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Diabetes mellitus is a metabolic disorder that enhances fracture risk and hinders bone formation. The 
aim of the present study was to evaluate the parameters of oxidative stress, metallothioneins (MTs), metabolic 
changes and cytotoxicity signs in blood of young men with (DTF group) and without (TF group) type 2 dia-
betes (T2D) mellitus who had a tibia fracture due to trauma in relation to specific markers of bone formation. 
The level of reactive oxygen species was determined using a ROS-sensitive fluorescent dye dihydrorhodamine, 
DNA fragmentation was detected with Hoescht 33342 fluorescent dye and caspase-3 was assessed in terms of 
acetyl-Asp-Glu-Val-Asp p-nitroanilide. All other studied indices were determined by standard spectrometric 
methods. Our results revealed the significant effect of T2D on the bone healing. Indeed, the indices variation 
in the DTF group were significantly deeper as compared to group TF. The bone fracture in both TF and DTF 
groups had led to a significant decrease in antioxidants activity and/or level and a consistent increase in signs 
of oxidative damage. The concentration of MTs was also altered by trauma, but ina group-specific manner: 
an increase was noted in TF patients after trauma while in diabetes group a decrease in MTs was observed. 
Likewise, glutathione was strongly suppressed (by -64%) in DTF group. Tibia fracture provoked cytotoxicity 
which was manifested by increasing lactate dehydrogenase (LDH), cholinesterase and caspase-3 activity, the 
key effector of apoptosis in osteoclasts. The activity of alkaline phosphatase and total calcium increased only 
in TF group which demonstrated adequate remodelling process. The most prominent indices for groups split-
ting include ROS concentration, caspase 3, glutathione transferase and LDH activities mostly conjoint to DTF 
group. In sum, T2D impairs bone healing under condition of severe oxidative stress and cellular thiols deple-
tion which result in an increase in apoptosis and DNA fragmentation. Our findings establish a biochemical 
link between increased oxidative stress and reduced bone markers and provide a rational for further studies 
investigating the role of pro- and antioxidants in bone healing.
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F racture and trauma are accountable for an 
increasing fraction of the global burden of 
disorders, and show a major humane, socio-

economic, medical, and research challenge [1]. The 
expected outcome of a fracture is the bone healing, 
but up-to-date it is estimated that 5-10% of all pa-
tients with long bone fractures should develop im-
paired fracture healing processes due to numerous 
internal and external factors among them concomi-

tant pathology, nutrition, hormonal status and drugs 
[2, 3]. The tibia fractures in regards to the unique 
characteristics of this bone, are the most often af-
fected by the phenomena of disturbances of the bone 
healing process, in which non-union occurs in up 
to 10-20% of patients with tibial shaft fractures. 
In clinical practice, the fracture healing process is 
usually evaluated by physical and radiographic exa
minations. However, biomedically validated methods 
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to reflect healing progression and early warning of 
fracture healing complications have not been known 
yet. In this behalf, a valid spectrum of biochemical 
markers should be discovered to evaluate the effi-
ciency of the bone healing process [4].

Oxidative stress plays an essential role in the 
development and progress of different pathologies 
and complications [5, 6]. A regulated increase of 
ROS level would be crucial in the transmission of 
intracellular signaling that controls a lot of funda-
mental cellular processes such as proliferation, dif-
ferentiation, growth, apoptosis, repair processes and 
inflammation [7]. Indeed, oxidative stress violates 
the bone remodeling process causing a misbalance 
between osteoclasts and osteoblasts [8]. This can 
lead to metabolic bone disorders and impairment of 
the skeletal system in regards to low bone mineral 
density and decrease in bone mass, which makes the 
bone weak and more prone to fracture.

