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 Abstract 

Introduction: The aim of this study was to evaluate the processes of bone remodeling and osteoreparation 
in modeling femoral fracture in mice with zero expression of 11β-HSD2 (11β-HSD2-/-) or both 11β-HSD2 
and apolipoprotein e (11β-HSD2-/-/ApoE-/-). 

Materials and Methods: The experimental study was conducted on 60 male mice weighing 24-30 g. The 
study used male mice that lacked the expression of 11β-HSD2 (knockout mice with the Hsd2-/- genotype) 
and male mice that lacked the expression of 11β-HSD2 and apolipoprotein E (double knockout mice with 
the Hsd2-/-/ApoE-/- genotype). The control group includes wild type C57bl/6 animals. Modeling of a fracture 
of the proximal metaphysis of the femur was performed in animals at the age of 6 months using a closed 
technique. Fracture fusion and bone remodeling and osteoreparation processes were evaluated 6 weeks after 
fracture modeling. 

Results and Discussion: It has been shown that a violation of the regulation of steroid hormone metabolism 
in groups of animals with the Hsd2-/- and Hsd2-/-/ApoE-/- genotypes leads to an increase in the number of 
ungrown fractures by 3 and 3.5 times, respectively, in comparison with wild-type animals. It was found that the 
microcirculation level of the proximal metaphysis of the left femur in the area of the formed bone callus in the 
group of animals with the genotype 11β-HSD2-/- significantly decreased from 92.075±4.33 perfusion units 
(PE) in the group of wild-type animals to 82.67±3.54 PE (p=0.0002) in the group of animals with the genotype 
HSD2-/- and up to 75.85±5.64 (p<0.0001) in the group of mice with the Hsd2-/-/ApoE-/- genotype. When 
calculating the coefficient of endothelial dysfunction, an increase in the coefficient of endothelial dysfunction 
was found from 1.297±0.19 in intact animals to 2.115±0.45 (p<0.00001) in the group of mice with the Hsd2-/- 
genotype and to 2.41±0.04 (p<0.00001) in the group of mice with the Hsd2-/-/ApoE-/- genotype.                         

Copyright Korokin MV. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0), which  permits unrestricted use, 
distribution, and reproduction in any medium, provided the original author and source are credited. 

Features of bone remodeling and osteoreparation 
processes in modeling femoral fracture in 
genetically modified mice with impaired enzymatic 
regulation of steroid hormone metabolism      

Mikhail V. Korokin1, Oleg S. Gudyrev1, Petr R. Lebedev1, Alim A. Kochkarov1, Tatiana G. 
Pokrovskaya1, Lyudmila M. Danilenko1, Nina I. Zhernakova1,   Tatyana V. Avtina1, Sergey A. 
Pribylov2, Alina V. Parshina1, Elena V. Kuzubova1, Alexandra I. Radchenko1, Ivan S. Koklin1, 
Eduard I. Taran1 

1 Belgorod State National Research University, 85 Pobedy St., Belgorod 308015 Russia  
2 Belgorod Regional Clinical Hospital Saint Joasaph, 8/9 Nekrasova St., Belgorod 308007 Russia  

Corresponding author: Mikhail V. Korokin (mkorokin@mail.ru) 

Citation: Korokin MV, Gudyrev OS, Lebedev PR, Kochkarov AA, Pokrovskaya TG, Danilenko LM, Zhernakova NI, Avtina 
TV, Pribylov SA, Parshina AV, Kuzubova EV, Radchenko AI, Koklin IS, Taran EI (2023) Features of bone remodeling and 
osteoreparation processes in modeling femoral fracture in genetically modified mice with impaired enzymatic regulation of 
steroid hormone metabolism. Research Results in Pharmacology 9(4): 113–123. https://doi.org/10.18413/
rrpharmacology.9.10062  

Academic editor:  Alexandr Kulikov   ♦   Received   30 August  2023   ♦  Accepted   27 November  2023  ♦   Published  31  December  2023

https://doi.org/10.18413/rrpharmacology.9.10062
https://doi.org/10.18413/rrpharmacology.9.10062
mailto:mkorokin@mail


Research Results in Pharmacology 9(4): 113–123                                                                                                                                  114

Keywords 
osteoporosis, bone density, steroid hormone metabolism, transgenic animals, 11ß-HSD2, Apoe, Hsd2-/-, Hsd2-/-/ApoE-/-    

 Graphical Abstract 

Introduction 
To date, it is known that osteoporosis (OP) is a disease 
that is the most common cause of fractures among the 
elderly, characterized by a decrease in bone mass with 
increasing, depending on the age of the person, 
consequences for public health (Engström et al. 2012; 
Zhao et al. 2019). As a rule, a fracture is the first 
manifestation of osteoporosis, and previously a person 
may not notice the signs of this disease.  

Changes in the concentrations and activity of steroid 
hormones are important factors in the development of 
osteoporosis. Elevated cortisol levels block the 
differentiation and formation of osteoblasts, which 
dramatically reduces the activity of osteosynthesis    

processes and leads to a decrease in bone density. As a 
result, the balance between the processes of bone 
formation and osteoresorption is disrupted. The key 
enzymes involved in the metabolism of cortisol are 11β-
hydroxysteroid dehydrogenase - 11β-HSD type 1 (11β-
HSD-1) and type 2 (11β-HSD-2). These enzymes catalyze 
the interconversion of active glucocorticoids (cortisol and 
corticosterone) and inert 11-ketoforms (cortisone and 11-
dehydrocorticosterone), thereby regulating the function 
and activity level of steroid hormones in tissues (Zhang et 
al. 2017). 11β-HSD is widely distributed in the body in 
various organs such as kidneys, heart, and vascular 
endothelial cells. It is known that 11β-HSD converts 
inactive 11-dehydrocort icosterone into active 
corticosterone, whereas 11β-HSD-2 has the opposite    

In animals with impaired cortisol metabolism, there was a slowdown in the formation of bone tissue in the 
fracture area, bone trabeculae had a smaller width, large amounts of fibrous and connective tissue were 
observed in the lumen between bone fragments, and an increase in intertrabecular spaces was noted. 

