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YYEBHUK
«TPAHCNAAHTOAOTUS

U UCKYCCTBEHHbIE
OPTAHbI»: U3AAHUE
BTOPOE, NMEPEPABOTAHHOE
U AONOAHEHHOE

I’nyookoysarcaemvie konnecu!

B 2024 200y ysuoum ceem eémo-
poe uzoanue yuebnuxa «Ipancnian-
MON02USL U UCKYCCINGEHHbIE OP2AHBLY.
Ilepsoe uzdanue yuweOHUKA BbIULILO
6 2018 2., u eco nosasnenue A6UN0CH
SHAYUMOUL 8eXO0llL 8 PA36UMUL KAK KU~
HUYeCKOU MeOUYUHbl, MAK U GbLCULE2O0
MeOUYUHCKO20 00pa3osanus 8 Hauietl
cmpare, 0bo2amusule2ocs euye 00HO
HOB0U OUCYUNTIUHOU 8 PAMKAX Cheyu-
AnbHOCIU «leuedHoe 0enoy.

Yuebnux noozcomoenen ¢ yuemom
UWeCmHAOYAMUIemHe20 ONbIMa Npeno-
0asarust IMOoU OUCYUNIUHBL 8 8edyUeM
meouyunckom gyse — [lepsom MITMY um. U.M. Ceuenosa
(Ceuenosckuil ynugepcumem), a maxice KIUHUYECKO20
U HAYYHO20 ONbIMA 8E0YULE20 MPAHCNIAHMOLOSULECKO-
20 yenmpa Hautel cmpansvl — OI'BY «HayuonanvHulil
MEOUYUHCKUL UCCIe008aAMENbCKULL YEeHMP MPAHCHIAH-
MON02UU U UCKYCCMBEHHBIX OP2AHO8 UMEHU aKA0EeMUKA
B.U. lllymaxosay» Munzopaea Poccuu.

Tpancnaanmonozusi — bbicmpo paz3euUBAIOWAsCs 00-
Jacme Kiunueckou meouyurvl. Cmpykmypa u 6asosoe
cooepacanue 60 6MoOpPoM U30AHUU YYEOHUKA COXPaHe-
Hbl, AKMYaiu3upo8and u 00NoIHeHa unpopmayus ¢ yue-
MOM NPOUZOMEOUUX 3d NOCTeOHUE 200bl USMEHEHUIL.
C Kasicovim 2000M ROBLIULAENCSL OOCHYNHOCb MPAHC-
NIAGHMAYUY HCUSHEHHO BANCHBIX OP2AHO8 KAK 6UOA Gbl-
COKOMEXHON02UYHOU MeOUYUHCKOU nomowu. Jucio eul-
NONHAEMBIX @ Cpane onepayull no mpaHcnIaHmayuu
COMUOHBIX OP2AHO8 3ad NOCIeOHUe NAMb Jem 803POCIO
Ha mpemby,; YeHmpbl MPAHCHAAHMAYUY PACTIOLONCEHDBL 8
38 cybvexmax P®, ¢ mom yucie 8 omoaieHHbix pecuo-
Hax Hawel cmparvl. Knunuueckue pezyniomamovl mpauc-
NIGHMAYUU COOMBEMCMBYIOM YPOBHIO IYUUUX MUPO-
8bIX NPAKMUK, C 00CMUNCEHUEM NOIHOU QU3UULECKOl
U COYUAnbHOU PeabUIUMAayuu peyunueHmos, 6Kyl
PENPOOYKMUBHYIO OYHKYUIO U BOZMONCHOCTD PONCOCHUS
300p08bIX Oemel.

“TRANSPLANTOLOGY
AND ARTIFICIAL
ORGANS":

SECOND EDITION,
REVISED

AND ENRICHED

Dear colleagues,

The second edition of the textbook
“Transplantology and Artificial Or-
gans” will be released in 2024. The
first edition was published in 2018,
marking a significant milestone in the
development of both clinical medicine
and higher medical education in our
country, which was enriched with one
more new discipline within the ‘general
medicine’ specialty.

The textbook has been prepared ta-
king into account our 16 years of ex-
perience in teaching this discipline at foremost medical
university Sechenov University. The textbook also incor-
porates various clinical research experiences gained at
Russia’s leading transplant center, Shumakov National
Medical Research Center of Transplantology and Arti-
ficial Organs, Moscow.

Transplantology is a rapidly developing field of cli-
nical medicine. The second edition of the textbook has
been revised and augmented to reflect changes that have
occurred in recent years, while maintaining the structure
and basic content. Transplantation of vital organs is
increasingly becoming accessible every day as a type
of high-tech healthcare. Over the past five years, the
number of solid organ transplants performed in the na-
tion has increased by one third; transplant centers can
be found in 38 federal subjects of the Russian Federati-
on, including in remote regions of our country. Clinical
transplant outcomes at these centers so far are on par
with the highest international standards. Organ recipi-
ents have been able to achieve full physical and social
rehabilitation, including the ability to reproduce and
have healthy children.



B cea3u ¢ nHeobxooumocmuio nocmosHnoco yeenu-
Yyenus yucia mpascnianmayuil opeanog 8 P®, om-
KpbIMuem HO8bIX MPAHCHIAHMONI0SUYECKUX YEHMPO8
no020moeKa epaueti 8 001aCmMU MPAHCNIAHMONIO2UL,
a makoice NOIyYeHue 3HAHU No MPAHCHRAAHMOLO2UU U
UCKYCCMBEHHBIM OP2AHAM 8PAYAMU PASTUYHBIX CHeYU-
anbHOCMel UMEIOM aKMyaibHoe 3HAYeHUe 8 cucmeme
8bICULIE20 NPOPDECCUOHATLHO2O MEOUYUHCKO20 00pA30-
BaHUSL.

Aemopul paccuumwiéarom, ymo nepepabomanuoe u
0OononHenHoe 6mopoe u3danue yueobnuxa byoem socmpe-
008aHO He MONLKO CMYOEeHMAMU, HO MAKICE MOACEem
0KA3AMb NOMOUWD 8 0OYUEHUU MOTOObIX CHEYUATUCTNOS,
épaueitl, y4eHblX, ACHUPAHMO8, MAK KAK COOEPIHCUM aK-
MYanbHyIo U NOAHYI0 UHGOPMAYUIO O OCHOBHLIM PA3-
denam mpaucnianmono2ui, UCKYCCmMeeHHbIM OPeaHaM,
a makoice peceHepamuHol MeOuyuHe u co30anuio obuo-
UCKYCCMBEHHBIX OP2AHO8.

C ysadicenuenm,
2N1a8HbIU pe0aKmop
axaoemux PAH C.B. [omve

Due to the need for a constant increase in the num-
ber of organ transplants in the Russian Federation, the
establishment of new transplant centers, training of phy-
sicians in the field of transplantology, and acquisition of
knowledge on transplantology and artificial organs by
doctors of various specialties are all critically important
in the higher professional medical education system.

The authors expect that the revised and supplemented
second edition of the textbook will not only be in demand
among students but also can assist in the training of
young specialists, doctors, scientists, graduate students,
as it contains current and comprehensive information
on the key areas of transplantology, artificial organs,
regenerative medicine and manufacture of bioartificial
organs.

Sincerely,

r Sergey Gautier,
) Fellow, Russian Academy of Sciences
Editor-in-chief, Russian Journal

of Transplantology and Artificial Organs
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PREGNANCY AFTER KIDNEY TRANSPLANTATION:
CLINICAL FEATURES, COMPLICATIONS AND OUTCOMES
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Pregnancy after kidney transplantation (KT) has become more common, but the risk of complications and adver-
se obstetric outcomes in this group of women remains high. Objective: to study pregnancy complications and
outcomes in kidney recipients and renal graft (RG) survival after childbirth. Material and methods. The study
included 22 pregnancies in 20 women with RG (transplants performed in 2006-2020). The comparison group
consisted of 20 healthy women who had 20 pregnancies. Frequency and nature of pregnancy complications, neo-
natal health indicators, and pregnancy outcomes were evaluated. Graft survival was compared in the main group
and in a group of 102 women after KT who did not have pregnancies. Results. Compared with healthy women,
RG recipients had a higher rate of preeclampsia (25% and 0%, p = 0.047), fetal growth restriction (30% and 0%,
p = 0.020), gestational diabetes (40% and 5%, p = 0.020), asymptomatic bacteriuria (35% and 5%, p = 0.044),
preterm birth (60% and 0%, p < 0.001), and cesarean section (70% and 10%, p <0.001). Median gestational age
and birth weight were significantly lower in women with RG: 36.0 [33.9; 37.4] vs. 38.9 [38.9; 39.6] weeks, p <
0.001, and 2405 [2023; 2958] vs. 3355 [3200; 3690] g, p < 0.001, respectively. The rate of favorable pregnancy
outcomes after KT was 81.8%, or 90% when early pregnancy loss is excluded. Two children were found to have
genetic diseases passed from the mother. Graft survival did not differ between RG recipients with and without
pregnancy, p = 0.272. Conclusions. Pregnancy outcomes in patients with RG are generally favorable, pregnancy
and childbirth do not affect graft survival. When planning pregnancy after KT, it is necessary to consider the risk
of complications and the possibility of transmitting genetic disorders to offspring.

Keywords: kidney transplantation, immunosuppression, pregnancy, complications, pregnancy outcomes,
renal graft survival.

INTRODUCTION

Kidney transplantation (KT) provides the highest
level of medical and social rehabilitation for patients
with stage 5 chronic kidney disease (CKD); it enables
many renal graft (RG) patients, both men and women,
to exercise reproductive function [1, 2].

Although the pregnancy rate in this cohort is several
times lower than in the general population, incidents
of pregnancy among patients of kidney transplants are
becoming regular occurrences [3, 4]. In recent years,
assisted reproductive technologies, including in vitro
fertilization programs, have even been used in post-KT
patients suffering from infertility [5, 6]. Nevertheless,
despite a fairly high rate of live births (>70% in most
studies), pregnancy in RG recipients is associated with
increased risk of complications and adverse outcomes.
For instance, in a 2019 meta-analysis, which included
6,712 pregnancies in 4,174 kidney transplant recipients,
the rate of spontaneous miscarriage was 15.4%, 95%

pregnancy-induced hypertension was 24.1%, 95% CI
18.1-31.5, cesarean section was 62.6%, 95% CI 57.6—
67.3, preterm delivery 43.1%, 95% CI 38.7-47.6 [7].
Adverse pregnancy outcomes and complications have
been shown to be associated with reduced RG function
before conception, especially when combined with se-
vere proteinuria [8, 9].

A critical issue is the possible impact of pregnan-
cy and childbirth on RG function and survival. Both
individual studies and a large meta-analysis featuring
43 studies showed that pregnancy have no significant
influence on kidney graft survival, although the rate of
serum creatinine elevation was slightly higher in the first
2 years after delivery compared with women who did
not have pregnancies after KT [10, 11].

The aim of our study is to investigate pregnancy com-
plications and outcomes in kidney transplant recipients,
as well as graft survival after delivery.

MATERIALS AND METHODS

CI 13.8-17.2, stillbirth was 5.1%, 95% CI 4.0-6.5, and
preeclampsia was 21.5%; 95% CI 18.5-24.9 (for compa-
rison, the population incidence of preeclampsia is 2—5%),

Our longitudinal observational study included the
main group — 20 kidney transplant recipients (among
them one woman with a kidney and pancreas transplant)
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who had 22 pregnancies. The comparison group of preg-
nancy outcomes included 20 pregnancies in 20 healthy
women; they did not differ from the post-KT pregnant
women by age, body mass index, and number of preg-
nancies in medical history. A control group of 102 kid-
ney recipients who had not become pregnant after KT
and were comparable to the main group in terms of age,
underlying disease (cause of end-stage chronic renal
failure), and immunosuppressive therapy, was used to
assess the effect of pregnancy and childbirth on renal
graft survival.

Each pregnancy was treated as a separate case.
Transplants were performed in 2006-2020 at different
transplant centers. During pregnancy following KT, the
patients were observed by a nephrologist and an obstetri-
cian-gynecologist from the Moscow Regional Research
Institute of Obstetrics and Gynecology.

All transplants were the first being performed on the
patient. In 16 cases (80%), the KT was from a deceased
donor (including kidney and pancreaticoduodenal com-
plex transplantation), while 4 (20%) cases were trans-
plantations from a living related donor. End-stage chro-
nic renal failure was caused by the following: chronic
glomerulonephritis (11 patients; 55%), congenital urina-
ry anomalies (6; 30%), nephropathy of unknown origin
(2 patients; 10%), and diabetic nephropathy resulting
from type 1 diabetes (1; 5%). Mean age at the time of
KT and at the time of delivery was 27.5 &+ 6.7 years and
33.8 £5.5 years, respectively.

Twenty-one pregnancies were spontaneous, and one
was achieved through in vitro fertilization. The first were
10 observed pregnancies, the second were 6, the third,
fourth and fifth were 2 pregnancies each. At pregnancy
onset, glomerular filtration rate (GFR) in the renal graft
indicated stage 1 CKD in 5 (22.7%) cases, stage 2 in
9 cases (40.9%), stage 3 in 7 (31.8%), and stage 4 in a
case (4.5%).