Diabetes mellitus is a metabolic disorder that 
enhances fracture risk and hinders fracture healing 
and bone formation [9]. Type 2 diabetes mellitus is 
associated with an increased risk of osteoporosis-
associated fractures [10] due to increased load on 
bone and the accumulation of advanced glycation 
end products in collagen, ROS generation, enhan
cing expression of cytokines such as tumor necrosis 
factor and inflammation [11, 12]. These factors affect 
both osteoblasts and osteoclasts bring to misbalance 
between cells, namely increased ratio osteoclasts/
osteoblasts and impair bone formation. Meanwhile, 
the relationship between hyperglycemia and fracture 
risk does not seem to be linear. Numerous studies 
have reported contradiction results, which some-
times varied from an increase in risk to a decrease 
in risk, when compared those with impaired glucose 
tolerance to those with normoglycemia [13]. 

Metallothioneins (MTs) are stress-responsive, 
cysteine-rich, metal-binding, intra- and extracellular 
(including serum) proteins that are induced by and 
adapts to numerous stressful conditions [14, 15]. Be-
sides the transition metal detoxification and radical 
scavenging, MTs were also found to play an impor-
tant role in immune response, cell proliferation and 
differentiation, and angiogenesis [14, 15]. MTs would 
build a thiol pool up in cell cytosol which is able to 
diminish the damaging effect of GSH depletion. MTs 
as the redox-sensitive adapter proteins could release 
Zn2+ from metal-thiolate clusters in response to pro-
oxidant milieu and oxidative damage [14], a status 
often found in the tissues of diabetic patients, obvi-

ously reflecting persistent hyperglycemia and could 
prevent diabetes or its complications by inactivation 
of MAPK pathways [16]. However, the information 
regarding MTs and, in particular extracellular, and 
its potentials for the effective regulation of ROS 
under diabetic conditions and particularly in com-
bination with additional pathology is not available 
in detail.

Therefore, the aim of the present work was to 
study the parameters of oxidative stress, metallothio-
neins (MTs), metabolic changes and cytotoxicity 
signs in blood of young men with (DTF group) and 
without (TF group) type 2 diabetes (T2D) mellitus 
who had a tibia fracture due to trauma in relation 
to specific markers of bone formation. According to 
our previous works [17-20], the set of stress-respon-
sive system’s indices includes the parameters of the 
oxidative stress, metabolic status, and metallothio-
neins.

Materials and Methods

Experimental design. We have screened the 
blood samples of 12 healthy volunteer fellows (C-
group), 12 fellows with tibia fractures (TF-group) 
and 12 fellows with tibia fractures (within 24 h of 
injury) and type 2 diabetes (T2D) mellitus (DTF-
group) (within 24 h of injury) aged 20-25 years who 
were admitted to the trauma ward of the Ternopil 
city hospital. Type 2 diabetes was defined for all pa-
tients, a fasting blood glucose level of 7-9 mmol/l, 
2 h post-challenge glucose 11.3-12.6 mmol/l, and 
a HbA1c 6.5-7.1%. Participants have been being at 
diabetes from the age of 15. No concomitant patholo
gy for T2D patients was identified. All patients gave 
written informed consent, and the study procedures 
were in accordance with the Declaration of Hel-
sinki. Ethics approval was given by the local ethics 
committee on human research. All applicable in-
ternational, national, and/or institutional guidelines 
for the care and use of animals were followed. All 
experimental studies were conducted in accordance 
with the rules of the National Congress on Bioethics 
(Kyiv, 2000) and the experimental protocol was ap-
proved by the Committee of Ethics in Ternopil Vo-
lodymyr Hnatiuk National Pedagogical University 
(No 2, 2018).

Venous blood samples were collected from tar-
get volunteers to chilled vacutainer tubes with no 
additives for serum isolation and to polypropylene 
tubes containing K2EDTA (1.5 mg/1 ml) as antico-
agulant for blood plasma isolation. Samples were  
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centrifuged at 1000×g for 15 min at 4 °C. After cen-
trifugation of blood samples, the obtained plasma/
serum kept frozen until measurements.

