMP-3 and
MMP-9. Changes in MMP-3 concentration showed positive
correlation with MMP-9 (r = 0.45; p = 0.04) and negative
correlation with TIMP-1 (r = -0.69; p = 0.001), suggesting
an imbalance in the MMP/TIMP system toward proteoly-
sis, due to decreased MMP inhibitor. Thus, the inflamma-
tory response 18 days after infection was characterized by
an increased level of nonspecific inflammatory response,
decreased activity of osteoblasts, and a shift in MMP/TIMP
system.

60 CTT JOURNAL | VOLUME 13 | NUMBER 2 | JUNE 2024

EXPERIMENTAL STUDY I

Within these terms, we observed a positive reaction to intra-
dermal injection of Diaskintest® in all studied animals (the
erythema diameter was 27.73 + 0.54 mm). With respect to
clear biochemical markers of inflammatory response, these
findings point to development of a specific inflammatory
process and the adequacy of this model for studies of tu-
berculosis osteitis. Osteodestruction and osteoregeneration
processes after 2 to 6 months post-infection were evaluated
by micro-CT data (Fig. 1). In the infection control group, no
signs of osteoregeneration were detected at any of the study
terms, whereas an increase in osteoregeneration was ob-
served in experimental groups, starting from 2 months. The
lowest osteodegeneration scores were detected in the group
treated by autografting at 6 months.

o osteodestruction = osteoregeneration

Group 1 (n=5) Group 2(n=12) Group 3 (n=15)
G - ™

Scores

Time (months)

Figure 1. Osteodestruction and bone regeneration sco-
res in the course of infectious process (sum of points
based on micro-CT analysis)

According to the histological analysis, in the control group of
infection, extensive specific inflammatory-necrotic changes
were detected at all periods of observation. At the same time,
in group 2 (autografting), no signs of inflammation were
found 4 months after infection, while minor signs of inflam-
mation were observed in group 3 during the same period.

Evaluation of the process severity by nonspecific inflamma-
tory markers revealed that the groups differed in concentra-
tions of total albumin (p = 0.007) and CP (p = 0.005), and
their levels changed from 2 to 6 months (p = 0.004 and p =
0.02, respectively). In group 1, a decrease in total albumin
content was detected, whereas such effect was not observed
in groups 2 and 3 (Fig. 2a). The increase in CP levels pro-
gressed in group 1, while in the experimental groups, after
some decrease, the values returned to the initial values (Fig.
2b).

The NE activity differed between the groups (p = 0.01) and
changed during progression of disease (p = 0.0003). At early
time points, NE activity in group 1 was lower than in group
3, and it became higher by the 6th month. In group 2, the dy-
namics of NE changes was less pronounced, and its activity
did not differ from initial values (a significant effect of group
and time interaction, p = 0.001) (Fig. 2c). ADA activity was
more pronounced in group 1 and did not differ between ex-
perimental groups (p = 0.72). Its highest level was observed
at 4 months in all groups (p = 0.006).
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The concentration of ALPL, a cellular marker of osteoblasts,
differed between groups (p = 0.002). In group 1, the enzyme
level of 0.22 (0.22; 0.22) ng/mL did not change against the
initial values, being increased in experimental groups as the
function of observation period (time-dependent effect, p =
0.002). At the same time, the ALPL concentration was differ-
ent in experimental groups thus indicating differences in the
degree of bone mineralization. Specifically, in group 2, ALPL
concentration exceeded the initial level 3.5 and 4.2 times at 4
and 6 months, respectively. In turn, ALPL increase in group
3 was 1.3- and 2.0-fold at 4 and 6 months, respectively. The
concentration of bone metabolism marker, RANKL, did not
differ between groups (inter-group effect, p = 0.87) and in
the course of observation (time-dependent effect, p = 0.20).
In addition, RANKL concentration was not associated with
changes of inflammatory response markers.

The concentration of TIMP-1 differed between the groups (p
= 0.0002) and changed in the course dynamics of infectious
process (p = 0.0003): it decreased in the control infection and
increased in the treated experimental groups (Fig. 2d). The
highest level of the MMP inhibitor was detected in group 2.
Local increase of TIMP-1 was observed earlier, during oste-
ointegration of titanium implants in the femur in rats [25].
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Variations of MMP-3 concentration between groups (p =
0.06) and over time were not significant (p = 0.07). However,
there was a tendency of its slight increase by the 6™ month.
MMP-3 level was 1.5 and 2.0 times higher in group 1 com-
pared to groups 2 and 3 (Fig. 3a). In turn, MMP-9 concen-
tration differed between the groups (p = 0.05) and changed
in the course of the study (p = 0.05). The most pronounced
changes of MMP-9 were observed in the control group. In
group 1 the MMP-9 level at the 4" month exceeded that in
the groups 2 and 3 by 3.0 and 2.1 times, respectively. By the
6™ month, these differences decreased to 1.8 and 2.3 times,
respectively (Fig. 3b).

