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Abstract. Cells of various organs and systems perform their functions and intercellular interactions not in an inert en-
vironment, but in the microenvironment of tissue fluids. Violations of the normal drainage of tissue fluids accompany
lymphedema. An important mechanism of angiogenesis and vasculogenesis regulation in tissue fluids is the produc-
tion and reception of vascular endothelial growth factors in combination with the regulation of matrix metallopro-
teinases. The aim of the work was to perform: a comparative analysis of some polymorphisms of vascular endothelial
growth factor and their receptors and the genes encoding matrix metalloproteinases in two forms of lymphedema;
an analysis of the relationship of these genes’ polymorphisms with the levels of vascular endothelial growth factor
and matrix metalloproteinases and their inhibitors in serum and affected tissues. Polymorphism of VEGF (rs699947,
rs3025039), KDR (rs10020464, rs11133360), NRP2 (rs849530, rs849563, rs16837641), matrix metalloproteinases MMP2
(rs2438650), MMP3 (rs3025058), MMP9 (rs3918242), Timp1 (rs6609533) and their combinations were analyzed by the
Restriction Fragment Length Polymorphism method and TagMan RT-PCR. The serum and tissue fluid levels were deter-
mined using the ELISA test system. Changes in the frequency distribution of MMP2 genotypes in primary and MMP3 in
secondary lymphedema are shown. Significant frequency differences in NRP2 genotypes were revealed by comparing
primary and secondary lymphedema. Features of the distribution of complex genotypes in primary and secondary
lymphedema were revealed. The correlation analysis revealed the interdependence of the concentrations of the MMP,
TIMP and VEGF products and differences in the structure of the correlation matrices of patients with both forms of
lymphedema. It was shown that, in primary lymphedema, genotypes associated with low MMP2 and TIMP2 in serum
and tissue fluid are detected, while in secondary lymphedema, other associations of the production levels with com-
bined genetic traits are observed.
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Polymorphism of VEGF/VEGFR and MMP/TIMP genes
and levels of corresponding proteins in lymphedema

AHHOTaLMA. KneTky pasfinyHbIX OpraHoB 1 CUCTEM OCYLLECTBAAIT CBOUN GYHKLIMUN U MEXKIIETOYHbIE B3aUMOLENCTBIA
He B MHEPTHOW Cpefe, a B MUKPOOKPYKEHUN TKaHEBbIX XKUAKOCTEN. HapyLueHna HoOpManbHOro ApeHa)ka TKaHeBbIX
XKMAKOCTel CONpoBOXKAAT NMMdenemMy. BaxKHbIN MexaHV3M perynsauny aHrmoreHesa 1 BacKynoreHesa B NOLKOXHOM
KneTyaTke — BblpaboTKa 1 peuenuna GakTopoB pocTa SHAOTENNA COCYAOB B COYETAHUUN C Perynaumein MaTpUKCHbIX
MeTannonpoTenHas. Lienb HacToALwero nccnefoBaHUA: CpaBHUTENbHBIN aHanm3 nonvmopdusma reHoB dpakTopa pocTa
SHAOTENNA COCYOB U €ro peLenTopoB BMeCTe C reHaMmy MaTPUKCHbIX MeTanionpoTenHas npu asyx dopmax numoe-
[leMbl, aHanm3 B3avMOCBA3U NOMMOpPdM13Ma STVX FeHOB C ypOoBHeM paKTopa PoCTa SHAOTENNA COCYA0B N MAaTPUKCHbBIX
METANNIONPOTENHA3 U NX MHIMOUTOPOB B CbIBOPOTKE KPOBM U MOPaXKeHHbIX TKaHAX. MNonumopdusm VEGF (rs699947,
rs3025039), peuentopos K Hemy KDR (rs10020464, rs11133360), NRP2 (rs849530, rs849563, rs16837641), MaTPUKCHbIX
meTannonpotenHas MMP2 (rs2438650), MMP3 (rs3025058), MMP9 (rs3918242), nHrmbutopa meTtannonpotenHas Timp1
(rs6609533) 1 X KOMOUHALWIA NPOAHANN3MPOBAH METOAAMMN aHANM3a AANH PECTPUKLMOHHBIX GpparmeHToB 1 TagMan
RT-PCR. YpoBeHb 6enKkoB B CbIBOPOTKE M TKAHEBOW XMAKOCTN onpeaenanmn ¢ Ucnosnb3oBaHrem TecT-cuctem ELISA. Mo-
Ka3aHbl 3MeHeHMA YacToT pacnpeneneHms reHotunos MMP2 npu nepsuyHoi u MMP3 npu BTopryHon numdeneme.
BblcoKopOCTOBEpPHbIe pas3nuyunsa YacToT reHoTunos NRP2 o6Hapy»KeHbl NPy CPaBHEHU NEPBUYHON 1 BTOPUYHON TNM-
denembl. BoisBneHbl 0COGEHHOCTM pacnpeaeneHns <KOMMIEKCHbIX» reHOTVUMNOB NPY NePBUYHON U BTOPUYHON numbe-
neme. KoppensaumnoHHbIi aHanm3 nokasasna B3aMMo3aBUCMMOCTb KOHLEHTPaL MU nccnenyemblx 6efKoBbIX NPOAYKTOB
MMP, TIMP 1 VEGF v BbipaKeHHble pa3nnumns B CTPYKTYpe KOpPenALMOHHbIX MaTPUL, NaLMeHToB ¢ obenmn popmamm
numdepembl. NPoaeMOHCTPUPOBAHO, YTO NPU NepPBUYHOW NuMdeeme BbIABAATCA FeHOTUMbI, aCCOLMMPOBaHHbIE C
HU3KMMM 3HaveHnaMrn MMP2 1 TIMP2 B cbIBOPOTKe KPOBW U TKAaHEBOW »KMAKOCTW, @ NpX BTOPUYHON numdbeneme —
VHble CBA3M KOHLIEHTPALiA ccneayemMbix 6eIKOB C KOMOVHVPOBAHHBIMY FEHETUYECKUMU MPU3HAKaMU.

