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THE ROLE OF MATRIX

METALLOPROTEINASES
AND THEIR INHIBITORS IN PATIENTS
WITH LOCAL COLD INJURY

The urgency of the local cold injury (LCI) on the territory of the Russian Federation is conditioned by its geographical position, significant specific
weight in the structure of the general traumatism, difficulties of etiopathogenetic therapy, disappointing treatment results, which leads to frequent

loss of ability to work and permanent disability.

The aim of the study was to identify the dynamics of the level of collagenases of the second subfamily (MMR-2, MMR-9) and their inhibitors
(TIMP-1 and TIMP-2) in the blood of those, who sustained local cold injury.

The study included 60 patients with frostbite of the distal segments of the lower extremities. The level of MMR-2, MMR-9, TIMP -1 and TIMP - 2
was studied on the 5th and 30th days after the frostbite using a multiplex blood test with a set of biomedical reagents.

In patients with frostbite, the level of MMR-2 and MMR-9 in the blood serum increases relative to the control group in the early stages of cryo-
damage, as well as an increase in the index of the markers studied directly proportional to the volume of the affected tissues. A similar dynamics
was observed in the study of parameters of matrix metalloproteinase inhibitors. Based on the obtained data and analysis of the linear regression
equation, a predictive model was formed that allows us to suspect the level of tissue damage in the early stages of local cold injury with high ac-

curacy.

Keywords: local cold injury, endothelial dysfunction, matrix metalloproteinases, inhibitors of matrix metalloproteinases.
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eration is conditioned by its geographical
position, significant specific weight in
the structure of the general traumatism,
difficulties of etiopathogenetic therapy,
disappointing treatment results [4,7,8].
The frequent loss of ability to work and
high percentage of disability indicate the
need for further studies of pathogenetic
mechanisms of cryodamage. The study
and identification of new markers of local
cold injury contributes to an earlier diag-
nosis of the volume of tissue lesions, the
creation of qualitatively new approaches
to the complex treatment of frostbite of
the extremities, as well as successful and
fastest rehabilitation of patients [1, 8].

In recent years, scientific works clear-
ly show the deepening of research by
domestic and foreign authors on the
features of the pathogenesis of cryo-
damage, early diagnosis of the volume
of affected tissues, methods of surgical
treatment of deep frostbite of the extrem-

ities and rehabilitation of patients [4, 8].
There is no doubt that endothelial dys-
function plays a fundamental role in the
pathogenesis of frostbite [7-10]. Endothe-
liocytes damaged by cold and secondary
alterations, as well as cells attracted to
the focus of inflammation, increase a
large number of biologically active sub-
stances, including matrix metalloprotein-
ases (MMR) and their inhibitors (TIMP).
Recent studies have shown that colla-
genases, as well as their inhibitors, play
a significant role in the pathogenesis of
connective tissue damage and its fibrosis
in various pathologies [2]. Collagenases
are Zn2+ and Ca2+ dependent induced
endogenous peptidases involved in tis-
sue rearrangement, by the destruction
of its organic components, as well as the
exchange of proteins of the interstitial ma-
trix [2, 3]. MMR secretion is influenced by
cytokines released by endotheliocytes, fi-
broblasts, macrophages, platelets [3, 10].
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Relatively recently, it has been estab-
lished that MMR can be activated by low
pH, hyperthermia and hypothermia, as
well as by processes of lipid peroxidation
[14]. MMR of the second subfamily play
an important role. These include type
IV endopeptidases-MMR-2 and MMR-9.
This group of matrix metalloproteinases
remodels native collagen, changing its
conformation, which makes it difficult for
cells to migrate to tissues for the imple-
mentation of inflammatory processes.

Tissue inhibitors of MMR are proteins
that regulate the balance of connective
tissue collagen, forming high-affinity
complexes with collagenases, thereby
leveling the pathological processes pro-
voked by matrix metalloproteinases. The
main sites of TIMP expression are the
bone tissue and ovaries [8, 9, 16].

Collagenase inhibitors (TIMR-1 and
TIMR-2) are little-known and unexplored
biomarkers of alterations. Although in
medical practice, these biomarkers are
used quite successfully in stratifying
the risks of undesirable cardiovascular
events, arterial hypertension, diabetes
mellitus, chronic renal failure and compli-
cated obstetrics [4, 9, 10]. Evaluating the
effectiveness of pathogenetically based
therapy is extremely relevant and prom-
ising for patients with local cold trauma.