The patient with stage 4 CKD and creatinine level
above 200 pmol/L before conception, according to Order
736 of the Ministry of Health and Social Development
of the Russian Federation dated December 3, 2007, was
indicated for early termination of pregnancy for medical
reasons; however, the woman categorically insisted on
prolonging the pregnancy and signed an official refusal
to terminate it.

Another RG recipient, whose unplanned pregnancy
occurred while taking teratogenic drug mycophenolate
mofetil, was offered artificial abortion in the first trimes-
ter. She had a history of ischemic stroke with primary
antiphospholipid syndrome, which sharply increased
the risk of thrombotic complications during pregnancy.
However, she also refused to terminate the pregnancy;
the teratogenic drug was withdrawn in early gestation.

Artificial abortion at 20-21 weeks of gestation was
offered to a woman whose second prenatal ultrasound
screening revealed a serious fetal malformation — bila-

teral hydronephrosis with a high level of obstruction,
suspected cystic dysplasia, and oligohydramnios, but
the patient refused.

All pregnant women with a transplanted kidney were
observed according to an individual protocol with the
recommended frequency of visits to the doctor at least
once every 2 weeks, self-monitoring of blood pressure
(BP) and heart rate 4 times a day, monitoring of clinical
blood count, daily proteinuria, serum creatinine at least
once every 4 weeks in the first half of pregnancy and
once every 14 days after the 20th week of gestation,
urine microbiological examination at least once every
4 weeks, measuring tacrolimus/cyclosporine blood levels
at least once every 2—3 weeks, kidney transplant ultra-
sound once every 6—8 weeks, fetal ultrasound with Dopp-
ler ultrasonography at least once every 4 weeks (more
frequently if indicated) in the second half of pregnancy,
determination of angiogenic coefficient sFlt-1/PIGF once
every 45 weeks, use of global methods of assessing the
hemostatic system — thromboelastography and thrombo-
dynamics — if indicated. Daily blood pressure monitoring
was done in addition to office standardized blood pres-
sure measurements in case choosing antihypertensive
therapy proved to be difficult. Current guidelines for the
diagnosis of gestational diabetes mellitus (GDM) were
followed [12].

In all patients after KT, mycophenolic acid medica-
tions were discontinued or replaced with azathioprine no
later than 3 months before conception, considering their
teratogenic and mutagenic effects, except for one case
of unplanned pregnancy. ACE inhibitors, angiotensin
receptor blockers, statins, urate-lowering medications
(allopurinol, febuxostat), warfarin, direct oral anticoagu-
lants, and other drugs that are prohibited for use during
pregnancy were also discontinued at the planning stage.

During pregnancy, all RG recipients received corti-
costeroids in minimal doses (5—-10 mg orally in terms
of prednisolone) and a calcineurin inhibitor: tacrolimus
was used in 17 (77.3%) cases, cyclosporine A in 5 out
of 22 (22.7%). The third drug of the immunosuppressi-
ve therapy — azathioprine at a dose of 50 mg/day — was
used in 12 out of 22 cases (54.5%). Any chronic hyper-
tension was treated with drugs approved during preg-
nancy — methyldopa, dihydropyridine calcium channel
blockers (long-acting nifedipine, amlodipine), selective
beta-blockers (bisoprolol, nebivolol) — as monotherapy
or in various combinations.

In patients with chronic hypertension, the target BP
was considered 130/80—110/70 mmHg. All kidney re-
cipients received folate, vitamin D (cholecalciferol),
potassium iodide, and antiplatelet agents in pregnan-
cy-recommended doses to prevent preeclampsia — ace-
tylsalicylic acid 150 mg/day from the 13th to the 36th
week of gestation (dipyridamole 225 mg/day in case of
acetylsalicylic acid intolerance), and prophylactic doses
of low-molecular-weight heparin throughout pregnancy
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and 68 weeks postpartum to prevent thromboembolic
and placenta-associated complications.

To treat anemia, oral or intravenous iron prepara-
tions were used; erythropoietin preparations were used in
some cases of persistent anemia against the background
of iron saturation and absence of folic acid and vitamin
B,, deficiency.

The frequency and nature of pregnancy complica-
tions, neonatal health indicators, and pregnancy outco-
mes were assessed in women of both groups. An unfavo-
rable outcome was considered to be artificial termination
of a desired pregnancy early for medical reasons, antena-
tal, intranatal or postnatal fetal/newborn death, birth of a
child with serious malformations or diseases leading to
disability. A favorable obstetric outcome was defined as
the birth of a live baby without significant developmental
anomalies or hereditary diseases and the child’s survival
in the postpartum period.

Statistical data processing. Normally distributed va-
lues were presented as “mean + standard deviation”.
Indicators with non-normal distribution were described
as “median [first quartile; third quartile]”; qualitative
indicators were presented in fractions (percent), or in
absolute values. Indicators with distributions different
from normal were compared using the Mann—Whit-
ney U test for two independent samples. Fisher’s exact
test was used to assess the significance of differences
in qualitative features (proportions in groups), and the
Kaplan—Meier method was used to assess renal graft
survival. The level of 0.05 was taken as the critical level
of significance of differences.

RESULTS

The interval between child delivery and KT was quite
significant — the median was 64.1 [49.5; 91.5] months,
meaning that pregnancy occurred on average 5 years
after transplantation. Compared to healthy women, preg-
nant women with transplanted kidneys had a significantly
higher incidence of gestational complications, including
preeclampsia, fetal growth restriction, GDM, anemia,
and asymptomatic bacteriuria (ABU). Urinary tract in-
fections were also more likely to occur (Table). Post-KT
pregnancy had a higher incidence of both preterm birth in
general (delivery before 37 weeks of gestation occurred
in 60% of cases, 0% in the comparison group, p <0.001)
and delivery before 34 weeks of gestation (25% in the
main group and 0% in the healthy group, p = 0.047).
The reasons for premature birth were preeclampsia in
4 (33.3%) cases, signs of fetal distress (decompensated
fetoplacental insufficiency) in 3 (25%), onset of labor in
2 (16.7%), prenatal amniotic fluid discharge in 1 (8.3%),
progressive increase of proteinuria in 1 case, and rever-
sible increase of serum creatinine in 1 case.

Patients with kidney transplants had significantly
higher rates of surgical deliveries than healthy patients:
the main group had 70% of caesarean sections, whereas
the control group had 10%, or seven times less, p <0.001.

Median delivery time, median absolute birth weight
and percentile birth weight were significantly lower in
the transplanted kidney group. Additionally, the children
born required treatment in the intensive care unit more
often.

There were no rejection crises or kidney graft losses
during pregnancy. In addition to active urinary infection
(which every fifth pregnant woman with a transplanted
kidney had during pregnancy) and ABU, other infections

Table
Pregnancy complications and obstetric outcomes in women with a transplanted kidney
and in healthy women
Indicator Women after KT Healthy women p
Incidence of preeclampsia 5 (25%) 0 (0%) 0.047
Incidence of intrauterine growth restriction 6 (30%) 0 (0%) 0.020
Incidence of gestational diabetes mellitus 8 (40%) 1 (5%) 0.020
Incidence of anemia 17 (85%) 7 (35%) 0.003
Incidence of asymptomatic bacteriuria 7 (35%) 1 (5%) 0.044
Incidence of active urinary tract infection 4 (20%) 0 (0%) 0.106
Proportion of births before 37 weeks of gestation 12 (60%) 0 (0%) <0.001
Proportion of births before 34 weeks of gestation 5 (25%) 0 (0%) 0.047
Rate of cesarean section 14 (70%) 2 (10%) <0.001
Due date (weeks)* 36.0 [33.9; 37.4] 38.9 [38.9; 39.6] <0.001
Children’s body weight at birth (g)* 2405 [2023; 2958] 3355 [3200; 3690] <0.001
Children’s body weight at birth )%)* 45123; 58] 61 [42; 77] 0.045
Rate of newborn transfer to the ICU 9 (45%) 0 (0%) 0.001
Favorable pregnancy outcome** 18 (81.8%) 20 (100%) 0.109

Note: *, indicator is presented as median [Q1; Q3]

. okk
s

, indicator is calculated for 22 cases (all pregnancies that occurred), all

other indicators are calculated for 20 pregnancies that ended in childbirth.
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were observed in this group during gestation: herpes
simplex in 1 case, shingles, bacterial tonsillitis, acute
bronchitis, and food poisoning in 1 case each. Two pa-
tients had mild COVID-19 during pregnancy, and one
had asymptomatic COVID-19 infection (tested positive
to nasopharyngeal swab test). The virus was detected to
have replicative activity during pregnancy in one reci-
pient with chronic hepatitis B infection; a hepatologist
prescribed antiviral therapy — tenofovir alafenamide
25 mg/day — for the entire gestational period. In all, 11
out of 20 (55%) pregnancies that ended in childbirth had
infectious complications.

Out of 22 pregnancies, 20 (90.9%) ended in child-
birth, there were 2 (9.1%) cases of first trimester non-
developing pregnancy. Live birth rate was 90.9%. One
newborn girl with prenatally diagnosed serious urinary
anomalies (parents refused to terminate pregnancy) and
congenital renal failure died on day 3 of birth despite
renal replacement therapy by peritoneal dialysis. The
cause of death was pulmonary dysplasia. Another child
(a girl) inherited from her mother a genetic disease — oral-
facial-digital syndrome type I with an X-linked dominant
inheritance — while no internal organ abnormalities were
detected in the girl; the early adaptation period was ge-
nerally favorable. Thus, despite the child surviving in
the latter case, the pregnancy was classified as an un-
favorable outcome; favorable outcomes were observed
in 18 out of 22 (81.8%) pregnancies. If we do not take
into account early pregnancy loss (before 13 weeks),
which often occurs in the general population, the rate
of favorable outcomes is 90% (18 out of 20 pregnancies
that reached 20 weeks). Children born to mothers with a
transplanted kidney grow and develop normally.

Separately, we studied the renal graft status at the
current time point (December 2023) in patients who had
a pregnancy and delivery (Fig. 1). Median follow-up
time after delivery was 26.9 [13.2; 47.1] months. The
majority (72.8%) of women continued to be followed
up with a functioning RG, 18.2% of recipients left fol-
low-up. One patient (4.5%) lost the graft and returned
for dialysis 4 years after delivery, which resulted in a
second unplanned pregnancy that became complicated
by preeclampsia. One patient with a history of primary

Fig. 1. Renal graft status after delivery

11

antiphospholipid syndrome and two strokes died with a
functioning graft from a recurrent stroke 20 months after
delivery with a favorable obstetric outcome.

We analyzed RG survival after delivery (Fig. 2). One-
year graft survival rate after delivery was 100%, 2-year
survival was 92.3%, and 5-year survival was 73.8%.

To evaluate the effect of pregnancy and delivery on
RG survival (from the time of transplantation), we com-
pared graft survival in the main group and in the control
group (women with a transplanted kidney who had no
pregnancies after KT) (Fig. 3).

It turned out that there was no significant difference
in RG survival rate between the main and control groups,
p=0.272.

DISCUSSION

The rate of favorable pregnancy outcomes was high —
81.8% or 90% (when early losses are taken out of the
picture). These rates are comparable with those arrived
at by other researchers [1, 7, 8, 13], even though some
of our patients were contraindicated to carry a pregnancy
to term but refused to terminate it. The rates of pree-
clampsia, intrauterine growth restriction, preterm labor,
and operative delivery were higher than in the general
population, which is consistent with reports [7, 14, 15].
At the same time, average delivery time (36 [2023; 2958]
weeks) and birth weight (2405 [2023; 2958] g) provided
a favorable prognosis in most cases for newborn nursing.

The high incidence of GDM in our cohort of pregnant
women — 40% — is noteworthy, which is higher than the
2—6% rate described in other studies on pregnancy com-
plications after KT [7, 16]. Apparently, this difference
is because we paid special attention to this pregnancy
complication, taking into account the adverse effect of
hyperglycemia on gestational outcomes, and we used
modern diagnostic criteria, which may have contributed
to improved GDM detection [12]. In all cases, it was ear-
ly GDM, largely associated with the diabetogenic effect
of immunosuppressive drugs — calcineurin inhibitors and
corticosteroids.

Prevention and treatment of infectious complications
play a significant role in achieving favorable pregnancy
outcomes after KT. Incidence of these complications in

W Functioning graft
B Graft loss
Left follow-up

B Death with functioning RT
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the pregnant women was quite high, 55%, but there were
no severe infections. Urinary tract infection was the most
common — in 7 out of 20 cases (35%) — and 4 pregnant
women (20%) had both ABU and active infection. Active
antibiotic treatment of all ABU episodes may have been
important in preventing severe urinary infection.

In our study, there were no cases of acute graft re-
jection during pregnancy. This is probably due to the
small size of our cohort. In a meta-analysis, the rate of
rejection in pregnancy among 822 RG recipients was
9.4% (95% CI 6.4-13.7), which was comparable to the
rate of rejection outside of pregnancy [7, 17]. Apparently,
acute RG rejection is not a frequent pregnancy compli-
cation, especially with careful pharmacokinetic control
and timely adjustment of immunosuppression, although
the risk of rejection is still not zero, especially in the first
2-3 years after delivery.