Conclusion: The close relationship between the metabolism of 11β-HSD2 and NO, confirmed in this study, 
can be considered as a promising pharmacotherapeutic target. It is obvious that approaches to changing the 
activity of 11β-HSD have significant therapeutic potential in the treatment of osteoporosis, bone remodeling 
disorders and osteoreparation in fractures against the background of formed osteoporotic changes in the 
violation of steroid hormone metabolism. 
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effect, inactivating corticosterone and converting it into 
inactive forms. The balance between the two isoforms of 
11β-HSD ensures normal physiological functions of 
glucorticoids at the tissue level. 11β-HSD-2 is mainly 
present in the kidneys, adipose tissue and intestines and 
primarily converts cortisol into metabolically inactive 
cortisone (Dube et al. 2015). A group of scientists found 
that the increased expression of 11β-HSD2 in osteoblasts 
and osteocytes prevents age-related decrease in bone 
strength and mass (Weinstein et al. 2010).  

The purpose of this study was to evaluate the 
processes of bone remodeling and osteoreparation in 
modeling femoral fracture in mice with null expression of 
11β-HSD2 (11β-HSD2-/-) or both 11β-HSD2 and 
Apolipoprotein E (11β-HSD2-/- APOe -/-). 

The research was supported by the grant of the 
Russian Science Foundation No. 22-25-00376 (https://
rscf.ru/project/22-25-00376). 

Materials and Methods 
The experiment was performed at the Center for 
Preclinical and Clinical Studies of Belgorod State 
National Research University according to The Rules of 
Laboratory Practice, approved by Order No.708n of the 
Ministry of Health of the Russian Federation of August 
23, 2010, in strict compliance with The European 
Convention for the Protection of Vertebrate Animals Used 
for Experiments or for Other Scientific Purposes 
(Directive2010/63/EU). The experimental studies were 
approved by the Bioethical Commission of Belgorod 
State National Research University (Minutes №15/10 of 
October 29, 2021). Vivisection was performed in 
compliance with the ethical principles of treating 
laboratory animals outlined in The European Convention 
for the Protection of Vertebral Animals Used for 
Experimental and Other Scientific Purposes (CETS 
No.123). 
Experimental animals 

The experimental study was performed in 60 male mice, 
weighting 24-30 g. The animals were kept in accordance 
with the rules of laboratory practice for preclinical studies 
on the territory of the Russian Federation. The animals 
were kept under the standard conditions corresponding to 
the sanitary rules on the organization, equipment and 
maintenance of experimental biological clinics 
(vivariums) No. 1045-73, approved by the Ministry of 
Health of the USSR on April 6, 1973 and GOST R 
53434-2009, in the individually ventilated cages 
(Tecniplast S.p.A., Italy) designed for keeping small 
laboratory animals. The bedding was sawdust, sterilized 
by ultraviolet irradiation. Special pellet feed for small 
laboratory rodents and pre-treated water disinfected with 
UV irradiation were used. In each cage, microclimate was 
created and supported by an individual ventilation 
system. All the animals had been acclimatized and 
quarantined for at least 10 days before the experiment. 

Experimental groups  

The experimental groups included:  
1 – 20 male C57Bl/6J mice (WT+BF) with femoral 
fracture modeling;  
2 – 20 male mice lacking 11β-HSD2 (BF+Hsd2-/-) with 
femoral fracture modeling;  

3 – 20 male mice lacking 11β-HSD2 and Apolipoprotein 
E (BF+Hsd2-/-/ApoE-/-) with femoral fracture modeling. 

Modeling of a femoral fracture 

Modeling of a femoral fracture was performed using a 
closed technique (proposal for technical improvement 
No. 1975-11 dated November 15, 2011. “Closed 
technique for modeling a metaphyseal fracture in a small 
laboratory animal”). A cutting blade with silicone tubes 
on the cutting edges was used; external force was applied 
to the proximal metaphysis of the femur until the 
appearance of characteristic signs of fracture (specific 
pathological movements, crepitation of the fragment, 
change in the axis of the limb), the load was applied 
perpendicular to the axis of the limb (Fig. 1). The fracture 
was stabilized and fixed with a screw clamp and a spiral 
drill needle from the distal to the proximal femur, 
intramedularly through the bone canal and was firmly 
fixed in the cortical layer of the proximal femur. The 
control was carried out by the absence of pathological 
movements in the fracture area. The protruding part of the 
needle was cut short. Next, the wound was sutured with a 
single suture through all layers. 

Study design, study of microcirculation and 
calculation of the coefficient of endothelial dysfunction 

The fracture of the femoral metaphysis was modeled in 
animals at the age of 6 months. Fracture fusion and bone 
remodeling and osteoreparation processes were evaluated 
6 weeks after fracture modeling. Further, the level of 
microcirculation in bone tissue was measured in animals 
of the experimental groups. The measurement was 
performed in the proximal metaphysis of the left femur 
using a laser Doppler fluometer (LDF). For the animals 
with a fracture, a hole was made in the area of the callus 
formed after a fracture of the femur. A needle sensor was 
used to measure microcirculation. Endothelium-
dependent vasodilation reactions were performed (in 
response to a single intravenous injection of acetylcholine 
solution at a dose of 40 mcg/kg) and endothelium-
independent vasodilation (in response to a single 
intravenous injection of sodium nitroprusside solution at 
a dose of 30 mcg/kg). To confirm the role of endothelial 
dysfunction in the development of regional microcirculation 

Figure 1. X-ray of the left femur of a wild-type animal with an 
experimental fracture of the proximal metaphysis of the femur. 

https://rscf.ru/project/22-25-00376
https://rscf.ru/project/22-25-00376
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-nitroprusside
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disorders, the coefficient of endothelial dysfunction was 
calculated based on laser Doppler flowmetry data. The 
coefficient of endothelial dysfunction was calculated as 
the ratio of the area of the triangle above the 
microcirculation recovery curve in response to the 
administration of nitroprusside to the area of the triangle 
above the microcirculation recovery curve in response to 
the administration of acetylcholine. Microcirculation 
parameters were measured with a Biopac systems MP150 
laser Doppler fluometer and a TSD144 sensor. The data 
of the laser Doppler flowmeter were processed and 
recorded by the AcqKnowlwdge software version 3.9 - 4.2, 
microcirculation was measured in perfusion units (PU).  