It should be noted that the optimal tar-
get values in the blood of MMR and TMR,
which should be equalized in the course
of research, are not yet regulated. At the
same time, the scientific justification for
determining the target values of mark-
ers of collagen balance, which plays an
important role in proliferative processes
closely related to the course of the wound
process, can help control the quality of
therapy and allow predicting the course
of the wound process in cryodamage.

Purpose of research: to determine
the dynamics of the level of collagenases
of the second subfamily (MMR-2, MMR-

9) and their inhibitors (TIMP-1 and TIMP-
2) in the blood of those, who sustained
local cold injury.

Research materials and methods.
The study included 60 patients (40 men
and 20 women), 20 of them with frost-
bite of the toes (group 1), in the second
group of victims, the lesion spread to
the pretarsal-molar joint (n=22), group
3 — patients with frostbite of the more
proximal parts of the lower limb (n=18).
Depending on the volume of the affected
tissues, the study was performed on the
5th day after the injury. The average age
of patients was 3517 years. The level of
MMR-2, MMR-9, TIMP -1 and TIMP - 2
was measured on the 5th and 30th days
after frostbite in the same patients using
a multiplex analysis of serum with a set
of biomedical reagents. All patients were
treated at the regional burn center on the
basis of GUZ "City clinical hospital No.
1" in Chita with local cold injury of llI-IV
degree in the period from 2018 to 2019.

The control group consisted of rela-
tively healthy people aged 30110 years
(n=28).

All patients and volunteers gave their
written voluntary informed consent, in
accordance with the requirements of the
Helsinki Declaration of the world medical
Association (ed. 2013)

The exception group included patients
with severe somatic pathology: inflam-
matory processes of various localiza-
tion, obliterating diseases of the arteries,
nerve damage of the extremities, diabe-
tes, hypertension, alimentary exhaustion
and obesity, and individual dependence
of various Genesis.

Statistical processing of the research
results was carried out using the IBM
SPSS Statistics Version 25.0 software
package. The data obtained were sys-
tematized in the form of a median and a
confidence interval. Considering the size
of the control group of no more than 50

people, the normality of the distribution
of features was assessed using the Sha-
piro-Wilk criterion. The statistical signifi-
cance of the differences in indicators was
assessed by comparing the critical and
calculated values of the Kraskel-Wallis
criterion with the subsequent determi-
nation of the significance level p. For a
more precise description of the identi-
fied trends used the Mann-Whitney test,
which allows to evaluate the performance
differences between comparing groups in
pairs with application of a Bonferroni cor-
rection when assessing the value of R.
To assess the relationship between indi-
cators we used the Spearman correlation
coefficient (p). Based on the obtained
values of p we revealed the closeness
of the connection on a scale of Chedoke
and its direction (direct or reverse). Sub-
sequently, we calculated a segregated
coefficient of determination, which shows
the proportion of the explained depen-
dence. The predictive model is built by
linear regression.

The results and discussion. We note
an increase in the level of MMR-2 and
MMR-9 in serum in patients with frostbite
relative to the control group in the early
stages of frostbite. The level of MMR-2
decreased to the values of the control
group, and the indicators of MMR-9 re-
mained significantly higher than normal
later in the period after the injury. This fact
pathogenetically justifies a large number
of complications in patients with frostbite.

In the late reactive period, the serum
level of MMR-2 in patients with cryodam-
age is 3.4 times higher relative to con-
trol (p=0.011), on day 30-the values of
MMR-2 do not differ in control indicators
(p=0.103) (Table 1). The level of MMR-9
in patients with local cold injury on day 5
is 14.5 times higher than the control indi-
cators (p=0.002), on day 30 — 12.5 times
higher relative to the group of healthy vol-
unteers (p<0.001) (Table 1).