80

It should be noted that most of the unfavorable outco-
mes occurred in unplanned pregnancies, when pregnancy
was either contraindicated at all, or there were no clear
contraindications but no pregravid preparation was car-
ried out. A special problem is the possibility of the child
inheriting a genetic disease from the mother. A patient
with proven oral-facial-digital syndrome type I with an
X-linked dominant inheritance and polycystic kidney
disease, 50% risk of transmission regardless of sex, ab-
solute mortality for male fetuses, was recommended (by
a consilium with the participation of a geneticist) to get
pregnant via IVF followed by preimplantation genetic
testing in order to select female embryos with a favorable
prognosis for the disease. However, the patient did not
agree with the proposed tactics and became spontane-
ously pregnant, which resulted in transmission of the
disease to the child. However, since the sex of the fetus
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was female, there was no immediate threat to life during
intrauterine development and in the neonatal period.

Another patient, who had not undergone pregravid
preparation and came for a hospital appointment for the
first time with pregnancy, was diagnosed with a urinary
tract anomaly — neuromuscular dysplasia of both ure-
ters, right-sided ureterohydronephrosis, and hypoplasia
of the left kidney; the disease was not suspected to be
hereditary in nature. The first fatal ultrasound screening
detected no abnormalities, but at 20 weeks, the fetus was
found to have a defect — bilateral hydronephrosis, high
level of obstruction, suspected cystic renal dysplasia, and
oligohydramnios. The parents refused to terminate the
pregnancy and, unfortunately, the perinatal outcome was
unfavorable. We cannot exclude the hereditary nature of
the disease in this case, so the patient should undergo
exome sequencing if she is planning a second pregnan-
cy. In patients with CAKUT (congenital anomalies of
the kidneys and urinary tracts) syndrome with bilateral
lesions, monogenic anomalies can be detected in 22%
of cases [18]. Thus, despite the relatively low frequency
of hereditary diseases among pregnant women with RG,
it is necessary to keep in mind the possible transmission
of diseases to children and the advantages of using (in
the presence of established mutations) modern assisted
reproductive technologies.

When comparing graft survival in patients who car-
ried a pregnancy and those who did not have pregnancies
after KT, comparable in age, underlying disease, and
nature of immunosuppression, no statistically signifi-
cant differences were found; this does not contradict
the finding from other researchers [10, 11]. However,
given that pregnancy is usually allowed in patients with
initially satisfactory RG function and without serious
immunologic or non-immunologic complications, this
comparison may not be entirely valid. To some extent,
these ‘advantages’, when analyzing outcomes, may be
offset by cases where pregnancies are unplanned in pa-
tients with non-ideal RG function or other contraindi-
cations to fertility and the woman insists on prolonging
the pregnancy. Once again, we emphasize that in kidney
transplant recipients, lack of pregnancy planning and
pregravid preparation can have a negative impact on
obstetric and nephrological outcomes.

CONCLUSION

Pregnancies can succeed in women who are kidney
transplant recipients if there is careful selection of ge-
netically healthy embryos, pregravid preparation and
personalized management, despite their higher incidence
of pregnancy complications compared to healthy women.
When planning pregnancy after KT, one should keep in
mind the possibility of transmitting hereditary diseases
to the offspring: where there are no contraindications,
IVF with preimplantation genetic testing and selection of
genetically healthy embryos can be performed. Pregnan-
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cy after KT does not appear to have a significant effect
on long-term graft survival, although further research
on this is needed.

The authors declare no conflict of interest.

REFERENCES

1. Chandra A, Midtvedt K, Asberg A, Eide IA. Immunosup-
pression and reproductive health after kidney transplan-
tation. Transplantation. 2019; 103 (11): e325—e333. doi:
10.1097/TP.0000000000002903.

Jesudason S, Williamson A, Huuskes B, Hewawasam E.
Parenthood with kidney failure: answering questions pa-
tients ask about pregnancy. Kidney Int Rep. 2022; 7 (7):
1477-1492. doi: 10.1016/j.ekir.2022.04.081.

Gill JS, Zalunardo N, Rose C, Tonelli M. The preg-
nancy rate and live birth rate in kidney transplant reci-
pients. Am J Transplant. 2009; 9 (7): 1541-1549. doi:
10.1111/5.1600-6143.2009.02662 .

Salvadori M, Tsalouchos A. Fertility and pregnancy in
end stage kidney failure patients and after renal trans-
plantation: an update. Transplantology. 2021; 2: 92—108.
doi: 10.3390/transplantology2020010.

Yaprak M, Dogru V, Sanhal CY, Ozglir K, Erman M.
In vitro fertilization after renal transplantation: a single-
center experience. Transplant Proc. 2019; 51 (4): 1089—
1092. doi: 10.1016/j.transproceed.2019.01.105.
Prokopenko EI, Guryeva VM, Petrukhin VA,
Krasnopol skaya KV, Burumkulova FF, Gubina DV. IVF
pregnancy after kidney transplantation: clinical case
and literature review. Russian Journal of Transplanto-
logy and Artificial Organs. 2022; 24 (4): 15-23. doi:
10.15825/1995-1191-2022-4-15-23.

Shah S, Venkatesan RL, Gupta A, Sanghavi MK, Welge J,
Johansen R et al. Pregnancy outcomes in women with
kidney transplant: Metaanalysis and systematic review.
BMC Nephrol. 2019; 20 (1): 24. doi: 10.1186/s12882-
019-1213-5.

Schwarz A, Schmitt R, Einecke G, Keller F, Bode U, Hal-
ler H, Guenter HH. Graft function and pregnancy outco-
mes after kidney transplantation. BMC Nephrol. 2022;
23 (1): 27. doi: 10.1186/s12882-022-02665-2.

Tangren J, Bathini L, Jeyakumar N, Dixon SN, Ray J,
Wald R et al. Pre-pregnancy eGFR and the risk of ad-
verse maternal and fetal outcomes: a population-based
study. J Am Soc Nephrol. 2023; 34 (4): 656—667. doi:
10.1681/ASN.0000000000000053.

Kaatz R, Latartara E, Bachmann F, Lachmann N,
Koch N, Zukunft B et al. Pregnancy after kidney trans-
plantation-impact of functional renal reserve, slope of
eGFR before pregnancy, and intensity of immunosup-
pression on kidney function and maternal health. J Clin
Med. 2023; 12 (4): 1545. doi: 10.3390/jcm12041545.
Van Buren MC, Schellekens A, Groenhof TKJ, van Ree-
kum F, van de Wetering J, Paauw ND, Lely AT Long-
term graft survival and graft function following pregnan-
cy in kidney transplant recipients: a systematic review
and meta-analysis. Transplantation. 2020; 104 (8):
1675-1685. doi: 10.1097/TP.0000000000003026.

10.

11.



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXV N2 2-2024

12.

13.

14.

15.

16.

Standards of specialized diabetes care. Edited by I.I. De-
dov, M.V. Shestakova, A.Yu. Mayorov. 11th Edition. M.,
2023; 157. doi: 10.14341/DM13042.

Gosselink ME, van Buren MC, Kooiman J, Groen H,
Ganzevoort W, van Hamersvelt HW et al. A nationwi-
de Dutch cohort study shows relatively good pregnan-
cy outcomes after kidney transplantation and finds risk
factors for adverse outcomes. Kidney Int. 2022; 102 (4):
866—875. doi: 10.1016/j.kint.2022.06.006.

Kovac D, Kovac L, Mertelj T, Steblovnik L. Pregnancy af-
ter kidney transplantation. Transplant Proc. 2021; 53 (3):
1080-1084. doi: 10.1016/j.transproceed.2020.11.003.
Mariano S, Guida JPS, Sousa MV, Parpinelli MA, Suri-
ta FG, Mazzali M, Costa ML. Pregnancy among women
with kidney transplantation: a 20-years single-center re-
gistry. Rev Bras Ginecol Obstet. 2019; 41 (7): 419-424.
doi: 10.1055/s-0039-1688834.

Devresse A, Jassogne C, Hubinont C, Debieve F, De Mey-
er M, Mourad M et al. Pregnancy outcomes after kidney

14

17.

18.

transplantation and long-term evolution of children: a
single center experience. Transplant Proc. 2022; 54 (3):
652—-657. doi: 10.1016/j.transproceed. 2022.01.019.
Tanriover B, Jaikaransingh V, MacConmara MP, Pa-
rekh JR, Levea SL, Ariyamuthu VK et al. Acute rejection
rates and graft outcomes according to induction regi-
men among recipients of kidneys from deceased donors
treated with tacrolimus and mycophenolate. Clin J Am
Soc Nephrol. 2016; 11 (9): 1650-1661. doi: 10.2215/
CIN.13171215.

Riedhammer KM, Comi¢ J, Tasic V, Putnik J, Abazi-Emi-
ni N, Paripovic A et al. Exome sequencing in individu-
als with congenital anomalies of the kidney and urinary
tract (CAKUT): a single-center experience. Eur J Hum
Genet. 2023; 31 (6): 674—-680. doi: 10.1038/s41431-023-
01331-x.

The article was submitted to the journal on 11.01.2024



CLINICAL TRANSPLANTOLOGY

DOI: 10.16825/1995-1191-2024-2-16-27

TRANSJUGULAR INTRAHEPATIC PORTOSYSTEMIC SHUNT
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Objective: to substantiate the choice of an optimal method of preventing and reducing the risk of variceal
bleeding (VB) and cardia in patients with decompensated cirrhosis who have been enlisted for liver transplan-
tation (LT). Materials and methods. Patients with diuretic-resistant and diuretic-responsive ascites underwent
prophylaxis for recurrent bleeding via transjugular intrahepatic portosystemic shunt (TIPS) or a combination of
endoscopic variceal ligation (EVL) and nonselective beta-blockers (NSBB). Results. Leukocyte counts, Na le-
vels, and Child—Turcotte—Pugh (CTP) liver disease class in patients with diuretic-resistant ascites had significant
differences when comparing individuals who received EVL + NSBB or underwent TIPS. In diuretic-responsive
patients, there were significant differences for blood platelet count, albumin and Na levels, and CTP class when
comparing EVL + NSBB and TIPS groups. In diuretic-resistant patients, incidence of grade 2 varices in EVL +
NSBB group was significantly higher than in TIPS. Incidence of grade 3 varices was significantly higher in TIPS
patients than in EVL + NSBB cohort. In diuretic-responsive patients, incidence of grade 2 and 3 varices had no
significant differences when comparing these indicators in both groups. The proportion of patients with CTP
class B was significantly higher both in diuretic-resistant and diuretic-responsive patients with various methods
of rebleeding prophylaxis. The proportions of CTP class C patients with both forms of ascites were significantly
higher in EVL + NSBB group than in TIPS. During the LT wait period within 2 years from the start of bleeding
prophylaxis in diuretic-resistant patients, 78.4% of patients who underwent TIPS implantation developed recur-
rent bleeding, 100% of EVL + NSBB group within the same time frame, developed recurrent bleeding. Using
the Kaplan—Meier estimate with the Log-Rank test, we were able to establish that there is a significant difference
between the proportions of patients with recurrent VB in EVL + NSBB or TIPS groups with both forms of ascites.

Keywords: liver transplant waiting list, ascites, recurrent VB, endoscopic variceal ligation, nonselective
beta-blockers, TIPS implantation.

first two years [5]. The authors of the study found that
after the first episode of VB, at least 60% of them are
predisposed to RB with a mortality risk of 30% if they
are not treated with secondary prophylaxis [6, 9]. But

INTRODUCTION

VB is a life-threatening complication of portal hyper-
tension, which is a marker of decompensated cirrhosis
[1,2] and high mortality [3]. The first episode of variceal

hemorrhage occurs with a frequency exceeding 85%
in patients with decompensated CKD [4]. In patients
who recovered from the first bleeding episode, the risk
of recurrent bleeding (RB) is 60% in the first year with
a mortality of up to 33% [2]. Other publications report
30% of patients with a first episode of VB within the

even, in case of secondary prophylaxis of bleeding with
a combination of NSBB and EVL for VB in accordance
with the guidelines of the American Association for the
Study of Liver Diseases (AASLD) [2] and the Guidelines
for the Management of Patients with portal hypertensi-
on — Baveno VI and Baveno VII [7, 8], RB risk within
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2 years after the first episode increases from 29% to 57%,
and the risk of death increases from 16% to 26% [10].

Increased hepatic venous pressure gradient (HVPG)
of 20 mmHg or more is the main predictor of early RB
and high mortality for acute rebleeding in cirrhotic pa-
tients awaiting LT [11, 12]. It has been shown that in
patients awaiting LT, each 1 mmHg increase in HVPG
increases the risk of death by 3% in a 19-month liver
transplant waitlist (LTWL) stay [13].