All the procedures on cells were carried out 
at 4 °C. All chemicals were purchased from Sigma 
Aldrich (St. Louis, USA) or Merck, and were of the 
analytical grade or higher.

Specific markers of bone formation. The cal-
cium and alkaline phosphatase (EC 3.1.3.1) were 
measured with diagnostic “LaChema” spectromet-
ric kits according to the manufacturer’s instructions. 

Oxidative stress parameters. Catalase activity 
(EC 1.11.1.6) was measured in whole blood samples 
by Aebi method [21], which is based on the decom-
position of hydrogen peroxide with the catalase de-
rived from the sample. The test mixture contained 
50  mg of protein in 50 mM K-phosphate buffer, 
pH 7.4 in the presence of 15 mM Н2О2 in total volu
me of 3.0 ml. The reaction was initiated by adding 
the appropriate volume of blood sample, and then the 
absorbance at 240 nm within a 60-second interval 
was determined. Enzymatic activity was calculated 
by the millimolar coefficient of the hydrogen peroxi
de’s absorbance (ε = -0.04 mM-1∙cm-1) and expressed 
in µmol/(mg of protein×min).

The content of oxyradicals in the superna-
tant of the whole blood sample (1:10 v/v) in 0.32 M 
sucrose, 20 mM HEPES (pH 7.4), 1 mM MgCl2, 
0.5  mM phenylmethylsulfonyl f luoride after it 
centrifuging at 16 000×g for 45 min at 4°C were 
determined using a ROS-sensitive fluorescent dye 
dihydrorhodamine which is converted by ROS to 
the fluorescent dye rhodamine-123 [22]. The probe 
fluorescence signal was detected by using f-max 
fluorescence plate-reader [excitation (ex.) = 485 nm, 
emission (em.) = 538 nm] at time 0 and after 20 min, 
and the rates of ROS formation were calculated from 
these two values. The oxyradicals were expressed in 
relative fluorescence units (RFU) per 1 mg of protein.

Protein carbonyl (PC) concentration, as an in-
dex of protein oxidation, was measured in the TCA-
treated blood samples by the reaction with 2,4-dini-
trophenylhydrazine (DNPH) [23]. Differences in the 
absorbance between the DNPH- and the HCl-treated 
samples were determined spectrophotometrically 
at 370 nm, and the amount of carbonyls was de-
termined by using the molar extinction coefficient 
of 2.2·104 M-1∙cm-1. Data were expressed as nmol 
PC·mg-1 of soluble extracted protein.

Lipid peroxidation (LPO) was determined in 
the protein-free supernatant of blood samples by 
the production of thiobarbituric acid-reactive sub-

stances (TBARS) [24]. The formation of TBARS 
was calculated by the intensity of the absorption 
of a pink-colored complex at 532 nm by the mo-
lar extinction coefficient of the complex equal to 
ε = 1.56·105 M‑1·cm-1. 

Cellular thiol pool. The content of total glu-
tathione was quantified in the blood plasma by the 
glutathione reductase recycling assay [25]. To es-
timate the oxidized glutathione (GSSG) level, the 
protein-free sample was treated with 2-vinylpyridine 
60 min prior to the assay at 2% final concentration 
[26]. The rate of 5-thionitrobenzoic acid formation 
was monitored spectrophotometrically at 412 nm. 
The concentration of reduced glutathione (GSH) 
was calculated as the difference of concentrations 
between total glutathione and its oxidized forms.

Metallothioneins (MTs) were determined in the 
blood plasma from thiols measure with 5,5′-dithio-
bis-2-nitrobenzoic acid according to the method of 
Viarengo [27] after the ethanol/chloroform extrac-
tion. The concentrations of MTs were calculated 
using the relationship: 1 mol MTs = 20 mol GSH and 
were expressed as μg of MTs per ml blood.