Study of bone density 

The study of bone density and the assessment of the 
formation of callus using the In Vivo FXPRO system 
(Bruker, USA) was carried out 4 weeks after the fracture 
modeling, when the age of the animals was 7 months. In 
the In-Vivo FX PRO system, the principle of software 
evaluation of bone density is based on testing bone 
mineralization in an experimental animal by modeling 
cylindrical symmetry on an analytical X-ray image of a 
segment of a long tubular bone with appropriate calibration 
based on a Ca3(PO4)2 sample immersed in water. 
Measurements of the density of long tubular bones suggest 
that the selected bone segment is a flat projection of a 
cylinder in cross section, where the outer shell of the 
cylinder is a homogeneous substance of higher density 
(bone tissue), and the inner substance of lower density 
(bone marrow). It is assumed that the medium in which the 
cylinder is immersed is water and may have zero depth 
(air). The software performs a “cylindrical fitting” 
procedure to extract important parameters of the selected 
bone segment from a high-resolution X-ray image. Based 
on the program evaluation, data characterizing various 
indicators of the selected bone segment is generated. The 
“Bone Column Density” and “Marrow Column Density” 
indicators characterize the degree of attenuation of X-ray 
radiation per unit depth of the material. This is an analogue 
of the ”optical density”, often used to characterize the 
attenuation of light passing through a colored substance. 
The indicators provide a fairly accurate assessment of the 
density of the bone column, which directly depends on the 
measured basic contrast of the digital radiograph. The ”
Bone Density” indicator is determined by the density of the 
bone column and is calculated from the “Bone Column 
Density” indicator, taking into account the depth of the 
tissue sample and the effect of this depth on the density of 
a similar Ca3(PO4)2 column. The indicator is expressed in 
g/cm3. And finally, the ”Bone Surface Density” indicator 
characterizes the average “coverage” of the material 
projected onto a flat surface. It is calculated based on 

the   values of the density of the column of bone tissue 
and radii adjusted for the depth of the tissue and the effect 
of this depth on the density of a similar column Ca3(PO4)2 
(Korokin et al. 2022b). In this study, we based on the 
results of the “Bone Density” index (BD, g/cm3) for the 
proximal metaphysis and distal metaphysis of the right 
femur to confirm the development of osteoporosis. 

Histological examination 

To analyze the processes of bone remodeling and 
osteoreparation against the background of osteoporosis, a 
morphological study of the place of a callus formation in 
the metaphysis of the femur was carried out. For this 
purpose, during sample preparation, decalcification was 
previously carried out (Zamboni fixative and decalcifatiol 
with a 20% solution of ethylenediaminetetracetate and 
5% sucrose-0.1 M tris at +4°C), preparation of sections 
using a rotary microtome and staining them with 
hemotoxylin and eosin. The resulting histological 
preparations were subjected to light microscopy. To 
perform histomorphometry of bone tissue, a pre-
calibrated Image J software (versions 1.39-1.43) was 
used, in which the width of bone trabeculae was 
measured and expressed in micrometers. 

Quantitative PCR 

To isolate total RNA, femoral bones were removed and 
placed to liquid nitrogen for 30 seconds. Immediately 
afterwards, frozen samples were homogenized in 
TissueLyser (ThermoFisher, USA) using bead disruption of 
the tissue (Carter et al. 2012). The homogenized samples 
were incubated for 10 minutes at 37℃ in the Extract RNA 
solution. After lysis of the sample in the reagent, it was 
subjected to chloroform cleaning; the sample was collected 
and washed with isopropyl alcohol and 70% ethyl alcohol. 
The concentration of the obtained RNA was measured on 
an IMPLENNanoPhotometer® spectrophotometer and 
adjusted to a concentration of 300 ng/µL. Reverse 
transcription was performed using the MMLVRTSK021 kit 
in accordance with the manufacturer’s protocol (Evrogen). 
The mixture was gently mixed and heated at 70℃ for 2 
minutes to melt the secondary RNA structures and then 
anneal the OligoDT primer. After that, the samples were 
transferred to ice. The entire reaction mixture was 
incubated for 60 minutes at 40℃ in a T100 ThermalCycler 
(Bio-Rad). To stop the reaction, the mixture was heated at 
70℃ for 10 minutes (Korokin et al. 2022a). The resulting 
cDNA was diluted to a concentration of 1 ng/µL. The 
level of gene expression was evaluated relative to the 
values of the Gapdh reference gene. The expression at a 
specific point was calculated using the formula: Gene 
expression = [(Ct(Gapdh)/Ct(Gene of Interest)] (Table 1). 

Gene F-primer R- primer

Trp53 (p53) CGACTACAGTTAGGGGGCAC CCATGGCAGTCATCCAGTCT

Bcl2 TCACCCCTGGTGGACAACAT TTCCACAAAGGCATCCCAGC

Bax CCCGAGCTGATCAGAACCAT GAGGCCTTCCCAGCCAC

Nos3 (eNOS) AGGCAATCTTCGTTCAGCCA TAGCCCGCATAGCGTATCAG

Vegfa (VEGF-A) GGGCCTCCGAAACCATGAA TGCAGCCTGGGACCACTTG

Table 1. Primers Used for Quantitative PCR 

https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
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As a result of measuring bone density at these points 
using the In Vivo FX PRO system (Bruker, USA), it was 
found that in wild-type animals (WT), bone density at the 
time of animal withdrawal from the experiment was 
5.932±0.582 g/cm3. Male mice with the Hsd2-/- genotype 

Statistical data processing 

The statistical data were processed using the Statistica 
10.0 software. Shapiro-Wilk and Spiegelhalter 
(normtest package) normality tests were performed for 
the obtained data; the equality of variances was 
assessed using the Levene’s test (lawstat package). 
Depending on the type of distribution and the equality 
of variances, the significance of the results obtained 
was evaluated using parametric (ANOVA) or non-
parametric (Kruskal-Wallis test) one-way analyses of 
variance, and as a post-hoc analysis to identify 
intergroup differences, the Student’s t-test or the 
Mann-Whitney test were used, respectively, with the 
Benjamini-Hochberg correction for multiple tests. The 
results were considered reliable at p≤0.05.  