As established by studies, EVL is not a measure to
restrain an increase in HVPG during cirrhosis progres-
sion [11-13], and NSBB reduces HVPG level to a small
extent (propranolol could only lower it by 10.1-23.2%,
carvedilol by 18.6-27.7%) [14]. In addition, response to
the use of propranolol or carvedilol in high HVPG has
resulted in two categories of individuals: responders and
non-responders [14—16], which reduces the efficacy of
NSBB + EVL, which is well established in the primary
prophylaxis of VB [17]. La Mura et al. [16] found that
the incidence of primary or recurrent bleeding from eso-
phageal varices within 1 year was 7% in responders of
acute hemodynamic response to propranolol use, and
21% in non-responders.

Therefore, for patients with HVPG or portal pressure
gradient (PPG) >25 mmHg, neither EVL, NSBB therapy,
nor EVL + NSBB is effective in preventing VB when
waiting for LT for 2 or more years [18].

In fact, an EVL plus NSBB, although considered the
standard in prophylaxis of recurrent VB, has never been
considered the only and indisputable strategy [19].

In recent years, the invasive TIPS procedure has be-
come widespread, and many randomized controlled trials
(RCTs) have confirmed that this technique is superior
to other RB treatments. Nevertheless, it should be re-
cognized that the use of TIPS has not improved patient
survival rates significantly [10, 20].

Implantation of TIPS, while reducing HVPG or PPG,
is thus the treatment of choice when first-line therapy
(EVL + NSBB) is ineffective [21, 22]. Performing TIPS
implantation after the second or third (and/or more) epi-
sodes of recurrent VB (especially if they recur at short
intervals) is indicated in hemodynamically and clinically
stable patients with optimal and manageable risk factors
for complications of this procedure [23].

In most RCTs, patients were included in the study
within 24 to 96 hours after bleeding occurred [24].

Studies comparing the efficacy of TIPS and EVL +
NSBB in preventing recurrent VB are extremely rare
[20, 23].

MATERIALS AND METHODS

The comparative retrospective study included 163 ca-
ses of patients with established VB awaiting LT between
2016 and 2023.

Inclusion criteria: Patients with diuretic-responsive
and diuretic-resistant ascites, presence of one or more
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episodes of VB while in the liver transplant waiting list
(LTWL), complete abstinence for at least 3 months (con-
firmed by addiction specialists) prior to inclusion in the
LTWL for patients with alcohol-related cirrhosis, virus-
related cirrhosis (hepatitis B virus (HBV) or hepatitis C
virus (HCV)- associated etiology), cirrhosis of mixed
etiology (virus-related and alcohol-related), and Child—
Turcotte—Pugh (CTP) classes of cirrhosis.

Exclusion criteria: patients with hepatocellular cancer
and other tumors accompanied by ascites, hepatic ence-
phalopathy (HE) grade 2 and above, infectious diseases,
portal vein thrombosis, contraindications to NSBB (bra-
dyarrhythmia, bronchial asthma, obstructive pulmonary
disease), and diabetes mellitus.

The patients included in the study were divided into
two groups: group 1 consisted of 130 patients with
diuretic-resistant ascites, group 2 included 33 patients
with diuretic-responsive ascites. There were subgroups
in both groups. In group 1: 1a had patients who received
EVL plus NSBB (n = 77), 1b consisted of patients who
underwent TIPS implantation (n = 53). Similarly, group
2 had subgroups: 2a was patients who received EVL plus
NSBB (n=9), 2b included patients who were implanted
with TIPS (n = 24).

Demographic, clinical, and laboratory parameters
were obtained from a permanent, continuously updated
electronic database of patients who were under follow-up
after their inclusion in the LTWL, after approval of the
study by the Local Ethics Committee, Center for Surgery
and Donation Coordination, Rostov Regional Clinical
Hospital. Where patients’ condition was stable, clinical
and biochemical blood tests, hemostasis parameters,
calculation of MELD-Na scores and CTP liver disease
class, were repeated at 3-month intervals.

Where patients’ condition were stable, abdominal
ultrasound was performed every 6 months after the pa-
tients’ initial examination.

In all patients, esophagogastroduodenoscopy (EGD)
was performed to screen for varices with high risk of VB.

The Baveno VI [7] and World Gastroenterology As-
sociation (WGO) [24] guidelines served as a basis for
identifying patients with varices requiring urgent therapy
(medium and large size varices).

The criteria for diagnosing resistant ascites were as
follows: diuretic resistance, decreased plasma Na levels
(<125 mmol/L), increased fluid in the abdominal cavity
(56 points on the CIRAS scale) [25]. The severity of
diuretic-responsive ascites was determined according
to the International Ascites Club criteria [26]. Mean ar-
terial pressure (mAP) was determined by the formula:
mAP = (DP) + '/;(SP — DP), where SP is systolic pres-
sure, and DP is diastolic pressure [27].

For the first-line therapy recommended by experts for
prevention of recurrent esophageal hemorrhage [2, 7, 8],
beta-1 blockers (propranolol, nadolol) and beta-1, beta-2,
and alpha-1 adrenergic blocker (carvedilol) were used.
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Propranolol was initiated at a starting dose of 40 mg/
day, with a maximum dose of 240 mg/day. The starting
dose of nadolol was 40 mg/day and the maximum was
80 mg/day. The starting dose of carvedilol was 6.25 mg/
day and the maximum was 25 mg/day.

Drug doses were adjusted appropriately whenever
there were changes in blood pressure (BP), heart rate
(HR) and mAP.

Patients received diuretics, and paracentesis was per-
formed in patients with diuretic-resistant ascites.

Patients with virus-related cirrhosis received antiviral
therapy with nucleoside alternatives (HBV) and a com-
bination of direct-acting antivirals (HCV) according to
the guidelines for the treatment of LTWL patients [28].

EVL was performed using an EGD and a multi-band
ligation system, starting at the gastroesophageal junction
and continuing this procedure proximally. The number
of rubber ligatures (2 to 4) was determined depending on
the size of varices. In accordance with guidelines, obli-
teration of all varices meeting the criteria for emergency
therapy [7, 24] was achieved through repeated EVL.
Control EGD to monitor the obliteration was performed
at 3-month intervals. Where there are recurrences (ap-
pearance of new varices), repeat EVL was performed.

TIPS implantation was performed in accordance with
the guidelines for the treatment of decompensated cir-
rhosis [29, 30] under local anesthesia with intravenous
sedation with analgesics. For implantation, we used a
set of RUPS-100 instruments (Cook Medical®, USA),
including Flexor Check-Flo introducer and curved Rosch
catheter. After puncture of the right internal jugular vein
(RIJV), under fluoroscopic control, a standard angiogra-
phic guidewire was advanced through the superior vena
cava (SVC) and the atrial sinus into the inferior vena cava
(IVC), placing its J-shaped end at a level slightly above
the hepatic vein (HV) orifices. Flexor Check-Flo intro-
ducer with a curved Rdsch catheter was passed through
the guidewire and placed in the right hepatic vein (RHV)
closer to its mouth. During surgical intervention, an in-
trahepatic conduit (tunnel) was formed from RHV to
the portal vein (PV) right branch or bifurcation using a
Rosch-Uchida needle and a balloon guided by a wire.
After removal of the balloon, a stent-graft, which is a
tubular metal mesh covered inside with a special sealed
plastic — polytetrafluoroethylene (PTFE) — was implanted
through the guidewire.

The obtained data were analyzed using statistical
program IBM SPSS Statistics (version 23). Parameter
analysis using the Kolmogorov—Smirnov test with the
Lilliefors test for normality allowed us to determine
the type of distribution of the obtained variables of the
sample indicators (normal or non-normal distribution).
In the case of normal distribution, variables were pre-
sented as arithmetic mean (M) with determination of
standard deviation (SD); significance of differences
between compared values was determined by Student’s
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t-test. In the case of non-normal distribution, variables
were expressed as median (Me) and interquartile range
(IQR, interval between the 75th and 25th percentiles of
the data). To determine the significance of differences
between variables, the following nonparametric criteria
were used: Wilcoxon test for pairwise comparisons of
dependent variables, and Pearson’s Chi-square for com-
parison of independent variables. The Mann—Whitney U
test was used to compare samples with a small number
of variables. Analysis of variance (ANOVA test) was
also used. Analysis of frequencies of variables and their
shares (%) was used when comparing qualitative para-
meters. The p value <0.05 was accepted as the criterion
of statistical significance between compared parameters.
The proportion of patients with RB in the compared
groups, as well as the risk of verified event (bleeding)
was determined by the Kaplan—Meier method. The sig-
nificance of differences between compared curves was
determined by calculating the logarithmic test [Log-Rank
(Mantel-Cox)].

RESULTS

Table 1 and Table 2 present demographic, clinical,
and laboratory parameters, as well as MELD-Na scores
in the groups of patients with diuretic-resistant and di-
uretic-responsive ascites, who were treated with EVL +
NSBB therapy or underwent TIPS implantation during
the LT wait period.

As can be seen from the tables presented, demogra-
phic and most of the laboratory and instrumental parame-
ters of patients who received NSBB therapy plus EVL or
underwent TIPS implantation in the diuretic-resistant and
diuretic-responsive groups had no significant differences.

Exceptions were leukocyte count, Na level and CTP
class in the diuretic-resistant group, which had significant
differences when comparing subgroups la and 1b. Also,
when comparing indicators in subgroups 2a and 2b in
the non-resistant group, there were significant differences
in terms of platelet count, albumin and Na levels, and
CTP class.

Table 3 and Table 4 present data on gender compo-
sition as well as etiology of cirrhosis, CTP class, and
severity of varices in patients treated with NSBB plus
EVL or underwent TIPS implantation in the diuretic-
resistant and diuretic-responsive groups.

As can be seen from Tables 3 and 4, decompensated
virus-related cirrhosis prevailed in the compared sub-
groups. Table 3 shows that in waitlisted patients with
diuretic-resistant ascites, the incidence of grade 2 varices
in subgroup la (EVL + NSBB) was significantly higher
than in subgroup 1b (TIPS implantation). At the same
time, the incidence of grade 3 varices was significantly
higher in subgroup 1b than in subgroup la. In diuretic-
responsive ascites patients (Table 4), the incidence of
grade 2 and 3 varices was not significantly different
when comparing these parameters in subgroups 2a and
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2b (who received EVL plus NSBB and underwent TIPS
implantation, respectively).

When comparing the severity of liver injury accor-
ding to CTP class A, it was not possible to conduct an
analysis due to the absence of such patients in subgroups
la and 2a (diuretic-resistant and diuretic-responsive asci-
tes). The proportion of patients with CTP class B was si-
gnificantly higher in both diuretic-resistant and diuretic-
responsive patients (subgroups la and 1b, respectively).

The proportions of patients with CTP grade C for both
forms of ascites were significantly higher in subgroups
la and 2a (EVL + NSBB) compared with subgroups 2a
and 2b (TIPS implantation).

During the LT waiting period between 24 and
48 weeks of follow-up in the LTWL (2-year period from
the start of bleeding prophylaxis), RB developed in 29
of 37 diuretic-resistant patients (78.4%) who underwent
TIPS implantation. In contrast, all patients (100%) who

Table 1

Comparative characteristics of patients with diuretic-resistant ascites (group 1), who received NSBB +

EVL or underwent TIPS implantation (normal and non-normal distribution)

Indicator Subgroup la Subgroup 1b Statistical
EVL + NSBB (n = 73) TIPS (n=37) significance
M= SD M= SD
Normal distribution (M = SD)
Age 48.82 +10.59 51.46 £10.67 0.22
Hemoglobin (g/L) 87.91 + 11.68 87.00 + 11.39 0.32
Leukocytes (x10°/L) 3.38+1.20 431 +1.68 0.01
Platelets (x10°/L) 84.41 +44.15 109.73 4+ 78.65 0.03
Plasma albumin (g/L) 29.85 +3.06 30.38+2.76 0.38
MELD-Na 21.92 +3.09 20.76 +3.06 0.06
mAP (mmHg) 78.22 + 20.65 79.35+£21.12 0.23
Non-normal distribution (Me; IQR)
INR 1.90 (1.70-2.05) 1.900 (1.60-2.10) 0.45
Bilirubin (umol/L) 81.0 (64.50-105.00) 74.0 (64.50-77.50) 0.07
Creatinine (umol/L) 112.0 (97.0-127.00) 109.0 (101.5-121.00) 0.59
Na (mmol/L) 136.6 (135.0-138.5) 132.0 (129.5-135.5) 0.001
CTP (score) 2.00 (2.00-2.00) 11.00 (8.50-14.00) 0.001

Note: EVL, endoscopic variceal ligation; NSBB, nonselective beta-blockers; TIPS, transjugular intrahepatic portosystemic
shunt; mAP, mean arterial pressure; INR, international normalized ratio; Na, sodium; CTP, Child—Turcotte—Pugh.