In the pathogenesis of experimental tuberculosis osteitis,
clear correlations were found between some markers charac-
terizing different aspects of bone metabolism in experimen-
tal groups: RANKL with MMP-9 at 2, 4 and 6 months (r =
-0.71, p = 0.02; r = -0.47, p = 0.05; r = -0.59, p = 0.05, n=32)
and TIMP-1 (r = 0.63, p = 0.03, n=32) at 6 months; ALPL
with CP (r = -0.55, p = 0.01; r = -0.45, p = 0.01, n=32) and
TIMP-1 (r = 0.76, p = 0.02; r = 0.95, p = 0.0002, n=32) at 4
and 6 months, respectively. The observed patterns probably
indicate a decrease in the inflammatory response and the be-
ginning of peri-implantation bone remodeling in the exper-
imental groups starting from the 2°¢ month.

06~

group

=05 —
(=]
o -2
O
04- g= 3
0.3
o
.
0 10i 150
time, days
30 ..
5,20- grup
= — 1
b}
a s 2
=
= == 8

!3 Evll] 1\5(} 16\2‘
time, days

d)

Figure 2. Dynamics of changes in some biochemical markers from the day of infection to 4 months of follow up: (a)
Al - albumin concentration; (b) CP ceruloplasmin concentration; (c) NE elastase activity; (d) TIMP-1 - tissue inhibitor

-1 concentration. Groups 1(n=5),2 (n=12),3 (n=15)
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Figure 3. Dynamics of changes in some markers associated with bone regeneration process: (a) MMP-3 concentration;

(b) MMP-9 concentration. Groups 1(n=5),2 (n=12),3 (n=15).

Discussion

The results of biochemical analysis 18 days after infection
in combination with positive reaction to subcutaneous im-
munologic test against M. tuberculosis (Diaskintest®) in all
studied animals suggest the development of specific inflam-
matory process and adequacy of the used TO model. Dif-
ferential changes of biochemical markers in the established
observation groups are consistent with results of radiological
and histological studies methods. Maintenance of specif-
ic inflammation and absence of signs of osteoregeneration
by 6 months in the group 1 (infection control) was char-
acterized by an increase in markers of nonspecific inflam-
mation, a shifted balance of proteinase/inhibitor system
towards proteolysis (MMP-9), without any and no changes
in RANKL. Earlier, Kumta et al. observed an increased ex-
pression of MMP-9 in various osteolytic bone lesions and
in Langerhans-type cells and found a correlation with bone
destruction [26]. According to the authors, it may serve as a
prognostic sign of the disease activity and progression of pa-
thology. The growth of specific lesions with the maintaining
initial level of the marker stimulating osteoclasts is proba-
bly related to the increased expression of proinflammatory
cytokines, the source of which are osteoblasts infected with
MBT [7], rather than the effect of RANKL [10].

The applied treatment increased bone mineralization and
normalized the balance of MMP/TIMP system with a de-
crease in nonspecific inflammatory response. Preservation
of RANKL within the reference limits during bone defects
replacement may be explained by the absence of pronounced
bone tissue resorption in these groups. In experimental
models of osteomyelitis caused by S. aureus in pigs and mice,
a similar lack of changes in the index was considered as its
noninformativeness for monitoring the efficacy of treatment
[27, 28].

The pronounced growth of ALPL in group 2 reflected a
greater degree of osteogenic activity and mineralization of
newly formed bone on the implant surface, and in combina-
tion with the growth of TIMP-1 suggests an earlier onset of
the remodeling process in the group with autografting [19].
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The use of composite material compared to autografting is
characterized by slower terms of osteointegration of bone
structures of the epiphyseal zone [29]. Despite this, in gen-
eral, the use of biocompatible composite scaffolds has shown
no negative side effects and has a number of advantages over
autografts. Their use is less traumatic for the patient, as it
does not require additional surgery to extract the autograft,
and, unlike autografts, scaffolds can be scaled up to restore
larger bone defects.

Conclusion

Tuberculous osteitis registered 18 days after infection with
international standardized strain Mycobacterium tuberculo-
sis H37Rv was accompanied by a significant decrease in level
of peripheral blood RANKL, TIMP-1 and changes in mark-
ers of inflammatory response (ADA, NE, CP), as well as a
decrease in total albumin level. At the same time, concentra-
tions of ALPL, MMP-3 and MMP-9 did not change.

