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ABSTRACT

Aim. To evaluate the role of thiol status and its correlative relationship with the level of nitric oxide metabolites and
vascular endothelial growth factor A (VEGF-A) in the blood plasma of patients with critical lower limb ischemia
(CLI) after autovenous reconstructions of femoropopliteal segment’s arteries in the setting of venous endothelium
of the arterial bed.

Materials and methods. 54 patients with critical lower limb ischemia had been examined and divided into
groups: synthetic prosthesis, in sifu autovenous bypass procedure and reversed vein autovenous bypass procedure.
Peripheral venous blood was taken on the 1% and 10th days, and in 1, 3 and 6 months after the operation. Nitric oxide
metabolites level was examined with photocolorimetric method by reaction with Griess reagent on a microplate
analyzer (Awareness Technology, USA). VEGF-A number estimation was done by ELISA test (PersonalLab,
Italy) with the use of Human VEGF-A Platinum ELISA. The level of thiol (SH-) groups was estimated with the use
of Ellman’s reagent (SERVA, Germany) on spectrophotometer (Saint-Petersburg, Russian Federation).

Results. The concentration of VEGF-A and the level of SH-groups increase on the 10th day and after 1 month in
the group of patients operated on using a synthetic prosthesis. The level of NO metabolites, the concentration of
VEGF-A, and the content of SH-groups increase statistically significantly and then decrease to the initial values in
the group of patients operated on by reversed vein autovenous bypass procedure. In the group of patients operated
on by the in situ method, the level of nitric oxide metabolites increases, the concentration of VEGF-A increases on
the 10th day, the level of SH-groups increases, and a positive correlation was found between the content of SH-
groups and the concentration of VEGF-A.

Conclusion. NO metabolites contribute to the build-up of SH groups and VEGF-A in patients operated by the
“reversed vein” method, and in patients in the in situ group, the concentration of VEGF-A and the level of SH
groups are not affected, which may be of clinical importance when prescribing NO donors.

The revealed patterns of change in the level of recovered thiols, nitrogen oxide metabolites, VEGF-A in combination
with analysis of early and late postoperative complications make it possible to conclude the advantage of autovenous
reconstruction of the femoropopliteal segment due to functional adaptation of the venous endothelium compared
to the group of patients, operated on by the method of “synthetic prosthesis”. Method in situ on biochemical and
angiological indicators proved to be more favorable in terms of the clinical course, than the “reversed vein” method.

Key words: nitric oxide metabolites, vascular endothelial growth factor, protein and nonprotein thiol groups,
autovenous reconstruction of lower limbs arteries, reperfusion endothelial injury.
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Po/b BOCCTaHOB/1I€HHBIX TUO/IOB B aganTaLMM BEHO3HOIO SHAO0TeNInA
NMpY ayTOBEHO3HOMN PEKOHCTPYKL MU apTEPUN HUXKHUX KOHEYHOCTEN

KanunwuH P.E., AbaneHunxuHa 10.B., MueHHunkoB A.C., BuHorpapos C.A.

Psazanckuii 2ocyoapemeennutii meouyunckuil ynueepcumem (Pl MY) um. axao. U.11. [lasnosa
Poccus, 390026, 2. Pazaus, yn. Beicokogonbmuas, 9

PE3IOME

Hens. OneHNTH I3MEHEHHs THOJIOBOT'O CTAaTyCa, BEISBUTH KOPPETSAIMOHHBIE CBSI3H MEXK Ty copepxkanneM SH-rpymmn
" ypoBHeM MeTtabonmuToB okcuaa azora (NO), BackynosHnoTenuanbHeM pakropoM pocta A (VEGF-A) mnasMer
KPOBH NAIINEHTOB C KPUTHYECKOH Hiremuei HibkHuX koHeuHocTel (KMHK) nocie ayToBeHO3HBIX peKOHCTPYKITHIA
apTepuii 6eJPEeHHO-ITOIKOJIEHHOTO CETMEHTA B YCIIOBHSX apTEePHAIBHOTO pycia.