Table 2

Comparative characteristics of patients with non-resistant ascites (group 2), who received NSBB therapy
plus EVL or underwent TIPS implantation (normal and non-normal distribution)

Indicator Subgroup 2a Subgroup 2b Statistical
EVL + NSBB (n = 16) TIPS (n = 18) significance
M+ SD M+ SD
Normal distribution (M = SD)
Age 46.45 +7.98 48.50+10.18 0.12
Hemoglobin (g/L) 88.91 +10.32 87.38 £9.63 0.17
Leukocytes (x10°/L) 4,76 +1.51 4.96 +1.86 0.10
Platelets (x10°/L) 80.17 + 44.05 131.11 £52.15 0.04
Plasma albumin (g/L) 26.33 +£5.20 31.61 £2.48 0.03
MELD-Na 21.30 £3.49 19.38 £2.28 0.13
mAP (mmHg) 79.67 +22.43 81.44 +£2342 0.19
Non-normal distribution (Me; IQR)
INR 1.750 (1.475-2.00) 1.700 (1.375-1.950) 0.50
Bilirubin (umol/L) 107.5 (42.50-652.50) 79.5 (57.0-161.25) 0.55
Creatinine (umol/L) 99.0 (77.25-104.25) 98.0 (82.25-117.25) 0.64
Na (mmol/L) 136.0 (136.0-137.25) 132.0 (130.0-132.0) 0.001
CTP (score) 2.00 (2.00-2.00) 8.00 (7.00-9.00) 0.003

Note: EVL, endoscopic variceal ligation; NSBB, nonselective beta-blockers; TIPS, transjugular intrahepatic portosystemic
shunt; mAP, mean arterial pressure; INR, international normalized ratio; Na, sodium; CTP, Child—Turcotte—Pugh.
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received EVL plus NSBB developed RB within the same
time frame.

Using the Kaplan—Meier method with the Log-Rank
test, a significant difference (p = 0.023) was found bet-
ween the proportions of patients with recurrent VB in
the compared groups (Fig. 1).

Fig. 2 shows the diagram of the cumulative risk of
RB in the compared groups. The cumulative risk of RB
in the EVL + NSBB subgroup was two or more times
higher than in the TIPS subgroup (significant difference
using Log-Rank test = 0.023).

During the LT wait period between 24 and 48 weeks
of follow-up in the LTWL (2 years from the start of
bleeding prophylaxis), RB developed in 8 of 18 diure-
tic-responsive patients (44.4%) who underwent TIPS

implantation.

In the EVL + NSBB subgroup, all patients (100%)
developed RB within the same time frame.

Using the Kaplan—Meier method with determination
of Log-Rank test, a significant difference (p = 0.049) was
found between the proportions of patients who developed
recurrent VB in the compared groups (Fig. 3).

Fig. 4 shows a diagram of the cumulative risk of RB
in the compared groups. The cumulative risk of RB in
the EVL + NSBB subgroup was one and a half times
higher than in the TIPS subgroup (significant difference
using Log-Rank test = 0.023).

DISCUSSION

Our study showed a high rate of RB in diuretic-resis-
tant and diuretic-responsive patients waiting for LT for
24-48 weeks, who received prophylactic therapy with
a combination of an invasive procedure — EVL + NSBB
(first-line therapy) — or underwent TIPS implantation,
considered as second-line therapy in modern guidelines
[8]. Note that the first bleeding recurrences occurred in
the first 8—10 weeks from the start of secondary pro-
phylaxis for RB in both forms of ascites and both pro-
phylaxis methods. However, as the waiting period for
LT increased (>10 weeks from the start of prophylaxis),
the proportion of patients with RB became significantly
higher, reaching 100% in patients with both forms of
ascites when first-line therapy was used, while the use of

Table 3

Comparative characteristics of clinical and gender parameters of patients with diuretic-resistant ascites,
who received NSBB plus EVL or underwent TIPS implantation

Indicator Subgroup la Subgroup 1b Statistical
NSBB + EVL (n="73) TIPS (n=37) significance
(%) (%)

Male 41 (56.2%) 21 (56.8%) 0.11
Virus-related cirrhosis 35 (48.0%) 19 (32.4%) 0.001
Alcohol-related cirrhosis 19 (26.0%) 9(24.3%) 0.13
Other CKD etiologies 19 (26.0%) 9 (24.3%) 0.14
Esophageal varices, grade 2 19 (26.0%) 4 (10.8%) 0.001
Esophageal varices, grade 3 54 (74.0%) 33 (89.2%) 0.001
CTP class A 0 1 (2.7%) —

CTP class B 6 (8.2%) 9 (24.3%) 0.001
CTP class C 67 (91.8%) 27 (73.0%) 0.04

Note: EVL, endoscopic variceal ligation; NSBB, nonselective beta-blockers; TIPS, transjugular intrahepatic portosystemic
shunt; CKD, chronic kidney disease; CTP, Child—Turcotte—Pugh.

Table 4

Comparative characteristics of clinical and gender parameters of patients with diuretic-responsive ascites,
who received NSBB plus EVL or underwent TIPS implantation

Indicator Subgroup 2a Subgroup 2b Statistical
EVL + NSBB (n = 16) TIPS (n=18) significance
(%) (%)

Male 12 (75.01%) 14 (77.7%) 0.16
Virus-related cirrhosis 12 (75.0%) 12 (66.7%) 0.03
Alcohol-related cirrhosis 6 (25.0%) 4 (22.2%) 0.22
Other CKD etiologies 0 2 (11.1%) —

Esophageal varices, grade 2 2 (12.5%) 2 (11.1%) 0.23
Esophageal varices, grade 3 14 (87.5%) 16 (88.9%) 0.24
CTP class A 0 1 (13.5%) -

CTP class B 5(8.2%) 14 (18.9%) 0.001
CTP class C 11 (91.8%) 3 (67.6%) 0.008
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second-line therapy gave a significantly lower incidence
of RB by the end of follow-up for both forms of ascites.

We found only five published studies and one meta-
analysis (when analyzing the PubMed database up to
January 2024) that aimed to compare the efficacy of TIPS
implantation or a combination of EVL and NSBB on
the rate of RB in patients with decompensated cirrhosis.

Recurrent bleeding

The same results as in our study were obtained by
Zhou et al. [31], who compared the efficacy and safety of
TIPS implantation or a combination of EVL and NSBB
(propranolol) for secondary prophylaxis of VB blee-
ding. The study showed that the proportion of patients
without RB was higher in TIPS than in EVL + NSBB
(93% and 62%, respectively, p < 0.001). The authors
concluded that compared to the combination of EVL and

Ascites (type): resistant
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Fig. 1. Proportion of rebleeding patients with diuretic-resistant ascites, who underwent TIPS implantation or received NSBB +

EVL (Kaplan—Meier method with Log-Rank test)
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Fig. 2. Cumulative risk of recurrent bleeding in patients with resistant ascites who underwent TIPS implantation or received

EVL + NSBB
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NSBB, PTFE-covered TIPS could significantly reduce
the variceal rebleeding rate in cirrhotic patients with
HVPG>20mmHg.

Earlier studies comparing the efficacy of implantation
of PTFE-covered TIPS and EVL + NSBB combination
[10, 20, 32, 33] showed a significant difference between
the former method and the latter in terms of RB prophy-

laxis. Importantly, the use of PTFE-covered TIPS did not
increase the risk of patient mortality or the risk of HE.
Miao et al. [19] conducted a meta-analysis of RCTs
to comparatively evaluate the efficacy of all proposed
methods for prevention of re-therapy in patients with de-
compensated cirrhosis. Forty-eight trials with 4415 par-
ticipants with cirrhosis and portal hypertension who had
a history of recent variceal bleeding were included in the

Recurrent bleeding
Ascites (type): non-resistant

o o o o -
N N [@) o] [«
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Fig. 3. Proportion of rebleeding patients with diuretic-responsive ascites, who underwent TIPS implantation or received

NSBB + EVL (Kaplan—-Meier method with Log-Rank test)

Risk of recurrent bleeding
Ascites (type): non-resistant

1.25 1

1.00
Log Rank (Mantel-Cox) = 0.049
0.75

Cumulative risk

0.50 -

0.25 1

0.00 -
T T

10

T

20

T

30

- TIPS
1 EVL + NSBBs
= TIPS-censored

T T

40 50

Wait time for transplant (months)
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meta-analysis. International databases, including EM-
BASE, PubMed, and Cochrane Database of Controlled
Trials, were checked to identify relevant randomized
controlled trials up to December 2019.

The authors of the meta-analysis concluded that
NSBB + isosorbide mononitrate ranked significantly
higher than NSBB + EVL (63.9% vs 49.6%, respectively)
in reducing patient mortality. TIPS (98.8%) ranked high-
er than other treatments in reducing rebleeding but did
not confer any survival benefit.

The risk of RB in our study was significantly higher
in the EVL + NSBB subgroup than in the TIPS subgroup.
Note that in our study, rebleeding occurred in diuretic-
resistant and diuretic-responsive ascites patients, with
high MELD-Na scores, as well as in a significant pro-
portion of patients with grade 2 and 3 varices.

It is known that the main risk factor for recurrent
variceal hemorrhage is elevated HVPG (=20 mmHg)
[11, 12, 33]. The increased proportion of patients with
RB in both forms of ascites in those who received EVL
plus NSBB in our study, compared with those who under-
went TIPS implantation, is associated with higher HVPG
while waiting for LT for 2 or more years. As found by
Liuetal. [18], when HVPG or PPG >25 mmHg, neither
EVL, NSBB therapy, nor EVL + NSBB provide reliable
prophylaxis of recurrent variceal hemorrhage. A similar
conclusion was reached by Zhang et al. [33] who showed
that TIPS are more effective than NSBB (propranolol) +
EVL in cirrhosis patients with high HVPG (>20 mmHg).

In addition to HVPG >20 mmHg, other risk factors for
RB in patients receiving NSBB plus EVL include ascites,
HE, MELD score >12 [34], which is consistent with our
study. Undoubtedly, the risk factors of re-bleeding should
include medium- and high-grade esophageal varices that
we identified in both forms of ascites. A study conducted
by Irisawa et al. [35] showed that the size (diameter) of
paraesophageal varices is a risk factor for RB.

How to reduce the risk of RB? Early use of TIPS
implantation is the optimal strategy for rebleeding pro-
phylaxis. The concept of “pre-emptive TIPS was first
introduced by Monescillo et al. [36], who showed that
in patients with HVPG >20 mmHg, stent implantation
in the first 24 hours after stabilization of the patient’s
condition against the background of the first bleeding
provides better survival and lower rate of recurrent va-
riceal hemorrhage than standard prophylactic therapy.

Ardevol et al. [34] confirmed this concept by showing
that early use of TIPS after the first bleeding significantly
reduces the risk of rebleeding.

Limitations of this approach include the need to
measure HVPG to decide on the choice of prophylaxis
for recurrent VB. This technique is not available in all
medical centers, and its introduction may be considered
as a prospect towards improving the diagnosis of portal
hypertension and the choice of the method of prophy-
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laxis of recurrent variceal hemorrhage with a long LT
waiting period.

CONCLUSION

We found a high rate of rebleeding in both forms of
ascites in patients awaiting LT within 2448 weeks after
inclusion in the LTWL.

Probable risk indicators for rebleeding in the pati-
ents are ascites, high MELD-Na score (>19), and large
(diameter) varices.

Prophylaxis of recurrent bleeding during the speci-
fied length of LTWL stay, while waiting for LT, is more
effective with TIPS than with EVL + NSBB.

The authors declare no conflict of interest.
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Compared with the general population, solid organ transplant recipients have a higher cancer risk. This is mainly
due to the use of immunosuppressive therapy. Colorectal cancer is one of the most common cancers in recipients.
This paper presents the experience of endoscopic full-thickness resection (EFTR) of a sigmoid colon cancer in

a liver recipient.
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resection.

Organ transplantation is the operation of choice for
terminal and irreversible organ failure, especially when
the limit of conservative therapy has been exhausted
[1]. In global practice, there is a persistent trend towards
a higher number of vital organ transplants performed
from both deceased and living related donors [2]. The
number of regional centers in the Russian Federation,
where transplantation is performed, is increasing every
year. For instance, in 2022, organ transplants perfor-
med in Russia increased by 10.0% compared to 2021.
In 2022, 2555 solid organ transplants were performed
in Russia [3].

Solid organ recipients are at risk of malignant tumors
[4]. This is largely due to the use of immunosuppressive
drugs at preventing post-transplant immunologic com-
plications [5].

Organ transplant recipients have a higher risk of de-
veloping colorectal cancer (CRC) than in the population
[6]. In 2016, Safaeian et al. analyzed CRC incidence in
solid organ recipients. The authors reviewed 790 CRC
cases among 224,098 recipients of various organs. Re-
cipients had elevated proximal CRC risk, while distal
colon cancer was not increased, and rectal cancer was
reduced compared to the general population.

According to multicenter analyses, CRC risk was
significantly higher in lung recipients who were operated
upon for cystic fibrosis [6—8].

Park et al. analyzed CRC incidence in kidney recipi-
ents [9]. The authors noted an elevated risk of colorectal
adenomas and CRC in patients with Epstein—Barr virus
and cytomegalovirus.

CRC incidence is significantly higher in liver trans-
plant recipients with primary sclerosing cholangitis and
with inflammatory bowel disease [10-11].

The outcome of 6,244 heart transplants was analyzed
in a multicenter study by Sagastagoitia-Fornie et al. CRC
was diagnosed in 116 recipients. The incidence of CRC
increased from 56.6 per 100,000 person-years among
under 45-year-olds to 436.4 per 100,000 person-years
among over 64-year-olds [12].