KnioueBble cnoBa: numdbeaema nepsuyHas; numdenema sropuuHasn; VEGF; MMP; TIMP; KDR; NRP.

Introduction

In recent years, the interest of researchers in the state of the
extracellular matrix and the vascular bed of the circulatory
and lymphatic systems immersed in it has been constantly
growing. The number of scientific publications has been in-
creasing more than 56 times a year over the past 40 years.
This is due to the understanding that cells of various organs
and systems, with their complex internal metabolism, carry out
the most important functions and intercellular interactions not
in an inert environment, but in a constant microenvironment
of tissue fluids carrying a huge number of regulatory factors
of the most diverse secreted and membrane-associated nature.

Violations of the normal drainage of tissue fluids lead to
tissue hypoxia and a variety of edematous syndromes accom-
panying various pathological changes, ranging from inflamma-
tion to tumor growth. A striking example of impaired drainage
of tissue fluid is lymphedema (Miller, 2020). It is represented
by both a predominantly genetically determined “primary”
and a “secondary” form associated with post-mastectomy
consequences or chronic venous insufficiency (Poveshchenko
et al., 2010; Quirion, 2010). According to some estimates,
between 140 and 200 million people worldwide suffer from
lymphedema (Forte et al., 2019). Despite such a wide spread
of this disease and numerous studies in this area, the main
treatment method is comprehensive physical decongestant
therapy and lifelong supportive use of compression knitwear
(Vignes, 2017; Executive Committee..., 2020). One of the
factors of such, relatively speaking, pathogenetic therapy is,
in our opinion, the lack of clear ideas about vascular disor-
ders in the functioning of the blood and lymphatic channels
and their interaction with the extracellular matrix, leading to
obstruction of the physiological outflow of tissue fluid in the
affected regions.

The most important mechanism for the regulation of an-
giogenesis and vasculogenesis in subcutaneous tissue is the
production and reception of the VEGF vascular endothelial
growth factor system, represented by VEGF-A, VEGF-B,

VEGF-C, VEGF-D, PGF and the VEGFR-1 (Flt-1), VEGFR-2
(Flk-1/KDR), VEGFR-3 (Flt-4) receptor families to them
(Vaahtomeri et al., 2017; Rauniyar et al., 2018). Their in-
teraction ensures the growth, remodeling and functioning of
the circulatory and lymphatic systems. The genes of these
proteins are polymorphic, which affects the level of their
expression, affinity and functional activity (Luo et al., 2019;
Yap et al., 2019).

It has been established that the VEGF-A ligand binds and
transmits signals through the VEGFR-1 and VEGFR-2 recep-
tors, whereas VEGF-B transmits signals exclusively through
VEGFR-1, and VEGF-C and VEGF-D have high affinity for
VEGFR-3. In addition, there are two neuropilin receptors,
which are transmembrane glycoproteins that function on the
VEGF-VEGFR axis. Neuropilin-1 (NRP-1), a non-kinase
coreceptor for VEGFR-2, functions to enhance the binding
and signaling of certain isoforms of VEGF-A, and NRP-2 is
a non-kinase coreceptor for VEGFR-3 (Mucka et al., 2016;
Stevens, Oltean, 2019; Gao Y. et al., 2020). Understanding
the genetic mechanisms underlying endothelial apoptosis and
lymphangiogenesis will shed light on the role of disruption
of these processes in the development of chronic inflamma-
tion and transformation of connective tissue in lymphedema
(Saik et al., 2019).

The family of matrix metalloproteinases (MMP) is directly
related to the processes of angiogenesis and the activity of
regulatory growth factors of the vascular endothelium. The
activity of these tissue enzymes is controlled by their tissue
inhibitor system (TIMP) (Cabral-Pacheco et al., 2020). The
genes encoding them also are widely polymorphic, and protein
products are expressed on lymphatic endothelial cells and
degrade the collagen of the vascular endothelial lining (Detry
etal., 2012). Previously, numerous data were obtained on the
effect of regulatory factor gene polymorphism on cell expres-
sion and production (Watson et al., 2000; Gao X. et al., 2019).

The aim of this study is a comparative analysis of polymor-
phism of genes of vascular endothelial growth factor and its

434 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 4



B.W. KoHeHKoB, B.B. Humaes
A.B. leBueHKo, B.®. Mpokodpber

receptors together with genes of matrix metalloproteinases
in two forms of lymphedema, analysis of the relationship
of polymorphism of these genes with the level of vascular
endothelial growth factor and matrix metalloproteinases and
their inhibitors in blood serum and affected tissues.

Materials and methods
Patients. The study included patients with the confirmed
diagnosis of lymphedema of the extremities. The recruitment
of patients was carried out on the basis of Research Institute
of Clinical and Experimental Lymphology — Branch of the
Institute of Cytology and Genetics, Siberian Branch of the
Russian Academy of Sciences (RICEL) in the period from
January 2017 to November 2018. The sample of 174 pa-
tients (1881 years old, median age 52 years) was divided
into primary (72 people) and secondary limb lymphedema
(102 people). The division of groups into primary and secon-
dary lymphedema is based on etiological signs according to
clinical recommendations (Executive Committee..., 2020).
The criteria for primary lymphedema of the extremities
were considered to be the development of clinical manifes-
tations without connection with such etiological factors as
removal of lymph nodes, radiation therapy, trauma or surgical
intervention in the projection of lymphatic collectors. The ap-
pearance of clinically significant edema due to a single episode
of erysipelas, which is considered a provoking factor against
the background of insufficiency of the functional reserve of
the lymphatic region. The sample of patients with secondary
lymphedema included patients with lesions of both upper and
lower extremities. The majority of patients with secondary
lymphedema of the upper extremities underwent complex
treatment of breast cancer (66 patients —97.1 %), in 2 patients
the cause of edema of the upper limb was the combined treat-
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ment of lymphosarcoma of all groups of peripheral lymph
nodes and mediastinum IITA st, lymphogranulomatosis with
lesions of the cervical and axillary lymph nodes. The appear-
ance of edema after repeated recurrence of erysipelas was
attributed to secondary post-inflammatory lymphedema.