Table 1

The content of matrix metalloproteinases and their inhibitors in the blood serum of victims with local cold trauma

in different periods of cryodamage

Study group MMP—2 MMP-9 TIMP-1 TIMP—2
Control group _ _ 734.4 (75% AW 733.51 — | 247.2 (75% AN 232.19 —
Yl 2.3 (75% 11 2.16 — 2.45) | 32.00 (75% [V 28.55 — 35.37) 2 050) o)

0 _ 0, —
First group (5 day)  |7.97 (75% [V 7.59 — 8.20)|448.86 (75% V1 418.33 — 466.28)| 1272 (7f3ﬁ§§45)1230'83 555.2 (7%’8%‘:'”528'46
(n = 30) b <0.001 b <0.001 o000l byar

0 _ 0, _
Second group (30 |4.53 (75% A1 4.27 — 4.92) |354.14 (75% 1M1 343.65 — 375.35)| 14810 (7156/;"6Z[§/I9)1462'76 478.4 (7§g°5ﬂ5”5)472'65
day) p <0.001 p <0.001 ) '
(n=30) <0.001 <0001 p <0.001 p<0.001

Py<5: Py= o p, <0.001 p,=0.024

p — reliability of the difference in indicators relative to control; pl-reliability of the difference in indicators relative to patients with frostbite

in the late reactive period.
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In patients with cryodamage of distal
stop, the level of MMP-2 was 2.1 times
higher relative to the control (p<0.001), in
patients with frostbite more proximal seg-
ments of the foot — the value of MMP-2
to 2.6 times higher than the benchmarks
(p<0.001). The level of MMR-2 in victims
with the most severe frostbite is 3.5 times
higher than the control values (p<0.001)
(Table 2). The level of MMR-9 in victims
with frostbite of the toes is 4.9 times high-
er than the control indicators (p<0.001),
and in patients with more severe frostbite
— 10 times higher relative to the control
group (p<0.001) (Table 2). In patients
with group 3 frostbite, the level of MMR-
9 increased by 14.5 times relative to the
control values (p<0.001) (Table 2).

In the late reactive period in patients
with cryodamage, the TIMP-1 level is
1.7 times higher relative to the control
(p<0.001), on day 30 — the TIMP-1 value
increased 2 times relative to the control
(p<0.001) (Table 1). The TIMP-2 Level
in patients on day 5 from the moment of
cryodamage is 2.3 times higher than the
control indicators (p<0.001), on day 30
— 2.2 times higher relative to the control
group (p<0.001) (Table 1).

In patients with cryodamage of distal
stop, the level of TIMP-1 in the blood
2 times higher relative to the control
(p<0.001), in patients with frostbite
more proximal segments of the foot —
value TIMP-1 is 1.8 times higher than
the benchmarks (p<0.001). The level
of TIMP-1 in the patients with the most
severe frostbite is 1.6 times higher than
the control values (p<0.001) (Table 2).
The level of TIMP-2 in patients with local
cold injury of the toes is 2.1 times higher

than the control indicators (p<0.001), in
patients with more severe frostbite — 2.2
times higher relative to the control group
(p<0.001) (Table 2). In patients with
group 3 frostbite, the level of TIMP-2 is
2.3 times higher than the control value
(p<0.001) (Table 2).

The data obtained during the study in-
dicate an increase in the content of matrix
metalloproteinases and their inhibitors in
the blood serum of those, who sustained
cold trauma. At the same time, signifi-
cant dynamics of the studied markers
does not occur in the long-term period of
cryodamage. Probably, during frostbite, a
significant failure in the remodeling of the
cytoskeleton, tissue repair, angiogenesis
occurs, and there are prerequisites for an
atypical, prolonged course of reparative
processes.

Previously conducted research in pa-
tients with deforming arthrosis, in com-
plicated obstetrics, in patients with CHD,
aimed at detecting matrix metalloprotein-
ases and their inhibitors, also revealed
a persistent increase in the level of the
studied predictors in the serum of pa-
tients [2, 5, 10, 11]. Scientists have con-
cluded that metalloproteinases are one of
the pathogenetic causes of chronization
of any pathology [5, 6]. It is possible that
collagenases are the predictor of the ad-
verse course of local cold injury. This is
also proved by the large number of ad-
verse consequences of injury. According
to a number of authors, complications are
present in the majority of patients with lo-
cal cold trauma [3, 4, 9].