Marepuaabl u Meroabl. OOcnenoBansl 54 mammenta ¢ KMHK, kotopeie pasmeneHsl Ha TpH TPYIIIBL:
HIyHTHPOBAHHE C HCIIOIb30BAHUEM CHHTETHYECKOTO MpOTE3a, ayTOBEHO3HOE IIyHTHPOBAHHE IO METOXLY
PEBEPCHPOBAHHOI BEHBI M AyTOBEHO3HOE LIYHTHPOBAHUE 0 METOXY in situ. 3abop mepudepraeckoil BEHO3HOM
KpoBHU mpom3Bommiau Ha 1-e, 10-¢ cyt, wepe3 1, 3 u 6 Mec mocie onepanud. YpoBeHb METaOOJIHUTOB OKCHIA
a30Ta OIEHUBANIN (DOTOKOJIOPUMETPHUECKAM METOIOM IO PEAKIHH C PEaKTHBOM [ 'prcca Ha MHKpPOIUIAHIIETHOM
aHanmm3arope (Awareness Technology, CIIIA). Onpenenenne xonnentpanuu VEGF-A ocymecTBisiocs mytem
nMMmyHopepmenTHoro ananm3a (Personal Lab., Mranus) ¢ ucnons3zoBanneM Human VEGF-A Platinum ELISA.
Copnepxanus TnonoBsx (SH-) rpynm onpeaensiu ¢ moMmoisio peaktuBa DimMana (SERVA, 'epmanus) Ha criek-
tpoporomerpe CD-2000 (r. Cankt-IlerepOypr, Poccus).

PesyabTatbl. Konnenrpauuss VEGF-A u yposens SH-rpynm Bospacraror Ha 10-e cyT, uepe3 1 mec B rpymie
HAIMEHTOB, OIEPUPOBAHHBIX C HCHOJIB30BAHMEM CHHTETHYECKOro mpore3a. YposeHb MeTadoiutoB NO,
koHueHTpauuss VEGF-A, conepxanune SH-rpynn craTHCTHUECKH 3HAYMMO BO3pAcTalOT, a 3aTe€M CHHIKAIOTCS
JI0 MCXOJHBIX 3HaU€HMH B IpyINIe MalMeHTOB, ONEPUPOBAHHBIX M0 METOAY PEBEPCHPOBAHHOI BeHbI. B rpymme
MaLUEHTOB, ONIEPUPOBAHHBIX 110 METOAY i Siti, ypOBEHb METAOOIMTOB OKCH/IA A30Ta TOBBIIIAETCS, KOHIIEHTPAIHs
VEGF-A yBenuuuaetcsa Ha 10-e cyT, ypoBeHb SH-rpynm Bo3pacTaeT 1 BBISIBIE€HA OJI0KUTEIbHAS KOPPEISILIMOHHAS
CBA3b MeXAy conepkanueM SH-rpynn u konnentpamueid VEGF-A.

3akaouyenne. Metabonuts! NO crioco6etBytoT Hapactanuio SH-rpynmn u VEGF-A y nanueHToB, onepupoBaHHBIX
[0 METOAY PEBEPCUPOBAHHOW BEHBI, a y MALMEHTOB B TpYIIe in sifu HE BIUAIOT Ha koHueHTpanuio VEGF-A
U ypoBeHb SH-rpymm, 4To MoXeT UMeTh KIMHUYECKOe 3HaueHHe IpU HazHaueHHH A0HOpoB NO. BrisBieHHbIE
3aKOHOMEPHOCTH HW3MEHEHHWs] ypPOBHS BOCCTAaHOBJEHHBIX THOJIOB, MeTaboinuTOB OKcuia a3ora, VEGF-A B
COBOKYITHOCTH C QHQJIU30M PAHHUX U IMO3JHUX IOCIEONEPALOHHBIX OCIOXHEHHH MO3BOJSIOT CJEIaTh BHIBOJ
0 NPEHMYIIECTBE ayTOBEHO3HOH PEKOHCTPYKIMN OeIPEHHO-IIOIKOJIEHHOTO CerMeHTa 3a c4eT (DYHKIMOHAIBHOU
aJlalTallud BEHO3HOIO SHAOTENIMS IO CPABHEHMIO C IPYIION MAIMEHTOB, ONEPUPOBAHHBIX C HUCIONB30BaHUEM
CHHTETHYECKOT0 IpoTe3a. MeTox in situ I0 ONOXMMHYECKNM U aHTHOJIOTUYECKHUM I0Ka3aTelsiM oKasaics oiee
ONIaronpHUATHEIM C TOUKH 3PEHUS KIMHUYECKOTO TEUEHHS, YEM METO] pEBEPCHPOBAHHOI BEHEL.