Glutathione-S-transferase (GST, EC 2.5.1.18) 
activity was measured in the blood plasma according 
to [28] using 1-chloro-2,4-dinitrobenzene as a sub-
strate. Enzyme activity was determined at 25 °C by 
monitoring changes in absorbance at 340 nm for 
2 min at constant temperature. The GST activity was 
expressed as nmol min-1∙mg-1 protein.

Markers of cytotoxicity. The activity of lactate 
dehydrogenase (LDH, EC 1.1.1.27) was determined 
in blood serum samples using the UV assay with 
pyruvate and NADH [29] by determining of the 
amount of NADH oxidation at 340 nm. A molar ex-
tinction coefficient of 6.22·106 M-1·cm-1 was used. 

Cholinesterase (ChE, EC 3.1.1.7) activity was 
determined in the blood serum as the acetylthiocho-
line-cleaving ChE activity at 25 °C according to the 
colorimetric method of Ellman et al. [30]. Enzyme 
activity was calculated using a molar extinction 
coeffi cient of 13.6·103 М-1·сm-1 and standardized to 
the soluble protein content [29]. 

For the characteristic of apoptosis, the activi
ty of an executor caspase-3 was detected in sam-
ples of volunteers’ blood serum. The protocol is 
based on the hydrolysis of peptide acetyl-Asp-Glu-
Val-Asp p-nitroanilide (Ac-DEVD-pNA) by cas-
pase-3 that produces a colored product p-nitroani-
line (pNA). p-Nitroaniline is evaluated at 405 nm 
(εmM = 10.5 mM‑1∙cm-1) [18, 31]. 
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The DNA damage was evaluated by the levels 
of protein-free DNA strand breaks in the 1:10 (v/v) 
blood serum in 50 mM Tris-EDTA buffer, pH 8.0 
which contains 0.5% sodium dodecyl sulphate (SDS) 
by the alkaline DNA precipitation assay [32] using 
Hoescht 33342 dye. To reduce the possible interferen
ce with traces of (SDS), the assay was carried out in 
the presence of 0.4 M NaCl, 4 mM sodium cholate, 
and 0.1 M Tris (pH 9). Probe fluorescence signal was 
detected using f-max fluorescence plate-reader (exci-
tation = 360 nm, emission = 450 nm). The content of 
fragmented DNA was expressed as a mass fraction 
of DNA strand break in a sample to the total DNA.

Statistical analysis. Data were tested for nor-
mality and homogeneity of variance by using Kol-
mogorov-Smirnoff and Levene’s tests, respectively. 
Whenever possible, data were normalized by Box-
Cox common transforming method. For the data 
that were not normally distributed even after the 
transformation, non-parametric tests (Kruskall–Wal-
lis ANOVA and Mann–Whitney U-test) were per-
formed. Pearson’s correlation test was used to assess 
correlations between the studied traits. Normalized, 
Box-Cox transformed data were subjected to the 
principal component analysis (PCA) to differentiate 
the individual specimens by the set of their indices. 
All statistical calculations were performed with Sta-
tistica v. 12.0 and Excel for Windows-2013. Differen
ces were considered significant if the probability of 
Type I error was less than 0.05.  For all biological 
traits and all studied groups, sample size was 12. 
The data are presented as means ± standard devia-
tion (SD).

The integrated biomarker response (IBR) in-
dexes were calculated using CALculate IBR Inter-
face (Calibri, https://liec-univ-lorraine.shinyapps.io/
calibri/) proposed by Laboratory for Continental En-
vironments (LIEC) of Lorraine University. We cal-
culated the IBR in terms of the most sensitive indices 
had selected using Discriminant analysis. The inte-
gral index of oxidative stress (IOS) was calculated 
as the ratio of antioxidants (catalase, glutathione re-
duced, metallothioneins, glutathione-S-transferase) 
to prooxidants (TBARS, protein carbonyls, ROS, 
glutathione oxidized) after data standardization. 