Results and Discussion 
At the first stage, 6 weeks after modeling fractures of the 
proximal femoral metaphyses, we analyzed the number of 
non-fused fractures in the experimental groups. Figure 2 
shows that out of 20 wild-type animals in the WT+BF 
group, fractures did not heal in 2 animals (10%) – in these 
animals, restriction of support on the limb concerned was 
observed during their lifetime, pathological mobility of 
fragments relative to each other was noted under 
anesthesia, and failure of the bone callus was 
macroscopically detected. In the group of animals with 
genotype 11β-HSD2-/-, there were 6 animals out of 20 
(30%) with non-fused fractures, in the group of animals 
with genotype 11β-HSD2-/-/ApoE-/-, fractures did not heal 
in 7 animals out of 20 (35%). 

Figure 2. Assessment of the viability of osteoreparation processes 6 
weeks after modeling fractures of the proximal metaphyses of the 
femurs in experimental groups (n=20, % of non-healed fractures). Note: 
WT+BF – wild type mice with femoral fracture modeling; BF+Hsd2-/- – 
knockout male mice with null expression of the 11β-HSD2 with femoral 
fracture modeling; BF+Hsd2-/-/ApoE-/- – double knockout male mice 
with null expression of the 11β-HSD2 and Apolipoprotein E with 
femoral fracture modeling. 

Also, to confirm osteoporotic changes in animals 6 
weeks after fracture modeling, the values of the ”Bone 
Density” index (BD, g/cm3) in the area of the proximal 
and distal diaphysis of the right femur were measured and 
studied (Fig. 3). 

Figure 3. Example of bone density measurement using the In-Vivo FX 
PRO system (Bruker, USA). Note: A – WT+BF – wild type mice with 
femoral fracture modeling; B – BF+Hsd2-/- – knockout male mice with 
null expression of the 11β-HSD2 with femoral fracture modeling; C – 
BF+Hsd2-/-/ApoE-/- – double knockout male mice with null expression 
of the 11β-HSD2 and Apolipoprotein E with femoral fracture modeling. 
1 – distal diaphysis of the right femur; 2 – proximal diaphysis of the 
right femur. 
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with zero expression of 11β-HSD2 showed a statistically 
significant decrease in bone density to 5.137±0.625 g/
cm3 (p=0.0004 compared with wild-type animals). We 
found the most pronounced decrease in bone density in 
the group of animals with the Hsd2-/-/ApoE-/- genotype of 
male double-knockout mice with zero expression of 11β-
HSD2 and apolipoprotein E. The value of bone density in 
this group was 4.759±0.625 g/cm3 (p=0.000042) (Fig. 4). 
It is noteworthy that the bone density in the group of 
animals BF+Hsd2-/-/ApoE-/- was statistically significantly 
lower than in the group of animals BF+Hsd2-/- (p=0.031) 
(Fig. 4). 

Further, during the study, it was found that the 
microcirculation level of the proximal metaphysis of the 
left femur in the area of the formed bone callus in the 
group of animals with the genotype 11β-HSD2-/- 

significantly decreased from 92.075±4.33 PE in the group 
of wild-type animals to 82.67±3.54 PE (p=0.0002) in the 
group of animals with the HSD2-/- genotype and up to 
75.85±5.64 (p<0.0001) in the group of mice with the 
Hsd2-/-/ApoE-/- genotype (Fig. 5, LDF). When conducting 
tests with endothelium-dependent (intravenous 
administration of acetylcholine) and endothelium-
independent vasodilation (intravenous administration of 
sodium nitroprusside) with calculation of the coefficient 
of endothelial dysfunction, an increase in CED was found 
from 1.297±0.19 in the intact animals to 2.115±0.45 
(p<0.00001) in the group of mice with the Hsd2-/- 

genotype and to 2.41±0.04 (p<0.00001) in the group of 
mice with the Hsd2-/-/ApoE-/- genotype (Fig. 5, CED).  

Bone biomaterial was taken for further morphological 
studies. Histological sections of the proximal sections of 
the left femur of animals in the area of the formed bone 
c a l l u s w e r e s u b j e c t e d t o m i c r o s c o p y a n d 
histomorphometry. Osteoporotic changes in skeletal 
bones were histologically confirmed in mice with the 
Hsd2-/- and Hsd2-/-/ApoE-/- genotypes. In wild–type 
animals, the formation of a bone callus was completed in 
the fracture area-bone tissue was formed, the width of the 
bone trabeculae was comparable to that of the intact bone 
section. In the animals with impaired cortisol metabolism, 
there was a slowdown in the formation of bone tissue in 
the fracture area; bone trabeculae had a smaller width; 
large amounts of fibrous and connective tissue were 
observed in the lumen between bone fragments, and an 
increase in intertrabecular spaces was noted. The 
described phenomena were more typical for the group of 
double knockouts with the Hsd2-/- and Hsd2-/-/ApoE-/-

genotypes. The average width of the bone trabeculae of 
the proximal metaphysis of the left femur (in the area of 
the formed bone callus) in wild-type animals was 
54.94±5.12 microns. The width of bone trabeculae in 

Figure 4. Bone density in animals of experimental groups after 6 weeks 
of fracture modeling. Note: WT+BF – wild type mice with femoral 
fracture modeling; BF+Hsd2-/- – knockout male mice with null 
expression of the 11β-HSD2 with femoral fracture modeling; 
BF+Hsd2-/-/ApoE-/- – double knockout male mice with null expression 
of the 11β-HSD2 and Apolipoprotein E with femoral fracture modeling. 