Progression of the inflammatory process by month 6 in in-
fected untreated rabbits resulted in increased concentrations
of MMP-9, decreased TIMS-1, and maintained changes in
inflammatory response markers, whereas treatment promot-
ed their normalization.
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Pe3slome

Juc6amaHc KOCTHOTO roMeocTasa CBsI3aH C Hapyllle-
HUSIMU B CUTHQJIBHOM CUCTEME peLeNTOP-aKTUBATOP
sapepHoro dakropa-kB RANK/RANKL/ocTeonporere-
pur (OPG), omocpeioBaHHbII [Ie/ICTBIEM MAaTPUKCHBIX
metajwionporentas (MMP). Ilenbio gaHHON pabOTHI
SIBJISTIACh OIleHKA [MHAMUKM [IOKa3aTesell CUCTEMBI
(MMP)/vHrM6UTOPBI B KPOBY IIPY Pa3BUTHI TYOEpPKy-
nesHoro octuta (TO) B pasmuyHbIX rpynmax (n = 32):
MHQEKIVOHHBI KOHTPO/b (Tpymnma 1) u fBe sKcrepu-
MEHTaJIbHble TPYIIIB, B KOTOPBIX IOC/IENOBATEIbHO
IIPOBOMYIVICH HEKP3KTOMUSA, IPOTUBOTYOepKyiesHoe
JledeHye U IUIACTUYECKye OIlepallyl C MCIIONb30BaH-
€M ayTOTPaHCIVIaHTaToB (Trpymma 2) uwim 3D-IeYaTHBIX
KOMIO3UTHBIX ckaddonnos (rpymma 3). B xpoBu onpe-
penanu yposeb MMP-3 1 MMP-9, ux TkaneBoro uH-
rnburopa (TIMP-1), nmuranga akTmMBaTropa pelenTopa
spepHoro dakrtopa-kB (RANKL), necmenndudeckoit
menouHoit ¢ocdarassl (ALPL), anpbymmua (AL), we-
pynomnasmuHa (CP), HeltTpodunbHoi amacTassl (NE) n
ameHosuHe3amnHassl (ADA) o 3apaxeHus u depes 18
IHelt, 2, 4 u 6 MecsaleB noce 3apaxeHnsa. OcreoreHes
OLICHMBAJIY II0 pe3y/IbTaTaM MUKPOKOMIIBIOTEPHOI TO-
Morpadun ¥ rMCTONIOTNIECKOTO MCCTIENOBAHNUSA KOCTHOM
TKaH) B KOHTPOJILHOJ ¥ ONBITHBIX Irpymnmax. Ha srame
BepudMKanyuy TYOepKy/Ie3HOTO OCTUTa BBLAB/ICHO
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camkenne RANKL (p = 0,017) n AL (p = 0,04), moBsI-
menre TIMP-1 (p = 0,04), CP (p = 0,0004) u EL (p =
0,02), mpu orcyTcTBuy usMenennit ALPL, ADA, a Tak-
xxe MMP-3 1 MMP-9. B rpynme 1 (nH}peKunoHHBI!
KOHTPOJIb) COXPAHS/IMCh OdYary CIenyduIecKkoro Imo-
BPEXJIHNsI 11 He OBUIO BBIAB/ICHO IPM3HAKOB OCTEOpe-
reHeparu. B 06eux skcrepyMeHTaIbHBIX TPYIIIAX Ha-
OmI0fjaach IPOrpeccUpyIoLas pereHepanus KOCTHO
TKaHY, IPU 9TOM HaVMeHblllee KOJMIECTBO 6a/IoB 3a
OCTeOeCTPYKINIO ObIIO OTMEYeHO B rpymie 2 (ayTo-
TPaHCIUIAHTALVsI). YPOBEHDb BOCIIA/IUTENBHO peaKIuy
YBeMYMBAJICS IO Mepe IIPOrPecCUpPOBAHMST MH(EKINN
U CHIDKascA 1o Mepe nedenns. YposeHb RANKL He n3-
MEHAJICSL B IIEPUOL, OT 2 1o 6 MecaAueB. Vicxona us pas-
ynunii B mokasarensax ALPL u TIMP-1, ucnionb3oBanne
KOMITO3MTHOTO MaTepuasa i IIaCTUIeCKON XUPYprum
XapaKTepu30Banoch 6ojee MeIIeHHBIM OCTEOVMHTerpa-
11eit ¥ perapaTUBHBIM OCTEOT€HE30M II0 CPAaBHEHUIO C
UICTIONTb30BAHNEM ayTOTPAHCIITIAHTATA.
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