Results and Discussion

Effects of tibia fracture on oxidative stress pa-
rameters. The response of oxidative stress parame
ters after trauma have disclosed significant group-
specific relation (F3,20 > 9.1, p < 0.001). The indices 

variation in group DTF were significantly deeper as 
compared to group TF. The bone fracture in both 
TF and DTF groups had led to a significant decrease 
in antioxidants activity and/or level and a consistent 
increase in signs of oxidative damage. There was a 
significant decrease in the catalase activity in both 
groups TF and DTF patients as compared to the cor-
respondent controls (Fig. 1, A), particularly in DTF 
(by 82%). Meanwhile, a notable increase in the ROS 
formation, lipid peroxidation and protein carbony
lation was found for all studied groups of patients 
(Fig. 1, B-D).

Status of cellular thiol pool and bone markers. 
As a group, patients with fracture (combining those 
with T2D) had lower GSH reduced concentra-
tions, but not GSSG compared to controls (Fig. 2, 
A, B). GST activity was lower in examined patients 
without coexistent disease when compared to the 
correspondent control, but in persons with diabetes 
significantly increased (Fig. 2, C). The concentra-
tion of MTs was also altered, an increase was noted 
in patients after trauma without T2D while diabetes 
favored a decrease in MTs (Fig. 2, D).

Bone markers, calcium level and alkaline phos-
phatase activity were markedly increased only in 
TF-group, but decreased when DTF-group was ob-
served (Fig. 3).

Signs of cytotoxicity. Bone fracture had a sig-
nificant impact on caspase-3 activity (Fig. 4, A). The 
most prominent two-fold increase was revealed for 
patients of DTF-group. Nevertheless, bone fracture 
triggered apoptosis pathway, there were no differen
ces in DNA strand breaks between controls and pa-
tients with bone fracture both with or without com-
plications (Fig. 4). LDH activity and ChE activity 
were increased in patients, but in different range de-
pends on complications.

Data integration. The PCA analysis with NI-
PALS algorithm of the studied biological traits re-
vealed group-specific allocation of the biomarkers 
(Fig. 5, A). The principal component analysis showed 
that 85% of variation in the studied traits was ex-
plained by the first two principal components (PC 
1 and 2) (Fig. 5, A). Control and groups with disor-
ders were separated one from another in two plains: 
on the one hand control and groups with disorders 
were intelligibly divided along second principal 
component, on the other hand, groups with disor-
ders, TF and DTF were split up by first principal 
component. Control group reflected by GSH, than 
the DTF group was conjoint to ROS concentration, 
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Fig. 1. Oxidative stress parameters in the blood of young men without (TF) and with (DTF) diabetes as con-
comitant pathology soon after a tibia fracture. Data for A: Catalase, B: reactive oxygen species, C: TBARS, 
D: protein carbonyls, are present as means ± SD (n = 12). Here and there, * means that the values in volun-
teers of control group (C) and patients with (DTF group) and/or without (TF group) type 2 diabetes mellitus 
who had a tibia fracture are differed significantly (P < 0.05); Δ discloses significant changes between patients 
of DTF group and TF group
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caspase 3, GST and LDH activities. The largest data 
set was associated with the TF group and included 
bone markers (Ca concentration, ALP activity), pro-
tein carbonyls, MTs and ChE activity. Moreover, 
TF group associated with “positive” parameters re-
flected adequate bone healing, but DTF with “nega-
tive” namely ROS, TBARS and caspase-3 activity 
when integral biomarker response (IBR) index was 
calculated (Fig. 5, B). Also, we calculated integral in-
dex of oxidative stress (IOS) using studied oxidative 
stress parameters after standardization and it showed 
deeper oxidative injury in DTF patients than in TF 
one (IOS = -34% for TF group and -55% for DTF 
group).