All patients included in the study had no progression or
recurrence of a malignant tumor, and belonged to the 3rd
clinical group of dispensary observation. According to the
classification of the International Society of Lymphologists,
stage 2 of the disease prevailed. The third stage of the disease
was represented by 7 % of the primary lymphedema group and
8.9 % of the secondary lymphedema group. Informed consent
to participate in the study was signed by each participant of
the study. The protocol of the clinical research was approved
by the RICEL Local Ethics Committee (Primary Protocol
No. 127 dated 01/13/2017). Blood serum and interstitial fluid
were collected in the morning, on an empty stomach, from
patients admitted to the RICEL clinic for a course of complex
decongestant therapy, before it began. Patients with current or
recent erysipelas were not included in the study. The clinical
characteristics of the patients are presented in Table 1.

The comparison group consisted of 339 people of com-
parable gender and age, residents of the Novosibirsk region.
Relatives were not included in either the patient groups or the
comparison group.

Genotyping. Genotyping of VEGF-2578 (1s699947) and
MMP9-1562 (rs3918242) was performed by the Restriction
Fragment Length Polymorphism (RFLP) method. The struc-
ture of the primers, restriction endonucleases and the product
size are shown in Table 2.

Gene polymorphism of VEGF+936 (rs3025039), NRP2
13581 (rs849530), NRP2 68279 (rs849563), NRP2 92646
(rs16837641), KDR 17693 (rs10020464), KDR 14011

Table 1. Clinical characteristics of patients with primary and secondary lymphedema

Clinical parameters

Age (Me) 58[51; 65]
Women 97 (96.1 %)
Men 4 (3.9 %)

Body mass index (Me) 32.9[28.6; 38.6]

Duration of the disease (months) (Me) 56.5[20.5; 132.3]

Age of onset of the disease (Me) 51.5[44.59]
Erysipelas in anamnesis 51 (51 %)
Hypertension 47 (46.5 %)
Type 2 SD 19 (18.6 %)
Hypothyroidism 16 (15.7 %)
Coronary heart disease 7 (6.9 %)
Osteochondrosis 14 (13.7 %)
Chronic venous insufficiency 2 (2 %)

Secondary lymphedema (n = 102)

Primary lymphedema (n = 72) P

40 [30; 59] P <0.001
53 (74.6 %) P <0.001
18 (25.4 %) P <0.001
27 [24.1;39.3] P=0.04

192 [84; 300]

25[15.5;33.5] P <0.001
32(45.1 %) P=0.54

13 (18.3 %) P <0.001
11 (15.5 %) P=0.685
4 (5.6 %) P=0.053
3(4.2%) P=0.529
2(2.8%) P=0.016
1(1.4 %) P=1.000

Note. Me is the median; the interquartile range is indicated in square brackets; percentages are indicated in parentheses.
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Table 2. Genotyping by the Restriction Fragment Length Polymorphism method

Polymorphic The structure of the primers Restriction Hydrolysis products, bp
position endonuclease

The “wild” allele Minor allele
MMP9-1562 5'GCCTGGCACATAGTAGGCCC 3' Sphl 435 247;188
C—T 5'CTTCCTAGCCAGCCGGCATC 3’
VEGFA-2578 5'GGGCCTTAGGACACCATACC 3 Bgl Il 267 208; 60
C—A 5'TGCCCCAGGGAACAAAGT 3’

(rs11133360), MMP2-1306 (rs2438650), MMP3-1171
(rs3025058), Timpl (rs rs6609533) was analyzed by Real-
Time PCR using commercial test systems of TagMan probe
method (Syntol, Russia) on the DT-96 thermocycler (DNA
Technology, Russia) according to the instructions.

Enzyme-linked immunosorbent assay (ELISA). Quan-
titative determination of vascular endothelial growth factor,
metalloproteinases and their inhibitors was carried out by
ELISA kits (ng/mL) according to the instructions: Human
VEGF (Quantikine ELISA, R&D Systems, USA) MMP-3
(AESKU Diagnostics, Germany), TIMP-3 (Brand Owner
CLOUD-CLONE CORP., USA), MMP-2 and TIMP-2 (Quan-
tikine ELISA, R&D Systems, USA).

Statistical analysis. Statistical processing was carried out
using specialized IBM SPSS Statistics 23 (USA) and the
software package for volumetric processing of bioinformatics,
including multidimensional genetic analysis. In the statistical
analysis of the results of the genetic study, the frequency of
occurrence of alleles, genotypes and their polylocus combina-
tions, the odds ratio (OR), and the 95 % confidence interval
for OR (OR’s 95 % CI) were calculated.

The distribution of genotypes was checked with the Hardy—
Weinberg equilibrium. The significance level of differences
in the frequency in the compared groups was determined by
the two-sided criterion of the exact Fisher method for four-
field tables, with Bonferroni correction. Considering that the
distribution of most of the studied quantitative features was
different from normal, nonparametric statistical methods
were used. The intergroup differences were assessed using
the Mann—Whitney U-test and the Kraskel-Wallis ANOVA.
Intra-group differences were assessed using the Wilcoxon sign
rank criterion for related samples. Spearman’s rank correlation
method was used to analyze the strength and direction of the
correlation between pairs of features.