KiroueBbie c10Ba: MeTabOIUTHI OKCHIA a30Ta, BACKYJIO3HIOTSIHATBHBIN (PakTOp pocTa, OCIKOBBIC U HEOEIKO-
BBIC THOJIOBBIE TPYIIIIbI, AyTOBEHO3HAss PEKOHCTPYKLHS apTepuil HIKHUX KOHEYHOCTEH, pernepy3uoHHOE I0-
BPCXKICHHUE SHAOTEIHS.

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOMUKaNKeil HACTOSIICH CTaThH.

Hcrounnkn ¢unancuposanus. lccnenoBanue BbINONHEHO Npu (uHAHCOBOW moanepxke PODU (mpoekr
Ne 18-315-00129) u crunengun Ilpesunenta Poccuiickoit dexnepanny MOMOABIM YUYEHBIM U acHHpaHTaMm,
OCYILECTBIIAIONIMM TEPCIEKTUBHbIE HAYYHbIE HUCCIICJOBAHMSA U Pa3pabOTKH MO NPUOPUTETHBIM HANpPaBICHHUAM
MojiepHM3aIMu poccuiickoit skonomuku (Ne CI1-2164.2018.4).

CooTBeTcTBHE MPUHIMIAM 3THKH. Bce yyacTHUKH MCCIIEOBAaHHS MTOMUCAIN TOOPOBOJIILHOE HHPOPMUPOBAH-
Hoe cornacue. MccnenoBanue 0JJOOPEHO JOKAIBHBIM 3THYCCKUM KoMHTETOM Ps3I'MYVY wmwm. akan. W.I1. [TaBnosa
(mpotoxkou Ne 1 ot 16.10.2018).
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INTRODUCTION

The use of an autovenous conduit from the great
saphenous vein (GSV) remains an acceptable meth-
od of open reconstructive vascular surgery. Currently,
autovenous bypass is performed using the reverse vein
method and the in sifu method. The discussion about
the advantages and disadvantages of both methods
has not stopped for more than half a century: will the
transformation of the autovein take the path of adapta-
tion or maladjustment?

Published data describes a proposal on the possi-
bility of considering the concentration of SH-groups
as an indicator of the adaptive capabilities of the or-
ganism [1]. Since the 1960s, a large number of clinical
studies have been performed in which a decrease in
the concentration of SH-groups in the blood serum of
patients with various diseases was obtained: cardio-
vascular disorders [2], diabetes mellitus [3], chronic
renal failure [4], alcoholic cirrhosis [5] and other pa-
thology [6]. The dynamics of changes in SH-groups
against the background of autovenous reconstructions
of the arteries of the lower extremities under condi-
tions of reperfusion damage to the endothelium may
turn out to be a marker for predicting the adaptive
transformation of an arterialized vein.

It is known that the most important and early
marker of intimal damage is endothelial dysfunc-
tion associated, first of all, with the inhibition of the
production of nitric oxide (NO), the most important
regulator of vascular tone [7, 8]. Nitric oxide, due to
its functions, is a universal angioprotective substance
on which structural changes in the vascular wall de-
pend [9, 10]. It has been proven that NO helps to slow
down the formation of neointima in the area of sur-
gical anastomoses of an artery with a synthetic pros-
thesis in patients after surgery [11], therefore, it was
suggested that treatment with drugs that stimulate
the production of NO may have an inhibitory effect
on the development of restenosis after surgery [12],
acting as one of the mechanisms of long-term com-
pensation of blood circulation. Since NO is a “short-
lived” molecule, many of its protective properties are
associated not only with direct action, but also with
the endogenous protective systems activated by it, in

particular with the activation of vasculoendothelial
growth factor (VEGF) [13].

In this regard, it is relevant to study the thiol sta-
tus and identify correlations between the content of
SH-groups and the level of metabolites of nitric oxide,
VEGF-A in blood plasma in combination with the
analysis of early and late complications in patients
with critical lower limb ischemia (CLI) after autove-
nous reconstruction of the arteries of the femoral-pop-
liteal segment to assess the degree of adaptation of the
venous endothelium in the settings of the arterial bed.