TF patients demonstrated an increase in the 
alkaline phosphatase activity in the site of callus 
formation soon after fracture [33], whereas a de-
crease in alkaline phosphatase activity took place 

in the DTF group. Osteocalcin levels were followed 
by a considerable reduction in bone formation [34]. 
In the present study, the activity of alkaline phos-
phatase and total calcium increased only in TF pa-
tients which emphasized the adequate remodelling 
process in this group. Meanwhile, patients of DTF-
group with diabetes demonstrated deep inhibition of 
alkaline phosphatase conjoined with decreasing in 
calcium level (r = 0.85, P < 0.001). This inhibition 
might be due to the overload by the products of oxi-
dative damage, which could inhibit osteogenic cells 
that provide osteocalcin, alkaline phosphatase, and 
other proteins. Obviously, the amount of ROS and 
oxidative lesions in diabetes patients when they face 
bone fractures should be corrected by antioxidants 
therapy for better recovering. Supporting our sup-
position, it has been found that antioxidants (vita-
mins A, E, and C) administration could accelerate 
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Fig. 3. Total calcium concentration (A) and alkaline phosphatase activity (B) in the blood of young men with-
out (TF) and with (DTF) diabetes as concomitant pathology soon after a tibia fracture. Data for the indices 
are present as means ± SD (n = 12)

Fig. 2. The status of thiol pool in the blood of young men without (TF) and with (DTF) diabetes as concomitant 
pathology soon after a tibia fracture. A: GSH, B: GSSG, C: glutathione-S-transferase activity and D: metal-
lothioneins. Data are present as means ± SD (n = 12)
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bone healing and has resulted in higher osteocalcin 
level and the activity of alkaline phosphatase in the 
plasma of patients [35], but further study is needed. 

In last decades it has been proven that the en-
hanced oxidative stress could affect the osteoblast 
differentiation, proliferation or cell death [36, 37]. 

The one possible mechanism of ROS-mediated os-
teoclast/osteoblast metabolism and bone remode
ling should relate to the stress-sensitive regulator of 
cellular homeostasis, namely Nuclear factor (eryth-
roid-derived 2)-like 2 (Nrf2). Up-to-date the experi-
mental evidence for the effect of Nrf2 on the bone 
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Fig. 4. Biomarkers of cytotoxicity in the blood of young men without (TF) and with (DTF) diabetes as concom-
itant pathology soon after a tibia fracture. Data for A: caspase 3 activity, B: DNA strand break, micronuclei, 
C: lactate dehydrogenase activity, D: cholinesterase activity are present as means ± SD (n = 12)

remodeling and healing is limited [38, 39]. It was 
shown that Nrf2 deficiency leads to enhanced bone 
turnover and the predominance of bone resorption 
[39]. When tibia fracture befalls, ROS overflow oc-
cur. Moreover, as shown on the present experimental 
model, the ROS accumulation (in particular in DTF 
group) coupled with the impair of cellular thiols, 
namely MTs and glutathione, disturbed bone healing 
after fracture. Obviously, manipulations with Nrf2 
should optimize efficiency of bone remodeling via 
regulation of antioxidants/prooxidants balance, al-
teration of oxidative stress genes and affection of 
mitochondrial ROS production [40], but further stu
dies are needed.

Levels of free radicals have been reported to 
be increased in the osteoporosis, chronic inflamma-
tory diseases and diabetes [41]. In the present study, 
both TBARS and protein carbonyls increased in all 
studied patients, but the integral oxidative stress 
index revealed subtle difference in DTF vs TF ap-
peared as more serious oxidative damage in DTF 
persons. Meanwhile, bone fractures have stimulated 
the overproduction of free radicals by a number of 
phagocytes, diabetes itself caused a reduction in an-

tioxidant levels, because of high level of advanced 
glycation end products that are able to increase ROS 
formation and impair antioxidant systems [42]. Ob-
viously, all these initials should entail an increase in 
susceptibility to oxidative stress. Also, the long-term 
impact of oxidative stress on bones under diabetes 
could impair regulation and proliferation of osteo-
cytes, osteoclasts and mesenchymal stem cells and 
as a result impair bone healing after fracture [36, 43].