The description of quantitative variables is presented in
the form of median (Me) and interquartile range (the interval
between the 25th [Q 0.25] and 75th [Q 0.75] percentiles).
The hypothesis of the normal distribution of quantitative pa-
rameters was tested using the Shapiro—Wilk criterion and the
Kolmogorov—Smirnov criterion with the Lilliefors correction.
The mathematical processing of the relationship of genetic
traits with quantitative laboratory parameters was carried out
in accordance with the methodological approaches of quantile
analysis. With this approach, ranges above p75 (upper quartile,
Q3) and lower ranges below p25 (lower quartile, Q1) were
taken as parameters of an increased concentration of indica-
tors. The critical level of significance when testing statistical
hypotheses was assumed to be 0.05.
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Results

The analysis of the distribution of the analyzed complex
genetic traits among patients with primary lymphedema
revealed a number of pronounced differences from the
conditionally “normal” distribution established by us in the
study of a significant group of healthy individuals without
signs of lymphatic edema of the extremities. When analyz-
ing the degree of differences between individual variants of
the studied genetic parameters, they were established only
for MMP2-1306, associated with C predominance among
the patient (p = 0.029). Along with this, when analyzing the
frequency of occurrence of combined genetic traits, includ-
ing polymorphic variants of both the MMP and VEGF genes,
significantly more pronounced differences were revealed when
comparing groups of patients with primary lymphedema and
healthy individuals (Table 3).

Basically, these differences were associated with an increase
in almost all the analyzed signs in the patient with a level of
reliability of differences in the range from 0.048 to 0.001
according to the two-sided Fisher exact test. At the same
time, such combinations of genotypes as VEGF-2578 CA:
VEGF+936 TT: MMP9-1562 CT and VEGF-2578 CA:
VEGF+936 TT: MMP2-1306 CC: MMP9-1562 CT were not
found among representatives of the group of healthy indivi-
duals and were identified exclusively among patients with
primary lymphedema. With a certain degree of probability,
they can be attributed to the “genetic markers” of an indi-
vidual’s constitutional predisposition to the development of
primary lymphedema. Further research is needed to test this
hypothesis.

When conducting a similar analysis with secondary lym-
phedema, in the development of which anatomical factors that
occur during surgical damage to the lymphatic and circulatory
pathways of the outflow of tissue fluid are of greater impor-
tance, we get a different picture from the previous group. In
these patients, associative links between the development
of the disease and variants of the MMP2 gene are no longer
found, but deviations from the “normal” distribution of the
MMP3 and MMP9 genes in the analyzed sites are revealed.
Thus, the predominance of MMP3-1171 5454 and MMP?9-
1562 CT genotypes was revealed. The frequency of the com-
bination of these homozygous genotypes is also twice as high
among these patients relative to the control group.

The inclusion of VEGF in the analysis increases the degree
of differences between the patients and the controls. Thus, the
frequency of a combined genetic trait represented by a com-
bination of homozygous VEGF+936 CC: MMP3-1171 545A4:
MMP9-1562 CC among the patients with secondary lymphe-
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Table 3. Frequency of distribution of individual and complex MMP and VEGF genotypes
among patients with primary and secondary lymphedema

Combinations Genotypes Patients with  Comparison group OR*  OR’s P(tmF,)

of gene polymorphisms lymphedema 95 % Cl
n (%) N

Primary lymphedema (N = 72 patients)

VEGF-2578:VEGF+936:MMP9-1562 CA-TT-CT 2(2.78) 0(0.00) 339 1437 1.47-140.12 0.0303

VEGF-2578:VEGF+936:MMP2-1306:MMP9-1562 CA-TT-CC-CT 2(2.78) 0(0.00) 288 1221  1.25-119.15 0.0396
VEGF+936:MMP9-1562 TT-CT 3(4.17) 2(0.58) 346 748 1.23-45.60 0.0379
VEGF-2578:VEGF+936:MMP2-1306:MMP3-1171 CA-CC-CC-6A6A 10(13.89) 2(2.35) 85 6.69 1.42-31.65 0.0127
VEGF-2578:VEGF+936:MMP2-1306:MMP3- CA-CC-CC-6A6A-CC 8(11.11) 2(2.35) 85 519 1.06-25.27 0.0445

1171:MMP9-1562

VEGF+936:MMP3-1171:MMP9-1562 CC-5A5A-CC 15(20.83) 6(6.82) 88 3.60 1.32-9.83 0.0104
VEGF-2578:VEGF+936:MMP2-1306:MMP9-1562 CA-CC-CC-CC 22(30.56) 39(13.54) 288 281 1.53-5.14 0.0013
MMP3-1171:MMP9-1562 5A5A-CC 16(22.22) 9(10.23) 88 251 1.03-6.08 0.0488
VEGF-2578:VEGF+936:MMP2-1306 CA-CC-CC 27(37.50) 60(20.62) 291 231  1.33-4.02 0.0051
VEGF+936:MMP2-1306:MMP9-1562 Cc-cc-cc 31(43.06) 75(25.51) 294 221 1.29-3.77 0.0055
VEGF+936:MMP2-1306 CC-cC 41(56.94) 120(40.40) 297 195 1.16-3.28 0.0121

MMP2-1306 cC 51(70.83) 182(57.05) 319 1.83 1.05-3.18 0.0338
VEGF-2578:VEGF+936:MMP9-1562 CA-CC-CC 27(37.50) 84(24.78) 339 1.82 1.06-3.12 0.0399
VEGF-2578:MMP2-1306:MMP9-1562 CA-CC-CC 24(33.33) 66(21.64) 305 1.81  1.03-3.17 0.0453
MMP2-1306:MMP9-1562 CC-cC 37(51.39) 117(37.62) 311 1.75  1.05-2.94 0.0338
VEGF-2578:VEGF+936 CA-CC 35(48.61) 123(35.76) 344 1.70  1.02-2.84 0.0457