Figure 5. Indicators of microcirculation (LDf) in bone tissue and coefficient of endothelial dysfunction (CED) and bone alkaline phosphatase (B-ALP) 
concentration in animals in experimental groups with experimental femur fracture. Note: WT+BF – wild-type mice with femoral fracture modeling; 
BF+Hsd2-/- – knockout male mice with null expression of the 11β-HSD2 with femoral fracture modeling; BF+Hsd2-/-/ApoE-/- – double knockout male 
mice with null expression of the 11β-HSD2 and Apolipoprotein E with femoral fracture modeling. 

https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-nitroprusside
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Figure 6. Width of bone trabeculae (A) and micrographs of histological preparations of bone tissue WT (B), Hsd2-/- (C) and Hsd2-/-/ApoE-/- (D) male 8 
month-old mice (n=20, Hematoxylin+eosin, х200). Note: WT+BF – wild type mice with femoral fracture modeling; BF+Hsd2-/- – knockout male mice 
with null expression of the 11β-HSD2 with femoral fracture modeling; BF+Hsd2-/-/ApoE-/- – double knockout male mice with null expression of the 
11β-HSD2 and Apolipoprotein E with femoral fracture modeling. 

double knockout mice with the Hsd2-/-/ApoE-/- genotype 
was 46.91±5.39 microns, which is significantly lower 
compared with the group of wild-type animals 
(p=0.000069), and lower than in the group of animals 
with the Hsd2-/- genotype (48.86±3.67 microns) (Fig. 6A). 
Also, in the groups of animals with knockouts according 
to the studied genes, we found a statistically significant 
(in comparison with wild-type animals) decrease in the 
area of formed bone corns, which is consistent with the 
previously obtained data on the number of insolvent bone 
corns (Fig. 6B). Micrographs of the histological picture of 
the bone tissue of animals of the experimental groups are 
shown in Figure 6 (C, D, E).  

Gene expression analysis showed that genetically 
modified animals are characterized by increased mRNA 
expression of pro-apoptic factors p53 and Bax along with 
reduced mRNA expression of anti-apoptic factor Bcl2 
(Fig. 7). We also analyzed the expression of mRNA 
factors associated with the development of endothelial 
dysfunction in animals against the background of 
metabolic disorders of steroid hormones. We found a 
statistically significant decrease in the expression of the 
eNOS and Vegf-a genes in the groups of animals with the 
Hsd2-/- and Hsd2-/-/ApoE-/- genotypes (Fig. 8). It is 
noteworthy that in the group of animals with absent 
expression of 11β-HSD2 and ApoE (BF+Hsd2-/-/ApoE-/-), 
the expression of mRNA genes responsible for 
endothelial NO synthase and apolipoprotein E was 

statistically significantly lower than in the animals of the 
WT+ Hsd2-/- group (Fig. 8). 

Conclusion 
The human skeleton is in a state of constant renewal, in 
which new bone structures are formed in response to the 
destruction of old bone structures. At a young age, the 
processes of osteosynthesis proceed faster than the 
processes of osteodestruction, which leads to an increase 
in bone mass. After the age of 20, this process slows 
down, and most people reach their peak bone mass by the 
age of 30 (Weaver et al. 2016; Rozenberg et al 2020).  

Osteoporosis is a disease without any pathognomonic 
clinical signs, which usually remains undiagnosed until a 
pathological fracture or fracture occurs as a result of low-
force exposure (de Souza 2010; Nogués et al. 2022). An 
osteoporotic fracture, usually affecting the hip and spine, 
affects a person’s performance and normal functioning, 
leading to chronic pain and long-term rehabilitation 
(Vidal et al. 2019). To date, it has been recognized that 
osteoporosis-related fractures are associated with 
increased mortality, with the exception of forearm 
fractures. Between 20% and 40% of people suffering 
from femoral fractures die within a year (Ballane et al. 
2014).  

Pharmacological and non-pharmacological methods 
are used to prevent fractures in patients with osteoporosis.  
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Figure 7. Indicators of mRNA expression of genes involved in apoptosis. Note: WT+BF – wild type mice with femoral fracture modeling; BF+Hsd2-/- – 
knockout male mice with null expression of the 11β-HSD2 with femoral fracture modeling; BF+Hsd2-/-/ ApoE-/- – double knockout male mice with null 
expression of the 11β-HSD2 and Apolipoprotein E with femoral fracture modeling. 

Figure 8. Indicators of mRNA expression of genes involved in the pathogenesis of endothelial dysfunction. Note: WT+BF – wild type mice with 
femoral fracture modeling; BF+Hsd2-/- – knockout male mice with null expression of the 11β-HSD2 with femoral fracture modeling; BF+Hsd2-/-/ 
ApoE-/- – double knockout male mice with null expression of the 11β-HSD2 and Apolipoprotein E with femoral fracture modeling. 

anti-sclerostin antibodies (romozozumab), strontium 
ranelate and parathyroid hormone analogues (Tabatabaei-
Malazy et al. 2017; Camacho et al. 2020; Nogués et al. 
2022). 

Despite the wide range of available pharmacological 
agents, the problem of prevention and treatment of 
fractures associated with osteoporosis is an urgent task of 
pharmacology. In order to study new pharmacological 
agents and form ways to search for new treatment 
strategies, new experimental models of the pathological 
process are primarily needed. Previously, we showed that   

Non-pharmacological strategies include a healthy lifestyle 
such as a balanced diet, regular exercise, smoking cessation, 
limited alcohol consumption, etc. (Nogués et al. 2022).  