MATERIALS AND METHODS

The study included 54 patients with CLI (III-IV
stage according to the Pokrovskiy — Fontaine clas-
sification), of whom there were 48 men (88.9%) and
6 women (11.1%). The average age was (64.6  6.6)
years. All patients gave informed consent to participate
in the study and to use their bioassay. The patients were
divided into three groups depending on the type of graft
used for revascularization of the arteries of the femo-
ral-popliteal segment: group A — synthetic prosthesis,
group B — reversed vein and group C — in situ autove-
nous bypass grafting. Conical prostheses made of 4/8
mm polytetrafluoroethylene were used as a synthetic
graft in all cases. In patients with autovenous revascu-
larization, the ipsilateral great saphenous vein was used
in all cases. Clinical groups were matched by gender,
age, stage of the disease, comorbidity, initial minimum
diameter of GSV, Rutherford outflow score (Table 1).

Post-operative peripheral venous blood withdraw-
al for evaluation of the examined biochemical indica-
tors had been done on days 1 and 10, and on months
1,3 and 6.

The level of nitric oxide metabolites (the total con-
centration of nitrates and nitrites) was determined by
the photocolorimetric method by the development of
color in the diazotization reaction with sulfanilamide
nitrate, which is part of the Griess reagent (NevaReak-
tiv, Russia). Nitrites diazotize sulfanilamide, and the
resulting substance reacts with azo coupling with naph-
thylethylenediamine to form a pink compound, the col-
or intensity of which is proportional to the total concen-
tration of nitrites and nitrates in the sample [14].
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Table 1
Clinical characteristics of study groups

Parameter, unit of measure Group A Group B Group C
Number of patients, n 18 18 18
Age, years 64.15+6.5 64.9+6.5 65.6+6.9
Male, n (%) 16 (88.9 %) 16 (88.9 %) 16 (88.9 %)
Female, n (%) 2 (11.1 %) 2 (11.1 %) 2 (11.1 %)

Disease state on Pokrovskiy — Fontaine classification
Stage 111, n (%) 11 (61.1 %) 10 (55.6 %) 11 (61.1 %)
Stage 1V, n (%) 7 (38.9 %) 8 (44.4 %) 7 (38.9 %)
Comorbidities
Ischemic Heart disease, n (%) 12 (66.7%) 11 (61.1%) 14 (77.8%)
Hypertensive disease, n (%) 15 (83.3%) 16 (88.9%) 18 (100%)
Cerebrovascular diseases, 7 (%) 4 (22.2%) 3 (16.7%) 5(27.8%)
Base Anatomic-Morphological Characteristics
Great saphenous vein diameter on ultrasound duplex scanning, mm - 3.5+0.6 3.7+£0.7
Condition of outflow tract on Rutherford, points 6.1+1.1 6.7+1.4 6.5+1.6
Type of reconstruction of infrainguinal segment arteries

Method Synthetic Prosthesis Reversed vein in situ
Above knee joint cleft 13 (72.2 %) 10 (55.6 %) 13 (72.2 %)
Below knee joint cleft 5(27.8 %) 8 (44.4 %) 5(27.8 %)

The color intensity was assessed in the visible spec-
tral region with registration on a StatFax 3200 micro-
plate analyzer (Awareness Technology, USA) at a wave-
length of 540 nm and expressed in nmol/mg protein.

Determination of the active form of human vascu-
loendothelial growth factor A (VEGF-A) was carried
out by enzyme immunoassay on Personal Lab units
(Italy) using Human VEGF-A Platinum ELISA hu-
man VEGF-A (BMS277/2) (BioChimMac, Moscow,
Russia). The intensity of the color measured at 450
nm is directly proportional to the concentration of
VEGF-A present in the samples. The VEGF-A con-
centration in the samples was determined using a stan-
dard curve and expressed in pg/ml.