Secondary lymphedema (N = 102 patients)

VEGF-2578:VEGF+936:MMP2-1306:MMP9-1562 CC-CCTT-CC 4(3.92) 1(0.35) 288 11.71  1.29-106.07 0.0178
VEGF-2578:VEGF+936:MMP9-1562 AA-CT-CT 4(3.92) 2(0.59) 339 6.88 1.24-38.11  0.0277
VEGF-2578:VEGF+936:MMP2-1306 CC-CC-TT 4(3.92) 2(0.69) 291 590 1.06-32.70 0.0416
VEGF-2578:MMP2-1306:MMP9-1562 CC-TT-CC 5(4.90) 4(1.31) 305 3.88 1.02-14.73  0.0475
VEGF+936:MMP3-1171:MMP9-1562 CC-5A5A-CC 20(19.80) 6(6.82) 88 337 1.29-8.84 0.0110
MMP3-1171:MMP9-1562 5A5A-CC 23(22.77) 9(10.23) 88 259  1.13-5.95 0.0314
VEGF+936:MMP2-1306:MMP3-1171 CC-CC-5A5A 22(21.78) 9(10.23) 88 244  1.06-5.64 0.0478
VEGF+936:MMP3-1171 CC-5A5A 31(30.69) 15(17.05) 88 216  1.07-4.33 0.0408
VEGF-2578:VEGF+936:MMP9-1562 CA-CC-CT 15(14.71) 26(7.67) 339 2.08 1.05-4.09 0.0496
MMP3-1171 5A5A 35(34.65) 18(20.45) 88 206 1.07-99.00 0.0353
MMP9-1562 cT 37(36.27) 97(25.00) 388 171 1.07-2.72 0.0252
VEGF+936:MMP2-1306 CC-cC 53(51.96) 120(40.40) 176 1.60 1.01-2.51 0.0490
VEGF+936:MMP9-1562 CT-cC 9(8.82) 59(17.05) 297 047  0.22-0.99 0.0421
MMP2-1306:MMP3-1171:MMP9-1562 TC-5A6A-CC 7(6.93) 15(17.05) 88 036 0.14-0.94 0.0401
VEGF+936:MMP2-1306:MMP3-1171 CC-TC-6A6A 1(0.99) 8(9.09) 88 0.10  0.01-0.82 0.0131

Note. The comparison group for primary and secondary lymphedema N = 339, OR - odds ratio; OR's 95 % Cl - 95 % confidence interval for OR; P(tmF,) - level of
statistical significance (p) of differences according to the exact Fisher test (two-sided).
*The data in the table are sorted in descending OR, significant differences p < 0.01 are highlighted in bold.
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Table 4. Comparative analysis of the distribution of individual and complex genotypes

between groups with primary and secondary lymphedema

Combinations of gene polymorphisms Genotypes Primary Secondary OR* OR’s P(tmF,) P_cor
lymphedema lymphedema 95 % Cl
n N % n N %

NRP2 13581:NRP2 92646:KDR 14011 TT-GG-TC 9 72 1250 0 102 0.00 16.09 2.01-128.72 0.0003  0.0065
MMP3-1171:NRP2 13581:NRP2 92646 6A6A-TT-GG 9 72 1250 1 101 0.99 14.29 1.77-115.49 0.0018  0.0432
MMP2-1306:MMP3-1171:NRP2 13581:NRP2 92646 =~ CC-6A6A-TT-GG 8 72 11.11 0 101 0.00 14.12 1.75-114.10 0.0007 0.0354
MMP2-1306:NRP2 13581:NRP2 92646:KDR 17693 CC-TT-GG-CC 8 72 11.11 1 102 0.98 12.63 1.54-103.34 0.0040 0.1760
MMP2-1306:NRP2 13581:NRP2 92646:KDR 14011 CC-TT-GG-TC 7 72 972 0 102 0.00 1248 1.53-102.13 0.0017  0.0851
NRP2 68279:NRP2 13581 CC-TT 7 72 972 0 102 0.00 1248 1.53-102.13 0.0017 0.0156
MMP3-1171:MMP9-1562:NRP2 13581:NRP2 92646 = 6A6A-CC-TT-GG 7 72 972 0 101 0.00 1236 1.51-101.15 0.0018  0.0833
MMP2-1306:NRP2 68279:NRP2 13581 CC-CC-TT 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.0973
MMP9-1562:NRP2 13581:NRP2 92646:KDR 14011 CC-TT-GG-TC 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.2079
VEGF+936:NRP2 13581:KDR 14011 CT-TT-TC 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.0884
VEGF+936:NRP2 68279:NRP2 13581 CC-CC-TT 6 72 833 0 102 0.00 10.76 1.29-89.46 0.0044  0.0884
MMP3-1171:NRP2 13581:NRP2 92646:KDR 14011 6A6A-TT-GG-TC 6 72 833 0 101 0.00 10.66 1.28-88.59 0.0046  0.2748
MMP3-1171:NRP2 13581:NRP2 92646:KDR 17693 6A6A-TT-GG-CC 6 72 833 0 101 0.00 10.66 1.28-88.59 0.0046  0.2428
MMP9-1562:KDR 14011:FOXC2-512 CC-TC-CT 10 42 2381 2 55 3.64 828 1.71-40.22 0.0040 0.0725
MMP2-1306:MMP3-1171:NRP2 68279:NRP2 13581  CC-6A6A-AA-TT 10 72 1389 2 101 1.98 7.98 1.69-37.65 0.0042  0.2078
MMP2-1306:NRP2 13581:NRP2 92646 CC-TT-GG 12 72 16.67 3 102 294 6.60 1.79-24.34 0.0020 0.0426
MMP2-1306:MMP3-1171:NRP2 13581 CC-6A6A-TT 15 72 2083 4 101 396 6.38 2.02-20.16 0.0008 0.0195
MMP3-1171:NRP2 13581 6A6A-TT 17 72 2361 5 101 495 593 2.08-16.97 0.0004 0.0034
MMP3-1171:NRP2 68279:NRP2 13581 6A6A-AA-TT 11 72 1528 3 101 297 5.89 1.58-21.96 0.0045 0.1069
VEGF+936:MMP3-1171:NRP2 13581 CC-6A6A-TT 11 72 1528 3 101 297 5.89 1.58-21.96 0.0045 0.0935
MMP9-1562:NRP2 13581 CC-TT 25 72 3472 14 102 13.73 334 1.59-7.04 0.0016  0.0124
NRP2 13581 T 34 72 4722 26 102 2549 262 1.38-4.97 0.0036 0.0109
NRP2 13581 GT 28 72 3889 62 102  60.78 041 0.22-0.76 0.0055 0.0167
TIMP1-536:NRP2 13581:KDR 14011 CC-GT-TC 0 15 0.00 13 32 4063 0.09 0.01-0.75 0.0039 0.0386
VEGF+936:TIMP1-536:NRP2 13581:KDR 14011 CC-CC-GT-TC 0 15 0.00 13 32 4063 0.09 0.01-0.75 0.0039 0.0463
VEGF-2578:VEGF+936:NRP2 68279:KDR 17693 CC-CC-AA-CC 1 72 139 14 102 13.73  0.09 0.01-0.69 0.0046  0.2022