Pharmacological correction strategies include 
antiresorptive and anabolic drugs and are indicated for 
patients with a high or very high risk of fractures. Both 
treatments have been shown to increase bone strength (Lou 
et al. 2019). The main drugs currently available for the 
treatment of osteoporosis are: bisphosphonates, anti-
RANKL antibodies (denosumab), selective estrogen receptor 
modulators, estrogen replacement therapy, monoclonal 
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a violation of the metabolic regulation of steroid hormone 
metabolism in animals with zero expression of 11β-HSD2 
(genotype Hsd2-/-) leads to the development of signs of 
osteoporosis – bone density decreases, which is 
accompanied by a decrease in the width of bone 
trabeculae and the level of microcirculation in bone 
tissue. The resulting endothelial dysfunction is 
accompanied by an increase in the coefficient of 
endothelial dysfunction. Additional zero expression of the 
AroE gene in double knockout mice with the Hsd2-/-/

ApoE-/- genotype leads to an increase in the severity of 
changes associated with impaired bone remodeling 
processes and, in addition to a more pronounced change 
in bone density, bone trabecular width, microcirculation 
and endothelial dysfunction coefficient. Also, an increase 
in the concentration of biochemical markers of bone 
resorption was found in such animals (Korokin et al. 
2022a). 

In this study, we studied the features of bone 
remodeling and osteoreparation processes in genetically 
modified mice with impaired enzymatic regulation of 
steroid hormone metabolism when modeling a femoral 
fracture in a closed manner.  

It has been shown that a violation of the regulation of 
steroid hormone metabolism in groups of animals with 
the Hsd2-/- and Hsd2-/-/ApoE-/- genotypes leads to an 
increase in the number of ungrown fractures by 3 and 3.5 
times, respectively, in comparison with wild-type 
animals. These facts confirm that in animals with no 
expression of 11β-HSD2, bone resorption processes due 
to activation of osteoclast differentiation prevail over 

osteosynthesis processes. The previously obtained results 
were confirmed in this study – in animals of experimental 
groups, 6 weeks after modeling fractures of the proximal 
metaphysis of the femur (total age of animals was 7.5 
months), a decrease in bone density was shown, which 
was more pronounced in the group of animals with absent 
expression of 11β-HSD2 and ApoE.  

Thus, it has been shown that the vascular endothelium 
plays one of the key roles in the formation of the 
pathogenetic pathway leading to bone resorption 
processes against the background of vascular endothelial 
dysfunction (Deuchar et al. 2011). 

The role of the vascular endothelium in the realization 
of the osteotropic effects of 11β-HSD2 is shown when 
evaluating the coefficient of endothelial dysfunction in 
experimental groups and the expression of genes 
characterizing the functioning of the vascular 
endothelium. The close relationship between the 
metabolism of 11β-HSD and NO, confirmed in this study, 
can be considered a promising pharmacotherapeutic 
target. It is obvious that approaches to changing the 
activity of 11β-HSD have significant therapeutic potential 
in the treatment of osteoporosis, bone remodeling 
disorders and osteoreparation in fractures against the 
background of formed osteoporotic changes in the 
violation of steroid hormone metabolism. 

Conflict of Interests
The authors declare no conflict of interests. 

References 
Ballane G, Cauley JA, Luckey MM, Fuleihan Gel-H (2014) Secular 
trends in hip fractures worldwide: Opposing trends East versus West. 
Journal of Bone and Mineral Research 29(8): 1745–1755. https://
doi.org/10.1002/jbmr.2218 [PubMed]  
Camacho PM, Petak SM, Binkley N, Diab DL, Eldeiry LS, Farooki 
A, Harris ST, Hurley DL, Kelly J, Lewiecki EM, Pessah-Pollack R, 
McClung M, Wimalawansa SJ, Watts NB (2020) American 
Association of Clinical Endocrinologists / American College of 
Endocrinology clinical practice guidelines for the diagnosis and 
treatment of postmenopausal osteoporosis – 2020 update executive 
summary. Endocrine Practice 26(5): 564–570. https://doi.org/
10.4158/GL-2020-0524 [PubMed] 
de Souza MP (2010) Osteoporosis diagnosis and treatment. Revista 
Brasileira de Ortopedia 45(3): 220–229. [PubMed] [PMC] 
Deuchar GA, McLean D, Hadoke PWF, Brownstein DG, Webb DJ, 
Mullins JJ, Chapman K, Seckl JR, Kotelevtsev YV (2011) 11β-
hydroxysteroid dehydrogenase type 2 deficiency accelerates 
atherogenesis and causes proinflammatory changes in the 
endothelium in apoe-/- mice. Endocrinology 152(1): 236–246. 
https://doi.org/10.1210/en.2010-0925 [PubMed] [PMC] 
Dube S, Norby BJ, Pattan V, Carter RE, Basu A, Basu R (2015) 11β-
hydroxysteroid dehydrogenase types 1 and 2 activity in 
subcutaneous adipose tissue in humans: Implications in obesity and 
diabetes. The Journal of Clinical Endocrinology and Metabolism 
100(1): E70–E76. https://doi.org/10.1210/jc.2014-3017 [PubMed] 
[PMC] 
Engström A, Michaëlsson K, Vahter M, Julin B, Wolk A, Åkesson A 
(2019) Associations between dietary cadmium exposure and bone 
mineral density and risk of osteoporosis and fractures among 
women. Bone 50(6): 1372–1378. https://doi.org/10.1016/
j.bone.2012.03.018 [PubMed] 
Korokin MV, Gudyrev OS, Lebedev PR, Kuzubova EV, Radchenko 
AI, Koklin IS, Taran EI, Kochkarov AA (2022a) Characteristics of 
the state of bone tissue in genetically modified mice with impaired 
enzymatic regulation of steroid hormone metabolism. Research  