The level of intracellular and extracellular reduc-
ing agents was assessed by the change in the content
of thiol (SH-) groups, which were determined using
Ellman’s reagent on an SF-2000 spectrophotometer
(St. Petersburg, Russia) [15]. The reaction of sulf-
hydryl (thiol) groups with Ellman’s reagent (5,5’-
dithiobis-2-nitrobenzoic acid, SERVA, Germany)
breaks the disulfide bond in the reagent and forms
2-nitro-5-thiobenzoic acid, which at alkaline pH in
water turns into a quinoid form and has a bright yellow
color. The resulting thionitrophilic anion is quantified
on a spectrophotometer at 412 nm. To calculate the
level of reduced thiols in blood plasma (in pmol/ml),
the molar extinction coefficient of the Ellman reagent
was taken as 14150 M cm™'.

The statistical analysis of the results of the experimen-
tal study was carried out using the Statistica 10.0 pro-

gram. The normal distribution of data was checked using
the Shapiro — Wilk test (W test). The results were presen-
tedas Me /Q 1 ; O 3 ], where Me is the median, O 1 is the
first quartile (25%), O 3 is the third quartile (75%), arith-
metic mean and its error M + m. To analyze the statistical
significance of differences between independent sam-
ples, the Mann — Whitney rank test (U test) was used. To
check the equality of the medians of several samples, the
Kruskall — Wallis test was used. Spearman’s coefficient
(R) was used to assess the rank correlation. The critical
level of statistical significance of the differences in the
null hypothesis (p) was taken equal to 0.05.

RESULTS AND DISCUSSION

NO metabolites level does not change significantly
in Group A and increases in post-operation period in
groups B and C.

In groups B and C NO metabolites level signifi-
cantly grows on days 1 and 10, in the period from
month 1 to month 6 NO level is stable but statistically
higher than before operations (Fig. 1).

Any operative intervention on arteries leads to en-
dothelium damage which causes inflammation with
adhesion and thrombocyte aggregation, proliferation
and migration of smooth muscle cells into intima.
Endothelium damage induces production of NO syn-
thase-2 (NOS-2) in smooth muscle cells and endothe-
lium [16, 17], which can explain the results reached
in groups B and C. Venous conduit from great saphe-
nous vein has functional endothelial lining and reacts
on local and systemic molecular and hemodynamic
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stimulants and regulates vascular tone and homeosta-
sis which is not the case of synthetic prosthesis due
to absence of endothelium in it and that is why NO
metabolites level does not change in group A (Fig. 1).

Along with changes in the level of nitric oxide me-
tabolites, vascular endothelial growth factor VEGF
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is one of the well-studied indicators of angiogenesis,
indicating the severity of the lesion [18]. It has been
proven that VEGF ensures normal growth and devel-
opment of the body, wound healing. However, high
levels of VEGF were found in the development of
cancerous tumors and rheumatoid arthritis [19].
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Fig. 1. NO metabolites level in blood plasma of patients with critical lower limb ischemia before and after femoropopliteal segment
arteries reconstruction, Me [Q,; O,]: * significant differences in data between pre-operation and post-operation (p < 0.05)

The concentration of the active form of human
VEGF-A in experimental group A increases statis-
tically significantly from the Ist day to 6 months,
reaching a maximum on the 10th day. In experimental
group B, the amount of VEGF-A statistically signifi-
cantly increased after 1 month relative to the values
before surgery. In group C, it statistically significantly
increases on the 10th day after surgery and decreases

900

in the period from 1 to 6 months relative to the values
before surgery.

It is known that the survival rate of patients with
a high level of VEGF is significantly lower than that
of patients with a low expression of VEGF-A [18],
therefore, the results obtained indicate a positive trend
in autovenous bypass grafting using the in situ tech-
nique.
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Fig. 2. Concentration of VEGF-A’s active form in blood plasma of patients with critical lower limb ischemia before and after
femoropopliteal segment arteries reconstruction, Me [Q,; O], pg/ml: * significant differences in data between pre-operation and
post-operation (p < 0.05)
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After surgery, the restoration of the body is ac-
companied by adaptation to new conditions. Cur-
rently, thiol-containing compounds (molecules con-
taining-SH groups) are considered not only as a new
marker of oxidative stress, but also as an indicator of
homeostasis and adaptation under pathophysiological
conditions [20].