Note. OR - odds ratio; OR's 95 % Cl - 95 % confidence interval for OR; P(tmF,) - level of statistical significance (p) of differences according to the exact Fisher test
(two-sided); P_cor - adjusted value of P(tmF,) (taking into account the Bonferroni correction).

*The data in the table are sorted in descending order of the OR value.

dema exceeds the frequency of a similar indicator in the con-
trol group by more than 3 times (OR =3.37; p = 0.0110). An
even more “broad” combined genetic trait, including a com-
bination of homozygous VEGF-2578 CC: VEGF+936 CC:
MMP2-1306 TT: MMP9-1562 CC, is more often detected
among patients with secondary lymphedema (OR = 11.71;
p=0.0178). Along with this, the frequency of another genetic
trait represented by a combination of VEGF+936 CC: MMP2-
1306 TC: MMP3-1171 6464 in the patient group is almost
10 times lower: from 9.09 % in the control group to 0.99 %
in the patient group (OR = 0.10; p = 0.0131). The presence
of this combination in the human genome can to some extent
be considered a protective factor.

In order to analyze the differences between the structural
parameters of angiogenesis genes in more detail, we conducted
a study of the distribution of combined signs in both groups
of patients with primary and secondary lymphedema. In this
report, we have included data on polymorphisms of the KDR
genes in two polymorphic positions, the NRP gene in three
polymorphic positions and the 7/MPI gene. For a clearer
representation of the data on the differences obtained, the data
with p < 0.005 are presented (Table 4).

When evaluating the results, attention is drawn to the pre-
sence of combined genetic signs in both groups of patients,
which alternatively are not detected in the compared samples.
Thus, in the group with primary lymphedema, TIMPI-536
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CC: NRP2 13581 GT: KDR 14011 TC and VEGF+936 CC:
TIMP1-536 CC: NRP2 13581 GT: KDR 14011 TC are com-
pletely absent. In both cases, these combinations are quite
widely represented (more than 40 %) in the group with se-
condary lymphedema (p = 0.0039). In contrast to these data,
in the group of patients with secondary lymphedema, there are
completely no combined genetic signs represented by combi-
nations NRP2 13581 TT: NRP2 92646 GG: KDR 14011 TC;
MMP2-1306 CC: MMP3-1171 646A: NRP2 13581 TT: NRP2
92646 GG; MMP2-1306CC: NRP2 13581 TT: NRP2 92646
GG: KDR 14011 TC; MMP3-1171 646A4: MMP9-1562 CC:
NRP2 13581 TT: NRP2 92646 GG and a number of others.
The significance level of the differences is 0.0003—0.005.

Taking into account the previously obtained numerous
data on the effect of regulatory factor gene polymorphism
on expression and production, we conducted a study of the
MMP 1, 2, 3, 9 proteins level; their tissue inhibitors TIMP 1,
2, 3 level and VEGEF level, which did not reveal significant
differences between groups of patients with primary and
secondary lymphedema according to the median bilateral
Mann—Whitney U criterion. At the same time, a continuous
correlation analysis revealed not only the interdependence
of the analyzed protein MMP, TIMP and VEGF levels, but
also pronounced differences in the structure of the correlation
matrices of patients with both forms of lymphedema.

Thus, in primary lymphedema, the most significant corre-
lations are revealed between MMP2 and the tissue inhibitor
TIMP2 levels (OR =0.703; p <0.01), whereas the VEGF se-
rum level is inversely correlated with the MMP3 serum level
(OR =-0.629; p <0.05). In secondary lymphedema, the most
significant interdependencies are revealed between the MMP2
and TIMP?2 extracellular fluid levels (OR = 0.727; p <0.01).
The VEGF serum level is inversely correlated with this growth
factor and MMP9 extracellular fluid level (data are not pre-
sented in the table). Other direct and inverse correlations be-
tween the signs are also revealed, which probably indicates the
functioning of the unified system of humoral factors involved
in the processes of angiogenesis and lymphangiogenesis.