Results in Pharmacology 8(4): 157–166. https://doi.org/10.3897/
rrpharmacology.8.98779 
Korokin MV, Soldatov VO, Gudyrev OS (2022b) The role of 
cortisol metabolism in the realization of pathogenetic links in the 
development of osteoporosis – the rationale for the search for 
new pharmacotherapeutic targets (review). Research Results in 
Biomedicine. 8(4): 457–473. [in Russian] 
Lou S, Lv H, Yin P, Li Z, Tang P, Wang Y (2019) Combination therapy 
with parathyroid hormone analogs and antiresorptive agents for 
osteoporosis: A systematic review and meta-analysis of randomized 
controlled trials. Osteoporosis International 30(1): 59–70. https://
doi.org/10.1007/s00198-018-4790-4 [PubMed] 
Nogués X, Carbonell MC, Canals L, Lizán L, Palacios S (2022) 
Current situation of shared decision making in osteoporosis: A 
comprehensive literature review of patient decision aids and decision 
drivers. Health Science Reports 5(6): e849. https://doi.org/10.1002/
hsr2.849  [PubMed] [PMC] 
Rozenberg S, Bruyère O, Bergmann P, Cavalier E, Gielen E, 
Goemaere S, Kaufman JM, Lapauw B, Laurent MR, De Schepper J, 
Body JJ (2020) How to manage osteoporosis before the age of 50. 
M a t u r i t a s 1 3 8 : 1 4 – 2 5 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 /
j.maturitas.2020.05.004 [PubMed] 
Tabatabaei-Malazy O, Salari P, Khashayar P, Larijani B (2017) New 
horizons in treatment of osteoporosis. Daru 25(1): 2. https://doi.org/
10.1186/s40199-017-0167-z [PubMed] [PMC]  
Vidal M, Thibodaux RJ, Neira LFV, Messina OD (2019) 
Osteoporosis: A clinical and pharmacological update. Clinical 
Rheumatology 38(2): 385–395. https://doi.org/10.1007/
s10067-018-4370-1 [PubMed] 
Weaver CM, Gordon CM, Janz KF, Kalkwarf HJ, Lappe JM, Lewis R, 
O'Karma M, Wallace TC, Zemel BS (2016) The national osteoporosis 
foundation’s position statement on peak bone mass development and 
lifestyle factors: A systematic review and implementation 
recommendations. Osteoporosis International (2016) 27: 1281–1386. 
https://doi.org/10.1007/s00198-015-3440-3 [PubMed] [PMC]

https://doi.org/10.3897/rrpharmacology.8.98779
https://doi.org/10.3897/rrpharmacology.8.98779
https://doi.org/10.1007/s00198-018-4790-4
https://doi.org/10.1007/s00198-018-4790-4
https://pubmed.ncbi.nlm.nih.gov/30539271/
https://doi.org/10.1002/hsr2.849
https://doi.org/10.1002/hsr2.849
https://pubmed.ncbi.nlm.nih.gov/36425899/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9679236/
https://doi.org/10.1016/j.maturitas.2020.05.004
https://doi.org/10.1016/j.maturitas.2020.05.004
https://pubmed.ncbi.nlm.nih.gov/32631584/
https://doi.org/10.1186/s40199-017-0167-z
https://doi.org/10.1186/s40199-017-0167-z
https://pubmed.ncbi.nlm.nih.gov/28173850/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5297185/
https://doi.org/10.1007/s10067-018-4370-1
https://doi.org/10.1007/s10067-018-4370-1
https://pubmed.ncbi.nlm.nih.gov/30542797/
https://doi.org/10.1007/s00198-015-3440-3
https://pubmed.ncbi.nlm.nih.gov/26856587/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4791473/
https://doi.org/10.1002/jbmr.2218
https://doi.org/10.1002/jbmr.2218
https://pubmed.ncbi.nlm.nih.gov/24644018/
https://doi.org/10.4158/GL-2020-0524
https://doi.org/10.4158/GL-2020-0524
https://pubmed.ncbi.nlm.nih.gov/32427525/
https://pubmed.ncbi.nlm.nih.gov/27022545/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4799095/
https://doi.org/10.1210/en.2010-0925
https://pubmed.ncbi.nlm.nih.gov/21106873/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3977042/
https://doi.org/10.1210/jc.2014-3017
https://pubmed.ncbi.nlm.nih.gov/25303491/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4283013/
https://doi.org/10.1016/j.bone.2012.03.018
https://doi.org/10.1016/j.bone.2012.03.018
https://pubmed.ncbi.nlm.nih.gov/22465267/


Research Results in Pharmacology 9(4): 113–123                                                                                                                                  122

Author Contributions 
Mikhail V. Korokin, Doct. Sci. (Medicine), Professor at the Department of Pharmacology and Clinical 
Pharmacology, Belgorod State National Research University, Belgorod, Russia; e-mail: mkorokin@mail.ru; ORCID 
ID https://orcid.org/0000-0001-5402-0697. Writing an article, developing a research design, and processing the 
results obtained. 

Oleg S. Gudyrev, Cand. Sci. (Medicine), Associate Professor at the Department of Pharmacology and Clinical 
Pharmacology, Belgorod State National Research University, Belgorod, Russia; e-mail: gudyrev@mail.ru; ORCID 
ID https://orcid.org/0000-0003-0097-000X. Writing an article, developing a research design, and processing the 
results obtained. 

Petr R. Lebedev, Junior Researcher at the Laboratory of Genetic Technologies and Gene Editing for Biomedicine and 
Veterinary Science, Belgorod State National Research University, Belgorod, Russia; e-mail: artkelt98@yandex.ru. 
ORCID ID https://orcid.org/0000-0001-9102-3360. Study of bone density and formation of experimental cohorts. 

Alim A. Kochkarov, Researcher at the Research Institute of Pharmacology of Living Systems, Belgorod State 
National Research University, Belgorod, Russia; e-mail: kochkarova@bsu.edu.ru; ORCID ID https://orcid.org/
0000-0003-4972-7262. Study of bone density, formation of experimental cohorts, and biochemical blood 
testing. 

Tatiana G. Pokrovskaya, Doctor Habil. of Medical Sciences, Professor, Department of Pharmacology and Clinical 
Pharmacology, Belgorod State National Research University, Belgorod, Russia; e-mail: pokrovskaia-tg@mail.ru; 
ORCID ID https://orcid.org/0000-0001-6802-5368. Writing an article, developing a research design, and processing 
the results obtained. 