Surgery is the main definitive treatment for CRC pa-
tients [13]. For early (stage 0—1) CRC, organ-preserving
procedures like endoscopic mucosal resection with diss-
ection in the submucosal layer is recommended.

Endoscopic full-thickness resection (EFTR) using
a full-thickness resection device (FTRD) can replace
surgical resection in some cases. The EFTR procedure
is shown schematically in Fig. 1.

Andrisani et al. performed EFTR in 110 patients [14].
Main indications were: recurrent adenoma (39 cases),
incomplete resection at endoscopic removal of tumor
masses (26), non-lifting lesion (12), adenoma involving
the appendix (2), subepithelial lesions (10 cases), sus-
pected T'1 carcinoma (16) and others. Mean size of spe-
cimens was 20 mm (range 642 mm). Residual disease
was evident in only seven patients.

P. Aepli et al. reported the use of EFTR in 33 patients
with colonic epithelial neoplasms [15]. Main indications
were recurrent adenoma and nonlifting colorectal lesi-
ons. In 31 cases, complete removal of pathologic tissues
was achieved. Three post-procedure bleedings and one
perforation were seen.

CASE REPORT

Patient K., 54 years old, in August 2019 complai-
ned of general weakness, abdominal enlargement. In
September 2019, bloody vomiting episodes and mele-
na were noted. At the same time, toxic liver cirrhosis
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(regular alcohol consumption every week, abstinence
since 2019) with portal hypertension syndrome (ascitic
syndrome, grade 3 esophageal varices (EV) according
to N. Soehendra, K. Binmoeller) was diagnosed. Several
laparocentesis sessions were performed, and a total of up
to 30 liters of ascitic fluid were evacuated. Endoscopic
variceal ligation (EVL) was performed in October 2019.
The postoperative period was uneventful. The patient
was diagnosed with extrinsic portal vein thrombosis in
November 2019, for which apixaban therapy was admi-
nistered at a dosage of 2.5 mg twice a day. In 2020, a
second endoscopic ligation of grade 3 EV was perfor-
med, without complications. One month later, there were
signs of progression of portal thrombosis which spread to
the superior mesenteric vein. An increase in edematous-
ascitic syndrome has been noted since December 2020.

In March 2021, the patient came to Shumakov Nati-
onal Medical Research Center of Transplantology and
Artificial Organs. A comprehensive examination was
performed, and the diagnosis was: cirrhosis of alimen-
tary toxic genesis, decompensation, Child—Pugh class
B, MELD-Na 12, complicated by portal hypertension
syndrome (ascites, EV), hepatocellular failure (coagu-
lopathy, hyperbilirubinemia, stage 1 hepatic encepha-
lopathy) was established. The following concomitant
diseases were diagnosed.: type 2 diabetes mellitus, grade
2 arterial hypertension, risk 3, cholelithiasis with cho-
lecystolithiasis. Due to the severity of the underlying
disease and the futility of conservative therapy, liver
transplantation (LT) was adopted as the definitive treat-
ment method. The patient was added to the LT waiting
list since there were no contraindications.

In April 2021, in preparation for LT, an outpatient co-
lonoscopy was performed, which revealed adenomatous
epithelial neoplasms of the colon and rectum. Preparati-

on for the study was carried out with a Macrogol-based
drug. The quality of preparation was evaluated as un-
satisfactory (4 points on the Boston scale: left side (LS),
1; transverse colon (TS), 1, right side (RS), 2. Scheduled
in-hospital endoscopic polypectomy was recommended.
However, the patient refused hospitalization.

In July 2021, orthotopic LT from a deceased ABO-
compatible donor was performed according to the classi-
cal technique. Immunosuppressive therapy was induced
with basiliximab 20 mg and methylprednisolone 500 mg,
followed by a reduction in methylprednisolone dosage
and transition to oral administration with a daily dosage
of 6 mg. The postoperative period was uneventful. On
day 2, the second drug of the immunosuppressive thera-
py — Tacrolimus — was initiated, with gradual increase
in target drug concentrations. Day 5 saw the start of
mycophenolate mofetil at a dose of 1000 mg twice a
day. The patient was discharged from the hospital on
day 11 following LT under outpatient follow-up due to
the situation having stabilized, the graft functioning sa-
tisfactorily, and there were no longer any reasons for
further inpatient care.

There were regular visits for outpatient follow-up
with clinical, laboratory and instrumental monitoring
of the graft and general medical status. From August
2021, the patient was converted to prolonged-release
tacrolimus with achievement of target drug concentra-
tions in blood.

In December 2021, increased serum alpha-fetopro-
tein level (17.13 IU/mL) was noted. Diagnostic colono-
scopy was performed in January 2022, which revealed:
3 epithelial masses of the ascending colon up to 6 mm in
diameter, type 0-Is according to Paris classification, type
2 according to NICE classification; 3 epithelial masses
of the transverse colon up to 6 mm in diameter, type 0-1la
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Fig. 1. The EFTR system is presented. 1, marking of the surgical intervention site; 2, grasping of the target tissue with a
forceps; 3, retrieval of the target tissue within cap and fixation; 4, release of the clip; 5, closure of the snare and tissue incision

using electrosurgery (source: Www.ovesco.com)
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according to Paris classification, type 2 according to
NICE classification, two rectal epithelial masses up to
6 mm in diameter, type 0-Is according to Paris classifica-
tion, type 2 according to NICE classification. Endoscopic
cold snare polypectomy with subsequent histological
examination was performed. Also, in the sigmoid co-
lon, at 30-35 cm from the anus, a formation of up to
7-8 mm in diameter, type 0-lla+IIc according to Paris
classification, type 3 according to NICE classification,
with central retraction was determined. The epithelial
pattern was obliterated in some places; in the narrow
band imaging (NBI) mode, curved multilobular vessels
were detected (Fig. 2). Instrumental palpation revealed
wall infiltration, but slight mobility remained during
traction. A biopsy was taken. Also, the tumor was endo-
scopically marked with a Black Eye marker. Preparation
for the study was carried out with a Macrogol-based
agent with the addition of ascorbic acid. The quality of
preparation was evaluated as satisfactory (6 points on
the Boston scale: left side (LS), 2; transverse colon (TS),
2, right side (RS), 2.

Histological examination of the removed epithelial
neoplasms revealed colonic tubular adenomas with mild
dysplasia. The histologic picture of the epithelial neo-
plasm in the sigmoid colon was represented by a highly
differentiated adenocarcinoma (low-grade).

Oncologic search was performed, including contrast-
enhanced computed tomography of the brain, chest and
abdominal cavity, esophagogastroduodenoscopy, and
positron emission tomography. There were no signs of
metastatic lesion. Taking into account the size of the tu-
mor mass, absence of metastases, spread of the process
(pTINOMO, stage ), it was decided to perform EFTR of
the sigmoid colon cancer.

In February 2022, in the operating room under intra-
venous sedation, EFTR of the sigmoid colon cancer was

performed using the OTSC clipping system and Ovesco®
endoscopic clips (Ovesco AG, Germany) (Olympus Evis
Exera Il video endoscopy system, CF-190L colonoscope
(Olympus Corporation, Japan)). Using alligator biopsy
forceps (Endo Stars LLC, Russia), the mass was retrie-
ved within the device for clip application with grasping
of the intestinal wall with unchanged mucosa. The next
stage was application of Ovesco® clip within the healthy
tissues. The epithelial formation was removed in ENDO
CUT Q mode (effect 3, cutting width 1, cutting interval
6) (ERBE VIO 300D, Erbe Elektromedizin, Germany).
The removed fragment was extracted from the intestinal
lumen. No signs of residual tumor tissue were found
during revision (Fig. 3).

Histological study revealed numerous colonic mucosa
fragments with invasive growth of highly differentiated
adenocarcinoma, moderate lymphocytic-leukocytic in-
filtration in the stroma. The resection margin was intact.

The postoperative period was uneventful. Following
surgery, the patient was discharged from the hospital
onday 7.

When performing control colonoscopy 6 months and
1 year 6 months after EFTR of a sigmoid colon cancer,
no evidence of relapse was found (Fig. 4). At the time of
writing, the follow-up period was 2 years.

CONCLUSION

Solid organ recipients have an increased risk of can-
cer, including CRC, especially with age and time since
transplant. This statistical pattern is largely due to the
use of immunosuppressive drugs for vital indications.

This patient cohort requires more thorough cancer
screening. The gold standard for CRC screening is colo-
noscopy. The diagnostic value of this technique depends
both on quality of preparation (including adherence to a
specialized diet with the exclusion of fiber-rich foods),

Fig. 2. Epithelial formation of the sigmoid colon: a, in white color; b, in narrow-spectral imaging mode, there is pronounced

“neoangiogenesis”, a sign of malignant growth
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Fig. 3. Surgical intervention stages. a, grasping of the tumor tissue and retrieval within cap; b, fragment of the sigmoid colon
wall resected using electrosurgery; c, revision after adenocarcinoma removal

Fig. 4. Control colonoscopy after EFTR of sigmoid colon cancer: a, at 6 months; b, at 1 year 6 months (the clip is still in the

intestinal lumen)

on split administration of Macrogol-based drugs, and on
conducting an examination using expert-level equipment
with a water-jet pump and carbon dioxide insufflator.

The use of EFTR of colonic epithelial neoplasms, if
technically feasible and if there are no contraindications,
may be an alternative to colon resection. EFTR can re-
duce the incidence of surgical complications, length of
hospitalization, and can be considered in patients for
whom abdominal surgery is contraindicated due to high
anesthetic risks.

The authors declare no conflict of interest.
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Objective: to compare the efficacy of azygoportal disconnection (APD) surgery and a combination between en-
doscopic variceal ligation (EVL) and non-selective beta-blockers (NSBBs) in the prevention of recurrent variceal
bleeding (RVB). To compare the incidence of gastric variceal bleeding (GVB) after these manipulations in patients
with decompensated cirrhosis waitlisted for liver transplantation (LTx). Materials and methods. Patients with
decompensated cirrhosis underwent RVB prophylaxis by APD surgery or by a combination of EVL and NSBBs.
Results. There were no significant differences in clinical, laboratory, demographic parameters, MELD-Na and
Child—Turcotte—Pugh (CTP) scores, and frequencies of medium- and large-sized varicose veins among subgroups
of patients with different RVB prophylaxis methods Patients with decompensated cirrhosis who underwent APD
surgery did not experience any RVB episodes during the LTx waiting period, which lasted two years from the
start of bleeding prophylaxis. In the same period, RVB occurred in 100% of cases in the EVL plus NSBBs group.
Using the Kaplan—Meier method with the Log-Rank test, a significant difference (p = 0.0001) was found between
the proportions of non-RVB patients in the APD and EVL + NSBBs groups. In the meantime, 48.1% of patients
who had APD surgery developed GVB, while 100% of cases in EVL + NSBBs group did not. The Kaplan—Meier
method with the Log-Rank test revealed a significant difference (p = 0.0001) between the proportion of non-GVB
patients in EVL + NSBBs and APD groups.

Keywords: liver transplant waiting list, recurrent variceal bleeding, gastric variceal bleeding, endoscopic
variceal ligation, nonselective beta-blockers, azygoportal disconnection.

INTRODUCTION

The transition from compensated to decompensa-
ted cirrhosis, which is an indication for inclusion in the
waiting list for liver transplantation (LTx) [1], is ac-
companied by clinically significant portal hypertension
(CSPH), in which the leading cause of mortality among
patients waiting for LTx is bleeding varicose veins [1—
3]. It is known that after the first episode of bleeding
esophageal varices, there is a high probability of recur-

within 1 year [6] and in 29-57% within two years after
the first bleeding episode [7].

Experts from Baveno VII recommend “first-line the-
rapy” to prevent RVB. This involves endoscopic variceal
ligation (EVL) in combination with traditional nonselec-
tive beta-blockers (NSBBs) or carvedilol [1]. IfFEVL is
contraindicated or there is an intolerance to drug thera-
py, any of the components of this combination may be
used. The expert council recommends implantation of a
transjugular intrahepatic portosystemic shunt (TIPS) as

rent variceal bleeding (RVB) within 23 days after the
patient’s condition has stabilized, reaching a frequency
of up to 60% within a week, if no measures are taken to
prevent this CSPH complication [4, 5]. It was found that
secondary prophylaxis of RVB in this patient cohort does
not eliminate the risk of development in 60% of patients

a second-line therapy [1].

Even though TIPS implantation is effective in redu-
cing CSPH levels by preventing RVB, its use is consi-
dered as a step towards subsequent LTx because of RVB
caused by stent block [8] and subsequent development of
portosystemic hepatic encephalopathy (HE) [9].
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Along with TIPS implantation, azygoportal discon-
nection (APD) surgery in various modifications has been
proposed to prevent bleeding from the GDP [10, 11].
We have previously shown high efficacy of APD in the
prevention of bleeding esophageal varices in patients
awaiting LTx [12].

Objective: to compare the efficacy of APD surgery
and a combination of EVL with NSBBs in the prevention
of RVB. To compare the incidence of gastric variceal
hemorrhage after these manipulations in patients with
decompensated cirrhosis waitlisted for LTx.