Taking into account the presented data on a pronounced as-
sociative relationship between the analyzed complex genetic
traits and various forms of lymphedema, we conducted an
additional analysis of the dependence of high or low MMP 1,
2, 3, 9 of their tissue inhibitors TIMP 1, 2, 3 and VEGF pro-
teins levels on the presence of various combined genotypes
in patients of both groups (Table 5).

The conducted quantile analysis showed that in primary
lymphedema, genotypes associated exclusively with low
MMP2 and TIMP2 level are detected both in the serum and
in the extracellular fluid of patients. In the group of patients
with secondary lymphedema, other multidirectional associa-
tions of the proteins levels with combined genetic traits are
shown, which are absent in the group of patients with primary
lymphedema.

Discussion

Primary lymphedema occurs as a result of an isolated or de-
veloping congenital anomaly of the lymphatic system as part
of the syndrome and is associated with dysplasia, hypoplasia
or hyperplasia of components of the lymphatic system. The

2024
284

Monvmopdwnsm reHos VEGF/VEGFR, MMP/TIMP
1 COOTBETCTBYIOLMX 6enikoB npu numdeneme

lower extremities are affected in primary lymphedema in
the vast majority of cases (Gordon et al., 2021). Secondary
lymphedema develops as a complication of another disease or
intervention as a result of a violation of the anatomical integ-
rity or obliteration of lymphatic collectors, removal or lesion
of lymph nodes, followed by impaired lymph outflow, lymph
stasis in lymph vessels and increased endolymphatic pressure
(Executive Committee..., 2020). Therefore, it is important
to understand the genetic characteristics of these disorders.

In primary lymphedema, we found an increase in the fre-
quency of the MMP2-1306C allelic variant of the gene and
the homozygous CC variant in a single genotype and in other
10 out of 17 combined genetic traits, the frequency of which
is higher in this form of the disease with an obvious genetic
predisposition (Poveshchenko et al., 2010; Shevchenko et
al., 2020).

MMP2 is one of the zinc-dependent endopeptidases that
were first discovered as proteases targeting and cleaving
extracellular proteins. However, the intracellular significance
of MMP has also been discussed over the past 20 years, and
research on a new aspect of their functions has been expanding
(Bassiouni et al., 2021). Polymorphism of the MMP2-1306
gene plays a significant role in carcinogenesis, in particular,
the C variant is associated with a protective role in the deve-
lopment of prostate cancer (Zhang et al., 2017), its frequency
is higher among patients with bronchial asthma (Chen et al.,
2020). There are a number of reports on changes in the fre-
quency of variants of this polymorphic gene in the promoter
region and with other diseases; however, we present data on
its association with the development of primary lymphedema
for the first time.

Also, for the first time, we present data on changes in the
frequency of the MMP3-1171 54/6A4 gene in lymphedema.
Thus, among patients with secondary lymphedema, 5454 in
the composition of combined signs is characteristic, the fre-
quency of which is higher in this form of the disease, along
with 6464 in the composition of signs, the frequency of which
is lower in secondary lymphedema. There is no such pattern in
primary lymphedema. The discriminating role of the homozy-
gous MMP3-1171 6464 is clearly manifested in the analysis
of data comparing the distribution of combined genetic traits
between groups of patients with primary and secondary forms
of lymphedema. We believe that the identified phenomenon
requires further study and more detailed clinical analysis.

According to the data presented in Table 3, MMP3-1171
6464, both as a single trait and as part of a number of com-
bined genetic traits, is associated with low MMP2 and TIMP2
serum levels in patients with primary lymphedema. The ho-
mozygous MMP2-1306 CC in the composition of combined
genetic traits is also associated with low MMP2 and TIMP2
serum levels in primary lymphedema.

In patients with secondary lymphedema, MMP2 C'is already
associated with a high MMP1 and MMP3 serum level, with
high VEGF and TIMP3 levels in extracellular fluid. The depen-
dence of any level of the analyzed quantitative signs with the
MMP3-1171 gene polymorphism in secondary lymphedema,
unlike its primary form, was not established.

It can be concluded that genetic factors associated with the
family of VEGF genes and their VEGFR receptors involved
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Table 5. Relationship between gene polymorphisms and laboratory parameters levels in serum and tissues

of patients with primary and secondary lymphedema

Combinations Genotypes  Laboratory The level of the laboratory indicator OR OR's95%Cl P(tmF,)
of gene polymorphisms indicators
high low
n N % n N %
Primary lymphedema (N = 44 patients)
MMP3-1171 6A6A MMP2-serum 2 7 2857 7 8 87.50 0.06 0.00-0.82 0.0406
MMP3-1171 6A6A TIMP2-serum 0 7 0.00 7 8 87.50 0.03 0.00-0.42 0.0014
MMP2-1306:KDR 14011 CC-TC MMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
MMP3-1171:KDR 14011 6A6A-TC MMP2-serum 0 7 0.00 6 8 75.00 0.05 0.00-0.64 0.0070
MMP2-1306:MMP3-1171 CC-6A6A TIMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
MMP3-1171:KDR 17693 6A6A-CC TIMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
MMP3-1171:KDR 14011 6A6A-TC TIMP2-serum 0 7 0.00 5 8 62.50 0.08 0.01-0.95 0.0256
Secondary lymphedema (N = 66 patients)