Lyudmila M. Danilenko, PhD in Pharmaceutical Sciences, Associate Professor of the Department of Pharmacology, 
Belgorod State National Research University, Belgorod, Russia; e-mail: Danilenko_L@mail.ru; ORCID ID https://
orcid.org/0000-0001-6101-8712. The author was engaged in collection, analysis and interpretation of the data for the 
paper. 

Nina I. Zhernakova, Doctor of Medicine, Professor, Deputy Director of the Medical Institute for Research, 
Belgorod State National Research University, Belgorod, Russia; e-mail: zhernakova@bsu.edu.ru; ORCID ID 
https://orcid.org/0000-0001-7648-0774. The author made an analysis of the current issues of pharmacological 
correction of pulmonary hypertension and took part in the systematization and generalization of the material for 
the article.  

Tatyana V. Avtina, PhD in Pharmaceutical Sciences, Associate Professor of the Department of Pharmacology and 
Clinical Pharmacology, Belgorod State National Research University, Belgorod, Russia; e-mail: 
tatyanavtina@yandex.ru; ORCID  ID https://orcid.org/0000-0003-0509-5996.   The author made a contribution to 
collection, analysis and interpretation of the data for the paper. 

Sergey A. Pribylov, Doct. Sci. (Medicine), Professor, deputy chief physician for medical affairs of Belgorod 
Regional Clinical Hospital Saint Joasaph, Belgorod, Russia; e-mail: s_a_pribylov@mai.ru, ORCID ID https://
orcid.org/0000-0002-2913-493X.  Processing the results obtained. 

Alina V. Parshina, 6th-year student at the Medical Institute, Belgorod State National Research University, Belgorod, 
Russia; e-mail: alin.parshina@yandex.ru, ORCID ID https://orcid.org/0009-0001-6688-2312.  Processing the results 
obtained. Study of bone density, formation of experimental cohorts, and biochemical blood testing. 

Elеna V. Kuzubova, Junior Researcher at the Laboratory of Genetic Technologies and Gene Editing for Biomedicine 
and Veterinary Science, Belgorod State National Research University, Belgorod, Russia; e-mail: 
1015artek1015@mail.ru; ORCID ID https://orcid.org/0000-0003-2425-5027. Histological examination, PCR, and 
animal genotyping. 

Alexandra I. Radchenko, Junior Researcher at the Laboratory of Genetic Technologies and Gene Editing for 
Biomedicine and Veterinary Science, Belgorod State National Research University, Belgorod, Russia; e-mail: 
sandrinkaradchenko@gmail.com; ORCID ID https://orcid.org/0000-0002-4554-2116. Histological examination, 
PCR, and animal genotyping.  

Zhang H, Zhou F, Pan Z, Bu X, Wang Y, Chen F (2017) 11β-
hydroxysteroid dehydrogenases-2 decreases the apoptosis of 
MC3T3/MLO-Y4 cells induced by glucocorticoids. Biochemical and 
Biophysical Research Communications 490(4): 1399–1406. https://
doi.org/10.1016/j.bbrc.2017.07.046 [PubMed]

Zhao B, Xing G, Wang A (2019) The BMP signaling pathway 
enhances the osteoblastic differentiation of bone marrow 
mesenchymal stem cells in rats with osteoporosis. Journal of 
Orthopaedic Surgery and Research 14(1): 462. https://doi.org/
10.1186/s13018-019-1512-3 [PubMed] [PMC] 

https://doi.org/10.1186/s13018-019-1512-3
https://doi.org/10.1186/s13018-019-1512-3
https://pubmed.ncbi.nlm.nih.gov/31870454/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6929417/
mailto:mkorokin@mail.ru
https://orcid.org/0000-0001-5402-0697
mailto:gudyrev@mail.ru
https://orcid.org/0000-0003-0097-000X
mailto:artkelt98@yandex.ru
https://orcid.org/0000-0001-9102-
mailto:kochkarova@bsu.edu.ru
https://orcid.org/0000-0003-4972-7262
https://orcid.org/0000-0003-4972-7262
mailto:pokrovskaia-tg@mail.ru
https://orcid.org/0000-0001-6802-5368
mailto:Danilenko_L@mail.ru
https://orcid.org/0000-0001-6101-8712
https://orcid.org/0000-0001-6101-8712
mailto:zhernakova@bsu.edu.ru
https://orcid.org/0000-0001-7648-0774
mailto:tatyanavtina@yandex.ru
https://orcid.org/0000-0003-0509-5996
mailto:s_a_pribylov@mai.ru
https://orcid.org/0000-0002-2913-493X
https://orcid.org/0000-0002-2913-493X
mailto:alin.parshina@yandex.ru
https://orcid.org/0000-0002-2913-493X
mailto:1015artek1015@mail.ru
https://orcid.org/0000-0003-2425-5027
mailto:sandrinkaradchenko@gmail.com
https://orcid.org/0000-0002-4554-2116
https://doi.org/10.1016/j.bbrc.2017.07.046
https://doi.org/10.1016/j.bbrc.2017.07.046
https://pubmed.ncbi.nlm.nih.gov/28698139/


                                                            123 Korokin MV et al.: Features of bone remodeling and osteoreparation processes in modeling … 

Ivan S. Koklin, Cand. Sci. (Medicine), Researcher at the Research Institute of Pharmacology of Living Systems, 
Belgorod State National Research University, Belgorod, Russia; e-mail: ikoklin@mail.ru; ORCID ID https://
orcid.org/0000-0002-1560-4195 . Formation of experimental cohorts and Biochemical blood testing. 

Eduard I. Taran, Researcher at the Research Institute of Pharmacology of Living Systems, Belgorod State National 
Research University, Belgorod, Russia; e-mail: mdtaraneduard@gmail.com; ORCID ID https://orcid.org/
0000-0001-7880-6686. Study of bone density and formation of experimental cohorts. 

  

  
   

  
 

mailto:ikoklin@mail.ru
https://orcid.org/0000-0002-1560-4195
https://orcid.org/0000-0002-1560-4195
mailto:mdtaraneduard@gmail.com
https://orcid.org/0000-0001-7880-6686
https://orcid.org/0000-0001-7880-6686