The increased content of matrix metal-
loproteinase inhibitors probably indicates
an attempt on the part of the body to sta-

bilize the emerging catastrophe in the
center of alterations. We found a sharp
increase in TIMP-1 and TIMP-2 in all pe-
riods of cryodamage. Attention is drawn
to the fact that there is no correlation of
TIMP in patients with the most extensive
lesions and the mildest injury limited to
the toes. It is also necessary to indicate
that the level of TIMP does not decrease
for 30 days from the moment of cryo-
damage. This phenomenon is probably
associated with the death of bone tissue,
since inhibitors of matrix metalloprotein-
ases are deposited mainly in osteocytes
[2, 6, 11, 18].

Thus, there is a high degree of paral-
lelism between the value of matrix metal-
loproteinases and their inhibitors in blood
serum and the level of damage to the
distal segments of the lower extremities
(Table 3).

According to modern scientific data,
with fibrotic tissue disorganization, the
MMR index decreases, and the level of
their inhibitors on the contrary increas-
es. When collagen is degraded, on the
contrary, the content of collagenases
increases, and inhibitors decrease [2,
12]. In patients with frostbite, we see an
increase in all the studied biomarkers of
the matrix metalloproteinase system and
their inhibitors, even in the case of a rela-
tively mild cold injury.

Relatively recently, V. A. Tumansky
and T. A. Khristenko [6] have shown that
MMP and TIMP levels are significant-
ly increased in patients with pancreatic
cancer. Given that the complex of MMP
and TIMP is formed by the "key-lock"
type [5, 6], the authors suggested that
the increase in the level of such biologi-

Table 2

The content of matrix metalloproteinases and their inhibitors in the blood serum of victims with local cold trauma
depending on the volume of affected tissues

Study er MMP-2 MMP-9 TIMP-1 TIMP-2
y group (ng/ml) (ng/ml) (ng/ml) (ng/ml)

Control group B 32.00 (75% I 28.55 — | 734.4 (75% A 733.51 — | 247.2 (75% IV 232.19 —
(n=28) 2.3 (75% 1 2.16 - 2.45) 35.37) 770.20) 257.81)

. } 126.50 (75% I 126.99 — | 1488.0 (75% [T 1420.76 — | 513.6 (75% JIV1 486.84 —
(Fliritzgor;’up 465 (75% U 143 -4.77) 147.95) 1540.74) 529.16)
p=0. p<0.001 p<0.001 p<0.001

} 314.50 (75% JIA 31529 — | 1292.8 (75% JI 1252.00 — | 536.8 (75% JIM 495.50 —
Second group 6.78 (75% I 8.75 = 7.14) 326/41) 1352.05) 576.50)
(n=22) p < 0.001 p<0.001 p<0.001 p<0.001
Py =9 p, <0.001 p,=0.159 p,=0.778

7.97 (75% I 7.59 — 8.20) | 448.86 (72;/% é{g 41833 | 1259.2 (7152/31 2):[;15 1230.83 — | 555.2 (755074,8%121 528.46 —
Third grou p<0.001 28) 35) 94)
1rd group <0.001 p <0.001 p <0.001 p <0.001
(n=18) P2 0001 p, <0.001 p, <0.001 p=0.013
P =% p, <0.001 p,=0.007 p,=0.021

p — reliability of the difference in indicators relative to control; pl-reliability of the difference in indicators relative to 1 group of patients;
p2-reliability of the difference in indicators relative to 2 groups of patients.



cal "locks" is a reflection of the antitumor
reaction and cells with an attempt to limit
the focus of alterations. It is possible that
a similar biological phenomenon of cell
microenvironment formation is realized
in patients with frostbite, aimed at delin-
eating the focus of damaged tissues by
rough remodeling of the extracellular ma-
trix and changing the conformation of the
cell membrane.

MMR 2 in combination with other col-
lagenases is known to inhibit angiogen-
esis. This phenomenon is associated
with their ability to form antiangiogenic
peptides by converting plasminogen into
angiostatin, which inhibits proliferation
and exacerbates endothelial cell apop-
tosis [6, 13]. This is another confirmation
of the probable biological feasibility of
increased MMR expression in patients
with frostbite. Inhibition of microcircula-
tion was confirmed by our earlier stud-
ies in patients with local cold trauma [3,
8, 9]. Collagenases have been found to
have an inhibitory effect on inflammation
by processing a significant amount of
chemokines, including pro-inflammatory
interleukins. Probably, the inhibitory ef-
fect of MMR-2 is associated with wors-
ening endothelial dysfunction and the
formation of a large number of adverse
sequential reactions, forming a kind of
protective reaction of the body to increas-
ing perifocal inflammation [3].