KDR 17693 cT VEGF-serum 4 5 80.00 O 6 0.00 17.50 1.22-250.37 0.0152
NRP2 68279 AA TIMP3-ex 11 11 1000 3 10 30.00 24.00 2.25-255.95 0.0010
VEGF2578:MMP9-1562 CA-CC MMP1-serum 5 7 71.43 1 9 1.1 20.00 1.42-282.46 0.0350
MMP2-1306:MMP9-1562 TC-CC MMP1-serum 4 7 5714 0 9 0.00 12.50 1.09-143.44 0.0192
MMP9-1562:KDR 17693 Cc-cc MMP2-serum 6 11 5455 0 10 0.00 12.83 1.26-130.52 0.0124
MMP9-1562:KDR 17693 Cc-cC MMP3-serum 8 14 5714 1 1 9.09 13.33 1.32-134.62 0.0330
NRP2 92646:KDR 17693 GG-CT VEGF-serum 4 5 80.00 O 6 0.00 17.50 1.22-250.37 0.0152
VEGF+936:NRP2 13581 CC-GT VEGF-ex 5 6 8333 3 11 27.27 13.33 1.07-166.38  0.0498
MMP2-1306:MMP9-1562 TC-CC VEGF-ex 3 6 5000 O 11 0.00 12.00 1.02-141.34 0.0294
MMP9-1562:NRP2 13581 CC-GT VEGF-ex 5 6 83.33 1 11 9.09 50.00 2.56-977.02 0.0054
MMP9-1562:KDR 14011 CC-TC VEGF-ex 4 6 66.67 1 11 9.09 20.00 1.39-287.61 0.0276
NRP2 13581:NRP2 92646 GT-GA VEGF-ex 3 6 5000 O 1 0.00 12.00 1.02-141.34 0.0294
MMP9-1562:NRP2 92646 CC-GG TIMP3-serum 7 13 5385 0 9 0.00 11.43 1.15-113.12  0.0167
VEGF+936:NRP2 68279 CC-AA TIMP3-ex 10 11 90.91 3 10 30.00 2333 1.99-273.31 0.0075
MMP2-1306:NRP2 68279 CC-AA TIMP3-ex 8 11 7273 0 10 0.00 24.75 2.33-262.60 0.0010
MMP9-1562:NRP2 68279 CC-AA TIMP3-ex 7 11 63.64 1 10 10.00 15.75 1.42-174.25 0.0237
NRP2 68279:NRP2 92646 AA-GG TIMP3-ex 8 11 72.73 1 10 10.00  24.00 2.06-279.64 0.0075
MMP2-1306 cc MMP3-serum 6 14 4286 10 11 90.91 0.08 0.01-0.76 0.0330
NRP2 68279 AC TIMP3-ex 0 11 0.00 6 10 60.00 0.06 0.01-0.62 0.0039
MMP2-1306:NRP2 92646 CC-GG MMP3-serum 3 14 2143 9 11 81.82 0.06 0.01-0.45 0.0048

Note. OR - odds ratio; OR’s 95 % Cl — 95 % confidence interval for OR; P(tmF,) - level of statistical significance (p) of differences according to the exact Fisher test

(two-sided); ex — extracellular fluid.

in the regulation and development of vascular networks of
the lymphatic and circulatory systems play a significant role
in the development of primary lymphedema.

The VEGFR3 receptor performs the main function in the
development and formation of the lymphatic system. Autoso-
mal dominant mutations of VEGFR3, which interfere with the
functioning of the receptor as a homodimer, not only cause one

of the main forms of hereditary primary lymphostasis, namely
primary lymphedema (Milroy’s disease), but also participate
in predisposition to the development of common cyanotic
congenital heart defects, demonstrating a new function of
VEGFR3 in the early development of heart tissues (Monaghan
etal., 2021). This explains the interest in studying the role of a
number of VEGFR family genes (especially NRP-2) associated
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with the development of angiogenesis and vasculogenesis,
endothelial growth factor genes VEGF, metalloproteinases
MMP and their tissue inhibitors 7IMP.

As aresult of research, there is increasing evidence that in
the development of secondary lymphedema, which develops
as a result of surgical vascular disorders such as mastectomy,
genetic factors of predisposition to the development of lym-
phatic edema of the extremities also play a role, which allows
us to hope for the creation of prognostic criteria for identifying
groups at increased risk of their development and preventive
measures. The practical significance and prospects of such
studies are the positive results of the developed therapy of
lymphedema, including with the help of inducers of lymphan-
giogenesis with VEGF drugs (Forte et al., 2019).

Conclusion

Among patients with both primary and secondary lymphe-
dema, there are significant deviations from the normative
indicators established for the control group of healthy in-
dividuals in the frequency of distribution of a number of
complex genotypes of the MMP 2, 3, 9 and VEGF genes,
which indicates a significant influence of the studied fragment
of the patient’s genotype on predisposition to these types of
lymphatic edematous syndrome.

The groups of patients with primary and secondary lymph-
edema differ significantly in the nature of the distribution
of a number of complex genotypes of the MMP 2, 3, 9 and
VEGF genes, which indicates numerous ways of realizing a
genetic predisposition to the development of these pathologi-
cal conditions.

Comparative analysis revealed no significant differences in
the level of matrix metalloproteinases, their tissue inhibitors
and vascular endothelial growth factor in serum and extracellu-
lar fluid of patients with primary and secondary lymphedema.

In both primary and secondary lymphedema, various asso-
ciative relationships have been established between the studied
combined genotypes of gene polymorphism of angiogenesis
regulation factors and the level of protein products of these
genes in serum and extracellular fluid, which in turn indicates
the presence of certain genomic and metabolomic mechanisms
for the realization of a genetic predisposition to the develop-
ment of lymphatic edema.

Data on an increase in the frequency of homozygous
MMP2-1306 CC in primary lymphedema and an increase in
the frequency of homozygous MMP3-1171 5454 in secondary
lymphedema were obtained. Both of these polymorphisms
are associated with quantitative indicators of the content of
protein products MMP, TIMP and VEGF in various variants
of limb lymphedema development.
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