It has proved by TUNEL labeling of murine 
models that apoptosis should play an important role 
at the beginning of bone remodeling during frac-
ture healing, but its role has remained contradictory. 
On the one hand, caspase-3 deficient mice showed 
significant skeletal defects, which were related to 
reducin proliferation rates and impaired osteogenic 
differentiation of bone marrow stromal stem cells 
[44]. Furthermore, caspase-3 inhibitor evoked ad-
vanced bone loss in ovariectomized mice [44]. On 
the other hand, lower level of apoptosis-related fac-
tors Cyt C, Apaf-1 and caspase-9 in bone tissue of 
patients after alendronate treatment was in a good 
correlation with higher bone density and faster bone 
metabolism [45]. Also, apoptosis of osteocytes in 
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Fig. 5. A: Principal component analysis with NIPALS algorithm of all biological traits of young men without 
and with diabetes as concomitant pathology soon after a tibia fracture. B: The graphical representation of 
the integrated biomarker response index of young men without and with diabetes as concomitant pathology 
soon after a tibia fracture
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mice caused an increas in osteocytic RANKL, pre-
cedes bone resorption and bone loss [46]. Highly 
likely, apoptosis in osteocytes increased (due to cas-
pase 3 activation) when a tibia fracture accompanied 
by T2D and impair bone healing. It agrees with se-
rious oxidative damage, low level of bone markers 
namely calcium and ALP which were signifi-

cantly decreased: Cas-3 = -0.014 + 0.0011×ROS* – 
0.056×Ca + 0.00005×ALP, F3,20 = 28.32, P < 0.0001. 

It has been asserted that MTs play an antia-
poptotic role in the post-traumatic process owing 
to strong antioxidant properties and anti-inflam-
matory potentials [15]. our results revealed that 
MTs response to trauma depended on person’s 
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initial health status. T2D impaired MTs ability to 
protect organisms against overexpressed ROS and 
subsequently deeper oxidative stress (according to 
IOS) and higher intensity of apoptosis in DTF pa-
tients. Our results are consistent with reported data 
showing that MT-null mice were more susceptible 
to CdCl2-induced bone injury than wild-type mice. 
They were characterized by the more marked loss of 
bone mass related to dry bone weight, defatted bone 
weight, bone ash weight, and total calcium content 
[47]. 

In the present study, we observed a statistically 
significant increase in GST activity in DTF group as 
compared to controls and TF (Fig. 2). Increased level 
of GST seen in DTF persons with diabetes could 
be a manifestation of increased ROS generation as 
a result of prolonged hyperglycemia as well as a 
significant decreasing in GSH in mentioned group 
[48]. The correlation analysis revealed that GST and 
GSH are in a reverse correlation (r = -0.67, P < 0.01), 
which is in accord with previous studies [48, 49]. 
Obviously, GST is highly likely to have a protective 
role in patients with diabetes after a tibia fracture but 
the increase in GST would not be sufficient enough 
to tackle ROS. 

Cholinergic components and antagonist of ace-
tylcholine receptors affect bone metabolism [50, 51]. 
In particular recent studies have proven that cho-
linesterase is essential for osteogenesis and chon-
drogenesis [52]. Also, acetylcholine induced cell pro-
liferation and reduced alkaline phosphatase activity 
via nicotinic and muscarinic acetylcholine receptors 
in murine primary osteoblasts in vitro [50]. Our re-
sults clarified a close relation between cholinesterase 
and alkaline phosphatase soon after a tibia fracture 
(r = 0.92, P < 0.001). Highly likely cholinesterase 
plays a possible role in bone healing via regulating 
the proliferation and differentiation of osteoblasts.