It was found that the level of IL-1, IL-
8, IL-12 and TNFa in the blood was in-
creased during all periods of cryodamage
[9, 10]. However, in the later periods of
frostbite, the level of Pro-inflammatory
interleukins decreases, but still remains
above normal values. However, the level
of MMR-9 remains high in patients and
in remote periods of local cold injury.
Synthesis of these metalloproteinases
occurs mainly in macrophages, as well
as platelets, which realize their functions
in the interstitial [6, 14]. One of the fea-
tures of MMR-9 is the chemotaxis of fi-
broblasts into the interstitial space for the
implementation of repair processes [12,
16, 17]. On the other hand, MMR-9 con-
tributes to collagen desmoplasia [11, 15].
Remodeling of collagen in the lesion site
provokes discoordination of proliferation
and, as a result, a prolonged and unfa-
vorable course of the wound process.

Based on the analysis of the linear
regression equation, which included the
initial indicators (values of matrix metal-
loproteinases and their inhibitors), the
significance of indicators in the structure
of the predictive model was determined
(Table 4).

Considering the
icance, the TIMP-1

insufficient  signif-
indicator was re-
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Table 3

The actual degree of parallelism between the value of matrix metalloproteinases
and their inhibitors and the level of damage to the lower extremities

Parameter Spear(r:réitllﬁcccigﬁlatlon Statistical significance (ﬁle;a;g}:hglf’ (S:tﬁzg(g)g;
MMP-2 0.797 <0.001 High straight
MMP-9 0.907 <0.001 High straight
TIMP-1 - 0.186 0.002 Weak reverse
TIMP-2 0.381 <0.001 Moderate straight

Table 4

Significance of indicators in the structure of the predictive model

Non-standardized coefficients S;ggg?g%ﬁfsd
Model Significance
B Standard error beta T in the model
structure
Constant -0.466 0.181 -2.575 0.011
MMP-2 0.165 0.017 0.378 9.578 0.0001
MMP-9 0.003 0.0001 0.511 12.970 0.0001
TIMP-1 -6.809 0.0001 -0.019 -0.643 0.520
TIMP-2 0.001 0.0001 0.136 4.170 0.0001

Table 5

Summary for the resulting predictive model

Model R R2 adjusted R? The standard
error of estimate
K=0.165 x MMP-2 + 0.003 x
MMP-9 + 0.01 x TIMP-2 - 2.5 0.87310.763 0.760 0.451

moved from the structure of the original
model. As a result, a pattern was deter-
mined by repeated linear regression,
which is expressed by the formula: K =
0.165 x MMP-2 + 0.003 x MMP-9 + 0.01
x TIMP-2 — 2.5, the name of the units of
measurement of indicators is ng/ml. At
values Of K from 1.0 to 4.4, frostbite of
the toes is diagnosed, at K from 4.4 to
5.4, the lesion boundary extended to the
pre-tarsal-metatarsal joint, more than 5.4
- to the level of the lower third of the lower
leg (Table 5).

Taking into account the value of the
adjusted coefficient of determination
(0.760), we can consider the relationship
between the coefficient of K and the level
of damage to the distal segments of the
lower extremities in local cold trauma to
be quite strong.

Consequently, the analysis of the ob-
tained data allows to establish that in-
creased expression of collagenase and
their inhibitors reflects the severity and
course of the cold injury due to endotheli-
al dysfunction and formation of fibrosis in
the lesions and the perifocal. It is possi-
ble that an imbalance of the collagenase

system can cause structural and func-
tional changes in the extracellular matrix
and cellular structures, contributing to
their pathological remodeling and fibrosis
[3,7,9,10].

Conclusions:

1. It was found that the level of ma-
trix metalloproteinases increases in the
blood of patients with local cold injury.
The increase in the collagenase index
in the blood serum of patients is directly
proportional to the severity of the injury.

2. It is revealed that the performance
of inhibitors collagenase increased sig-
nificantly in all periods of cryodamage. In-
creasing levels of inhibitors collagenase
is not directly dependent on the severity
of cold injury.

3. The pattern formed on the basis of
the studied markers can serve as a pre-
dictive criterion for early determination of
the severity of cryodamage.
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