The level of reduced thiols in the blood plasma of
patients in groups A and B increases on the 10th day and

after 1 month, and in group C it statistically significantly
increases from the 10th day to the 6th month (Fig. 3).

The degree of adaptation directly depends on the
concentration of thiols: the higher the degree of adap-
tation, the higher the level of SH-groups in the blood
serum. It follows from this that the functional adap-
tation of the venous endothelium is higher in patients
operated on by the in situ method, compared with the
reverse vein method.
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Fig. 3. Reduced thiols level in blood plasma ot patients with critical lower limb 1schemia betfore and after temoropopliteal segment
arteries reconstruction, Me [Q,; Q.], umol/ml: * significant differences in data between pre-operation and post-operation (p < 0.05)

Thiols are able to form reversible mixed disulfide
bonds between protein and low molecular weight SH
groups. The results obtained in group C indicate that
oxidative stress decreases, disulfide bonds are restored
to thiol groups, and thiol-disulfide homeostasis is
maintained, and the body’s resistance to reconstruc-
tive surgery increases. Abnormalities in thiol-disulfide
homeostasis can play an essential role as a biomarker

in the development of pathophysiological conditions.
In patients in groups A and B, after mobilization of
the body’s defense reactions, which are expressed in
an increase in the level of thiols, their decrease to the
initial level is observed, which indicates adaptation or
compensation without depletion.

The obtained biochemical results confirm the
clinical observations given in Table. 2.

Table 2
Clinical characteristics of early and late complications of patients in the study groups
Group A | Group B | Group C
Short-term results (up to 30 days)
Thrombosis, 7 (%) 2 (10%) 2 (10%) 1 (4.5%)
First-time passableness, % 90 90 95.5
Second-time passableness, % 90 95 100
Limb salvage,% 90 95 95.5
Major amputations, 7 (%) 2 (10%) 1 (5%) 1 (4.5%)
Minor amputations, 7 (%) 1 (5%) 5 (25%) 2 (9%)
Long-term results (6 months)

Thrombosis, n (%) 4 (20%) 3 (15%) 1 (4.5%)
First-time passableness, % 70 75 91
Second-time passableness, % 75 80 95.5
Limb salvage,% 80 85 95.5
Major amputations, n (%) 2 (10%) 2 (10%) 0
Minor amputations, n (%) 1 (5%) 1 (5%) 1 (4.5%)
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From the perspective of early and late postopera-
tive complications, patients in group C have a more
favorable clinical picture, as indicated by a high per-
centage of primary and secondary patency of bypasses,
a decrease in mortality, and an increase in the degree
of limb preservation. The most unfavorable postopera-
tive period according to the list of declared angiologi-
cal signs is in patients in group A (see Table 2).

Interestingly, in terms of biochemical parameters
in group B, positive correlations were revealed: the

higher the level of nitric oxide metabolites, the high-
er the number of VEGF-A and SH-groups. Patients
of group C showed a positive correlation between the
amount of VEGF-A and free thiols, regardless of the
level of nitric oxide metabolites (Table 3). Thus, in
group B, NO metabolites promote the growth of SH-
groups and VEGF-A, and in group C, they do not af-
fect the concentration of VEGF-A and the level of SH-
groups, which may be of clinical significance when
assigning NO donors.

Table 3

Correlation ratio (R) between NO metabolites level, VEGF-A, SH-groups of patients in pre-operation and post-operation periods

Group A

Group B Group C

NO metabolites/ VEGF-A R=0.1; p>0.05

R=0.47;p<0.01 R=0.15;p>0.05

NO metabolites/SH-groups R=0.15;p>0.05

R=0.48;p<0.01 R=0.065; p > 0.05

VEGF-A/SH-groups R=0.40; p<0.01

CONCLUSION

The obtained patterns of changes in the level of
reduced thiols, nitric oxide metabolites, VEGF-A in
patients with CLI indicate adaptation of the venous
endothelium in the settings of the arterial bed during
autovenous reconstruction of the femoropopliteal seg-
ment in comparison with the group of patients opera-
ted on using a synthetic prosthesis, which is confirmed
by the analysis of early and late postoperative compli-
cations. The in situ method demonstrates the devel-
opment of a more favorable clinical picture in terms
of biochemical and angiological parameters than the
reverse vein method.
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