To sum up, the integrated analysis of stress-
responsive systems and signs of molecular lesions 
underlined the common and particular features of 
bone healing in young men without and with dia-
betes. In general inhibition of enzymatic and non-
enzymatic antioxidants, the redox-equilibrium shift 
to the prooxidant processes, activation of caspase-
mediated apoptosis and the disturbance of the balan
ce of anaerobic/aerobic glycolysis occurred in pa-
tients soon after a tibia fracture. Diabetes mellitus 
(T2D) promotes specific features of healing related 
to glutathione-S-transferase activation and specific 
bone markers, namely total calcium level and alka-

line phosphatase deterioration. Also, diabetes melli-
tus strongly affected the cellular thiol pool, including 
metallothioneins and reduced glutathione. Moreover, 
inhibition of cellular thiols was in a good agreement 
with breakdown of studied specific markers of bone 
healing (r > 0.82, P < 0.001). Further studies are 
needed to clarify the potentials of antioxidant thera-
py after bone fracture, in particularly upon with dia-
betes in order to attenuate the negative effects caused 
by ROS.
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Цукровий діабет – метаболічне захворю-
вання, яке супроводжується підвищеним ризи-
ком переломів та порушує процес формування 
кісткової тканини. Метою нашої роботи було 
оцінити параметри окисного стресу, вміст ме-
талотіонеїнів (МТ), метаболічні зміни та озна-
ки цитотоксичності в крові молодих чоловіків 
з переломами великогомілкової кістки хворих 
на діабет 2-го типу (DTF-група) та які не мали 
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відповідної патології (TF-група) у функціональ-
ному взаємозв’язку з показниками формування 
кісткової тканини. Вміст активних форм оксиге-
ну (АФО) визначали за допомогою специфічно-
го флуоресцентного барвника дигідрородаміну, 
фрагментацію ДНК оцінювали використовую-
чи флуоресцентний барвник Hoescht 33342, ак-
тивність каспази-3 вимірювали за допомогою 
ацетил-Asp-Glu-Val-Asp п-нітроаналіду. Інші 
показники визначали стандартними спектро-
метричними методами. Згідно з одержаними 
результатами діабет 2-го типу істотно впливав 
на загоєння перелому. Зміни показників в об-
стежених групи DTF були істотнішими порів-
няно з групою TF. У пацієнтів TF- та, особливо, 
DTF-груп перелом кістки зумовлював значне 
пригнічення активності та/або зменшення рівня 
антиоксидантів узгоджено зі збільшенням ознак 
окисного ушкодження. Перелом гомілкової кіст-
ки також детермінував групово-специфічні змі-
ни вмісту металотіонеїнів. Зокрема, у пацієнтів 
групи TF за перелому вміст МТ збільшувався, 
тоді як діабет спричиняв зменшення показника. 
Також у групі DTF істотно зменшувався і вміст 
іншого клітинного тіолу – глутатіону (на -64%). 
Перелом великогомілкової кістки призводив 
до прояву ознак цитотоксичності, в тому чис-
лі збільшував активність лактатдегідрогенази 
(ЛДГ), холінестерази та каспази-3 – ключового 
ефектора апоптозу в остеокластах. Активність 
лужної фосфатази та вміст кальцію як показни-
ків ефективного процесу ремоделювання кістко-
вої тканини зростали лише у TF-групі. До най-
вагоміших показників для диференціації груп 
належать концентрація АФО, активність каспази 
3, глутатіонтрансферази і ЛДГ, які, в основному, 
асоціюються з групою DTF. Відтак, діабет 2-го 
типу порушує процес загоєння кісткової ткани-
ни за умов тривалого окисного стресу та висна-
ження клітинного пулу тіолів, які зумовлюють 
ініціацію апоптозу та фрагментацію ДНК. Одер-
жані результати відображають функціональний 
взаємозв’язок між посиленням окисного стресу 
та пригніченням маркерів ефективного ремоде-
лювання кістки і є підґрунтям для подальших 
досліджень з вивчення ролі про- та антиокси-
дантів у загоєнні кісток. 

К л ю ч о в і  с л о в а: перелом гомілки, 
окисний стрес, діабет 2-го типу, показники фор-
мування кісток.
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