MATERIALS AND METHODS

The comparative retrospective study included 177 pa-
tients with decompensated cirrhosis who were waiting
for LT between 2016 and 2023 and had experienced at
least one incident of bleeding varicose veins.

Inclusion criteria: patients with decompensated cir-
rhosis must have had at least one bleeding varicose vein
during their stay on the liver transplant waitlist (LTWL);
they must have had virus-related cirrhosis (HBV- or
HCV-associated etiology), alcohol-related cirrhosis, or
cirrhosis of mixed etiology (virus and alcohol); they
must have completely abstained from alcohol for at least
three months (confirmed by addiction specialists) prior to
inclusion in the LTWL for patients with alcohol-related
cirrhosis; they have Child—Turcotte—Pugh (CTP) classes
B and C cirrhosis.

Exclusion criteria: hepatocellular cancer or other tu-
mors, infectious diseases, portal vein thrombosis (PVT),
contraindications to NSBBs (bradyarrhythmia, bronchial
asthma, obstructive pulmonary disease), and diabetes
mellitus.

The first group of patients included in the study con-
sisted of 150 patients with a first bleeding episode who
underwent EVL procedure in combination with NSBB
administration. In cases where first-line therapy for pro-
phylaxis of recurrent hemorrhage (endoscopic ligation
in combination with non-selective beta-blockers) after
stabilization of the patient’s condition due to bleeding
failed, 27 patients were routinely treated with APD.

All parameters included for subsequent analysis from
a continuously updated electronic patient database (de-
mographic, clinical and laboratory parameters) were
obtained after approval of the study by the local ethics
committee. Patient follow-up, including repeated studies
of laboratory parameters, follow-up control of drug the-
rapy, was carried out by specialists from the Center for
Surgery and Donation Coordination, Rostov Regional
Clinical Hospital.

When patients were enrolled in the LTWL, an exa-
mination was carried out on them, including laboratory
and instrumental studies. These tests were repeated at
3-month intervals for stable patients (clinical and bioche-
mical blood tests, haemostasis parameters, MELD-Na
score and CTP score), and abdominal ultrasound was
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performed every 6 months. Whenever a patient’s con-
dition became unstable, laboratory and instrumental in-
vestigations were carried out as indicated.

In all patients, esophagogastroduodenoscopy (EGD)
was performed to screen for varicose veins with high risk
of bleeding (medium and large varicose veins) accor-
ding to the Baveno VI Expert Committee [13] and World
Gastroenterology Organisation (WGO) [14] guidelines.

The International Ascites Club (IAC) criteria were
used to assess the severity of diuretic-responsive ascites
[15]. The IAC criteria [15] and the CIRAS scale [16],
which comprises clinical (no response to diuretic medi-
cation and increased volume of fluid in the abdominal
cavity) and laboratory (plasma Na level <125 mmol/L)
criteria, were used to diagnose diuretic-resistant ascites.
For a score of 5-6 on this scale, diuretic-resistant ascites
was considered well diagnosed [16].

Patients who responded to therapy received diure-
tics; patients with diuretic-resistant ascites underwent
paracentesis.

After intravenous analgesia (sedation), EVL proce-
dure was performed in a standard way using a varicose
vein ligation kit and video esophagogastroduodenoscopy
device. Varicose veins were ligated proximally, starting
from the gastroesophageal junction. The number of
rubber ligatures used varied from 2 to 4, depending on
the size of the varicose veins. The EVL procedure was
performed to obliterate all varicose veins fulfilling the
criteria for emergency therapy [13, 14]. Repeated EGDs
at 3-month intervals served as a control method, and
if new varicose veins were found, the EVL procedure
was repeated until the varicose veins were completely
obliterated.

To perform APD surgery under total intravenous an-
esthesia, an upper midline laparotomy was carried out
according to the standard technique. In order to adequa-
tely visualize the cardiac part of the stomach and the
abdominal part of the esophagus, the gastroesophageal
junction was lowered together with the fiber. The vagus
nerve was isolated. Selective proximal vagotomy was
performed. Mobilization of the stomach fundus and ret-
roperitoneal part of the cardia with crossing of the vessels
of the gastroesophageal ligament and branches of the left
gastric artery and vein was performed. The abdominal
part of the esophagus was isolated 6-8 cm above the
lower esophageal sphincter with isolation, ligation and
crossing of all collaterals, and then it was completely
crossed at 2-3 cm from the esophageal-gastric recess.
Using a linear stapler, we resected the part of the cardia
facing the esophagus, 4-5 cm from the angle of His.

The second row of seromuscular sutures was used
to reinforce the row of the machine stitch of the gast-
ric stump. The stomach body was juxtaposed with the
esophagus by moving its stump toward the liver. Next,
a new ligamentous apparatus was formed by fixing the
esophagus to the diaphragm legs with two ligamentous
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sutures. The least vascularized zone was visually deter-
mined on the anterior wall of the stomach body, where
a double-row esophagogastric anastomosis (EGA) was
formed with a precision suture using PDS 5/0 monofila-
ment. Then an anti-reflux cardia was formed: esophagus
and EGA zone were wrapped with the stomach fundus,
which was sutured and fixed with interrupted seromuscu-
lar sutures to the anterolateral surfaces of the esophagus
and to the right and left diaphragm legs, closer to their
thoracic part. Next, using single seromuscular sutures,
the stomach fundus was fixed to the greater curvature
and the anterior wall below the EGA, thus completing
the formation of anti-reflux cardia.

The obtained data were analyzed using statistical soft-
ware package IBM SPSS Statistics (version 23). Type of
distribution of obtained variables of the studied samples
was determined using the Kolmogorov—Smirnov test
and the Lilliefors significance level. Where the variables
are found to be of normal distribution, further analysis
included calculation of arithmetic mean (M) and deter-
mination of standard deviation (SD). The significance of
differences between compared variables was determined
by Student’s t test, using p < 0.05 as a criterion. The
median (Me) with interquartile range (IQR, difference
between the 25th and 75th percentiles) was used for
further analysis of variables with non-normal distribu-
tion. The Wilcoxon test used for nonparametric analysis
was used to determine the significance of differences in
pairwise comparisons of dependent variables; Pearson’s
chi-squared test was used in comparisons of independent
variables. The Mann—Whitney U test was used to com-
pare variables in small sample sizes. ANOVA test was
used for analysis of variance. Contingency tables were
used in the analysis of qualitative parameters — frequen-
cies of variables and their proportions (%); for small

sample sizes, Fisher’s exact test was used to assess the
significance of the relationship between two variables.
The proportions of patients without RVB in the com-
pared groups were determined by the Kaplan—Meier me-
thod. The significance of differences between the com-
pared curves (patient proportions) was determined by
calculating the log-rank test [Log-Rank (Mantel-Cox)].

RESULTS

Table 1 presents demographic, clinical, laboratory,
and MELD-Na scores for the groups of patients who
received NSBB therapy plus EVL or who underwent
APD during the transplant waiting period.

Table 2 presents data on gender composition, as well
as etiology of cirrhosis, CTP grade and severity of vari-
cose veins in patients who received NSBB therapy plus
EVL or who underwent APD surgery.

The compared groups (Table 1 and Table 2) were
homogeneous in terms of demographic, clinical, and
laboratory parameters, as well as in terms of MELD-Na
scores, CTP classes B and C, and frequency of varicose
veins of medium (grade 2) and large (grade 3) size.

All patients (100%) who underwent the EVL pro-
cedure in combination with receiving NSBBs develo-
ped RVB while waiting 2 years for LTx from the start
of bleeding prophylaxis. Patients with decompensated
cirrhosis who underwent APD surgery did not experi-
ence any RVB episodes during the LTx waiting period,
which lasted two years from the beginning of bleeding
prophylaxis.

Using the Kaplan—Meier method with the Log-Rank
test, a significant difference (p =0.0001) was found bet-
ween the proportions of patients without RVB in the APD
group and the NSBB + EVL group (Fig. 1).

Table 1
Comparative characteristics of EVL + NSBBs and APD patients (normal and non-normal distribution)
Indicator EVL + NSBBs (n = 150) APD (n=27) Statistical significance
M+ SD M+ SD
Normal distribution (M £ SD)
Age 49.76 + 11.02 52.344+10.89 p>0.05
Hemoglobin (g/L) 89.96 + 12.04 87.67 +£11.99 p>0.05
Leukocytes (x10°/L) 346+1.13 3.79+1.75 p>0.05
Platelets (x10°/L) 89.35+34.45 93.56 = 42.23 p>0.05
Plasma albumin (g/L) 31.12+3.21 30.45+2.89 p>0.05
MELD-Na score 22.01+3.11 21.92+3.14 p>0.05
Non-normal distribution (Me; IQR)
INR 1.92 (1.65-2.10) 1.90 (1.62-2.12) p>0.05
Bilirubin (umol/L) 86.5 (66.50—115.00) 84.0 (62.50-112.50) p>0.05
Creatinine (umol/L) 110.2 (97.5-128.20) 109.4 (98.5-122.25) p>0.05
Na (mmol/L) 136.8 (132.0-140.5) 135.2 (128.5-142.5) p>0.05
CTP (points) 12.00 (8.00-14.50) 11.00 (8.50-14.00) p>0.05

Note: EVL, endoscopic variceal ligation; NSBBs, nonselective beta-blockers; APD, azygoportal disconnection; MELD-Na,
Model for End-Stage Liver Disease-Sodium; INR, International normalized ratio; CTP, Child—Turcotte—Pugh; Na, sodium.
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At the same time, bleeding from gastric varices occur-
red in 48.1% of APD patients, which was absent in 100%
of EVL + NSBB patients. The Kaplan—Meier method
with the Log-Rank test showed a significant difference
(p = 0.0001) between the proportion of patients without
bleeding gastric varices in the APD group or EVL +
NSBB cohort (Fig. 2).

DISCUSSION

According to expert recommendations, secondary
prophylaxis for RVB is performed through EVL in com-
bination with traditional NSBBs or carvedilol (first-line
therapy) [1]. Our study showed a high incidence of RVB
in patients who waited for LTx for 24 months and were
treated with secondary prophylaxis using first-line the-
rapy (EVL + NSBBs). With this prophylaxis strategy,

RVB started to develop from the first weeks of EVL in
combination with NSBBs and continued up to 24 months
(100% of cases). According to Garcia-Tsao et al. [6], the
risk of developing RVB within a year is 60% despite
bleeding prophylaxis.

It has been found that the main risk factor for RVB is
higher hepatic venous pressure gradient (HVPG) [17].
Liu et al. [18] found that the main reason for the develop-
ment of RVB was the increase in HVPG reaching high
figures (>25 mmHg). The authors of the study noted that
neither EVL, nor NSBBs, nor an EVL + NSBBs com-
bination provided reliable prophylaxis of RVB. This is
quite understandable due to the following facts. Firstly,
EVL has been found to have no effect on the increase
in HVPG during CSPH progression [19], and secondly,
NSBBs do not reduce HVPG as desired [20]. The in-

Table 2
Comparison of clinical and gender characteristics of EVL + NSBBs and APD patients
. EVL + NSBBs (n = 150) APD (n=27) . .
Indicator (%) (%) Statistical significance
Male gender 85 (56.6%) 15 (55.6%) p>0.05
Virus-related cirrhosis 72 (48.0%) 13 (48.1%) p>0.05
Alcohol-related cirrhosis 39 (26.0%) 8 (29.6%) p>0.05
Other causes of cirrhosis 39 (26.0%) 6 (22.3%) p>0.05
Esophageal varices, grade 2 40 (26.6%) 7 (25.9%) p>0.05
Esophageal varices, grade 3 110 (73.4%) 20 (74.1%) p>0.05
CTP class A 4 (2.7%) 1 (3.7%) p>0.05
CTP class B 37 (24.7%) 7 (25.9%) p>0.05
CTP class C 109 (72.6%) 19 (70.4%) p>0.05
Note: CTP, Child—Turcotte—Pugh; Na, sodium.
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Fig. 1. Proportions of non-RVB patients who underwent APD surgery or received EVL + NSBB therapy (Kaplan—-Meier me-

thod with Log-Rank test)
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significant level of HVPG reduction with propranolol
(10.1-23.2%) and carvedilol (18.6-27.7%) [20] may
be due to the lack of response to these drugs in some
patients [20, 21].

We believe that the presence of responders and
non-responders to NSBBs among patients with CSPH
accounts for the reduced effectiveness of secondary
prophylaxis of RVB using EVL in combination with
beta-blocker administration. Incidence of re-bleeding
in non-responders was found to be significantly higher
than that in responders of acute hemodynamic response
to propranolol use [22].

We discovered that individuals with decompensated
cirrhosis who underwent APD surgery did not exhibit
RVB during the two-year waiting period for LTx. APD
was performed according to the original technique (Rus-
sian Federation patent, No 2412657 dated February 27,
2011) [11]. In the past, we have shown that this procedure
can effectively prevent rebleeding and result in a three-
year absence of recurrent bleeding [23].

However, despite the absence of RVB for 2 years,
the present study did reveal the development of recur-
rent bleeding from gastric varices, which accounted for
48.1% of cases during the specified follow-up period. On
the other hand, there was no evidence of gastric variceal
hemorrhage associated with the use of EVL plus NSBBs
in any case.

The difference in the incidence of gastric variceal
bleeding for EVL plus NSBBs and for APD in our opi-
nion is explained by the dynamics of HVPG after these
invasive interventions. Abraldes et al. [19] found that
EVL does not lead to higher HVPG, while Sinagra et al.
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[20] found a slight decrease in HVPG after propranolol
or carvedilol therapy. Meanwhile, APD operation, dis-
connecting portocaval connections and reducing blood
flow to esophageal varices, does not reduce HVPG and
can be complicated by gastric variceal bleeding.

CONCLUSION

APD is an effective method of RVB prophylaxis when
alternative treatment, including TIPS implantation or
liver transplantation, is not possible.

After performing APD, repeated EGD is necessary
for early detection of newly developed varicose veins in
the stomach followed by an EVL procedure.

The authors declare no conflict of interest.
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Transplant coronary artery disease (TCAD) is one of the main causes of graft dysfunction and graft loss. Early
diagnosis and treatment of cardiac allograft vasculopathy (CAV) can increase graft survival and improve the pro-
gnosis for heart transplant recipients. This review presents current data on the problem of CAV, its pathogenesis
and the main factors influencing the course of this disease.
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About 6000 heart transplants are performed annually
worldwide. In Russia, 308 heart transplants were per-
formed in 2022, including 10 pediatric transplants [1].
Survival after heart transplantation is about 12.5 years [2
4]. Transplant coronary artery disease (TCAD) is a com-
plex accelerated immune-inflammatory fibroproliferative
disease of the transplant coronary bed. It is characterized
by diffuse intimal hyperplasia in the early stages, which
is followed by negative vascular remodeling. Ten percent
of heart transplant recipients die within three years of
receiving their transplant, with TCAD being the primary
cause of death in these cases [3]. Recipients who expe-
rience rapidly progressive TCAD within the first year
after transplantation have a significantly increased risk
of death and/or retransplantation within 5 years.

The reasoning behind the prophylactic use of statins,
immunosuppressants, and vigorous infection prevention
against TCAD is based on current understanding of the
pathophysiology of the disease [4].

TCAD RISK FACTORS

Immunological factors associated with TCAD are
the initial link in the pathologic process. The interaction
of “foreign” human leukocyte antigen (HLA) of allograft
endothelial cells with the recipient’s T lymphocytes initi-
ates endothelial cell activation and inflammatory cell ac-
cumulation. This leads to production of cytokines (inter-
leukins 2, 4, 5, and 6; interferon-gamma; tumor necrosis
factor-alpha), proliferation, and activation of endothelial
adhesion molecules. Activated macrophages accumula-
te in the intima and produce cytokines (interleukins 1
and 6, TNF-alpha) and growth factors. As a result, this
causes smooth muscle cell migration into the intima,
proliferation and deposition of the extracellular matrix.
HLA class I antibodies promote endothelial and smooth
muscle cell proliferation through activation of the mTOR
pathway and induction of intracellular fibroblast growth

factor receptor expression [5]. Even in the absence of
pathogens, a variety of intracellular particles, including
cytoplasm, mitochondria, and cell nuclei, which are also
present in the extracellular matrix in transplanted organs,
cause inflammatory processes [65]. Lin et al. showed the
importance of this phenomenon by demonstrating that
extracellular mitochondria are abundant in the blood of
dead donor organs and that their abundance corresponds
to rapid graft rejection [7]. Endothelial injury and activa-
tion induce the production of pro-inflammatory cytoki-
nes, chemokines and expression of adhesion molecules,
which promotes immune cell recruitment and immune
cell transmigration into the intima [8, 9].

Both innate and acquired immunity play an important
role in both atherosclerosis and TCAD. Although the
triggers of endothelial injury and endothelial dysfunction
may differ in TCAD and atherosclerosis, once endothe-
lial activation occurs, pathologic processes involved are
similar in the two diseases.

Nonimmune factors associated with the risk of
TCAD include advanced age (donors and recipients),
male gender, infections, dyslipidemia, obesity, diabe-
tes, coronary heart disease, cause of brain death in the
donor, organ preservation and transportation conditions,
surgical injury, and ischemia-reperfusion injury (IRI).
Hyperlipidemia and insulin resistance are the most si-
gnificant non-immune factors, occurring in 50-80% of
heart transplant patients [10, 11].

An increased risk of TCAD has been linked to cy-
tomegalovirus (CMV) infection [12]. By increasing the
synthesis of nitric oxide synthase inhibitor, asymmetric
dimethylarginine, CMV causes endothelial dysregulation
and affects nitric oxide synthesis. The chemical similarity
between CMV and endothelial cell surface may lead
to cross-reactivity [7, 8]. However, recent studies have
found no association between maximum intima-media
thickening during the first year, assessed by intravascular
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ultrasound (IVUS), and CMV infection [13]. The cause
of brain death in the donor is relevant to the success of
transplantation. Brain death causes severe cardiac injury
due to increased catecholamine production, endocrine
and hemodynamic disorders leading to organ hypoperfu-
sion and subsequent IRI after transplantation. In addition,
the mechanism of donor brain death has a significant
impact on heart transplant outcomes, with traumatic
brain death being associated with decreased mortality,
rejection, allograft vasculopathy, and transmissible athe-
rosclerosis [14]. Based on observations at Shumakov
National Medical Research Center of Transplantology
and Artificial Organs, donor brain death was associated
with higher probability of transmitting coronary athero-
sclerosis from older donors and donors with stroke [15].
IRI caused by surgical injury leads to production of large
amounts of reactive oxygen species (ROS), which direct-
ly cause vascular injury and endothelial activation [16].

It should be noted that, in terms of pathological anato-
my, TCAD has a variety of morphologic manifestations.
Wei-hui Lu et al. published a study [17] that evaluated
the pathologic anatomic findings in the explanted heart
of patients who underwent retransplantation for graft
dysfunction. The study reviewed archival records and
microscopic sections of hearts surgically explanted from
64 patients: 54 adults (18 to 70 years old) and 10 child-
ren (3 to 15 years old). 54 adults (18 to 70 years) and
10 children (3 to 15 years). Vascular lesions were cate-
gorized as showing intimal fibromuscular hyperplasia,
atherosclerosis and/or inflammation. A total of 75% of
hearts had signs of acute cellular rejection, predomi-
nantly mild. Intramyocardial arteries showed primarily
intimal fibromuscular hyperplasia and inflammation with
no atheroma present. Lesions in the epicardial coronary
arteries presented as intimal fibromuscular hyperpla-
sia, atherosclerosis, and/or inflammation affecting one
or more vascular layers (intima, media and adventitia).
Severe TCAD with >75% luminal narrowing was seen
in at least one vessel in all hearts. Two hearts had severe
narrowing of the left main coronary artery. Nineteen
arteries had luminal thrombus. All hearts had narrowing
of smaller epicardial coronary arteries that were often

severe. Atheromas were present in arteries of adults and
children; thus, not all atheromas could be considered pre-
existing prior to transplantation. Both arteries and veins
showed intimal hyperplasia and inflammation.

Thus, TCAD is a pathologically multifaceted disorder
that affects large and small epicardial coronary arteries
of adults and children, with different types of lesions:
intimal fibromuscular hyperplasia; atherosclerosis; and/
or inflammation (vasculitis).

According to pathoanatomical studies conducted at
Shumakov National Medical Research Center of Trans-
plantology and Artificial Organs, cardiac allograft vas-
culopathy (CAV) in the proximal coronary arteries was
a combination of accelerated atherosclerosis and chronic
rejection [18-23].

But despite the many manifestations of TCAD, the
current classification used is the one developed by the
International Society for Heart and Lung Transplantation
(ISHLT), which is based mainly on angiographic criteria
(Table 1) [24].

TCAD and coronary atherosclerosis of native arteries
have both common and different features. Moreover, the
presence of different risk factors leads to different types
of vascular lesions in cardiac allografts. For example,
hyperlipidemia, diabetes, and smoking are risk factors
common to atherosclerotic disease and TCAD. With
these risk factors, graft vessels develop atherosclerotic-
like lesions. On the other hand, alloantigen-dependent
risk factors (number of anti-HL A antibodies, number of
rejection episodes) and CMV infection are more likely
to be associated with changes such as endotheliitis and
arteritis [17].

Although some of the risk factors (donor organ IRI,
donor age, organ quality, recipient age, donor brain
death, major histocompatibility mismatch) are unique
to TCAD, many are in addition to the others (hyperlipi-
demia, diabetes, oxidative stress, hypertension, cytokine
modulation, inflammation, C-reactive protein [CRP],
infections and other environmental factors, smoking) [8,
25, 26]. Comparative characteristics of these diseases are
presented in Table 2.

Table 1

Classification system for angiographic features of TCAD

Severity

Angiographic criteria

ISHLT CAVO0 (Not significant)

No detectable angiographic lesion.

ISHLT CAV1 (Mild)

Angiographic left main (LM) <50%, or primary vessel with maximum lesion of <70%, or
any branch stenosis <70% (including diffuse narrowing) without allograft dysfunction.

ISHLT CAV2 (Moderate)

Angiographic LM <50%; a single primary vessel >70%, or isolated branch stenosis >70%
in branches of 2 systems, without allograft dysfunction.

ISHLT CAV3 (Severe)

Angiographic LM >50%, or two or more primary vessels >70% stenosis, or isolated bran-
ch stenosis >70% in all 3 systems; or ISHLT CAV1 or CAV2 with allograft dysfunction
(defined as LVEF <45% usually in the presence of regional wall motion abnormalities) or
evidence of significant restrictive physiology.
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Table 2
Comparative characteristics of TCAD and atherosclerosis
Sign TCAD Atherosclerosis
Epicardial and intramural coronary arteries are affected. |Large epicardial coronary arteries are affected.
Diffuse and very extensive vascular lesions in combinati- Proximal epicardial coronary arteries are lgrgely
. . g T affected. Intramyocardial vessels and arteries
on with epicardial localization. 4 .
Vascular under muscle bridges are usually intact.
involvement | Veins may also be involved. Veins are never involved.
The media may be either unaffected or almost completely
replaced by fibrous tissue. As intimal lesion progresses, | All the vascular wall layers are involved.
fibrosis of the media and adventitia also increases.
Diffuse, concentric intimal thickening. Eogal, eccentric p rohferauy ¢ and degenerative
Nature intimal lesions in the proximal coronary vessels.
of lesion Varies from concentric, diffuse intimal lesions to wides- Predominantly fibrofatty plaques with necrotic
. . depressions and progressively thinned fibrous
pread fibrofatty plaques with degeneration. cap
Initially manifested by smooth muscle cell proliferation o .
into the intima and extracellular lipid accumulation. Initially manifested by fatty streaks.
Accglerated progression of intimal prohfqatlon aqd Slow progression of the lesion (decades) is
Onset and luminal stenosis at the early stage of the disease with the > .
. characteristic.
progression | development of foam cells.
of the disease i i ion i . L L
Superﬁma} endothelial erosion is uncommon but may be Endothelial erosion is characteristic.
a rare finding.
. . Thin fibrous capsule and plaque rupture are
Fibrous capsule thinning and plaque rupture are rare. often observed in moderate to severe lesions.

Other factors influencing the course of vasculopa-
thy: Increased platelet aggregation is a well-recognized
risk factor for sudden cardiac death and myocardial in-
farction in heart transplant patients [1]. A study of over
200 heart transplant recipients found that early aspirin
therapy was associated with a significant (68%) reduc-
tion in the risk of cardiovascular events [27].

Statins are well-known hypolipidemic and anti-in-
flammatory drugs [28]. A recent meta-analysis confirmed
the beneficial effects of statins in reducing graft rejection
and increasing survival in heart transplant recipients [28].
Fang et al. studied antioxidant therapy with vitamins C
and E to prevent endothelial dysfunction in TCAD. The
authors found that antioxidant therapy delayed TCAD
[29]. Calcineurin inhibitors (cyclosporine, tacrolimus)
have historically been the therapy of choice for main-
tenance immunosuppression [30]. The development of
agents such as everolimus and sirolimus has expanded
therapeutic options for TCAD. Everolimus has been
shown to significantly reduce TCAD progression when
combined with immunosuppressants (cyclosporine, tac-
rolimus) at year 1 after transplantation compared to when
combined with mycophenolate and azathioprine. On the
other hand, later initiation of everolimus therapy does not
increase vasculopathy incidence. Sirolimus therapy re-
sulted in decreased incidence of acute graft rejection and
vasculopathy compared to calcineurin inhibitors. There
is evidence that sirolimus can inhibit TCAD, even when
initiated after disease onset [31]. These drugs, however,
need further evaluation when combined with newer im-

38

munosuppressants such as tacrolimus [4, 17]. It should be
noted that their use may be limited in some patients due
to the high incidence of side effects, such as infections,
pericardial effusion and delayed wound healing [31].

Unfortunately, these measures have had little impact
on the 5- and 10-year incidence of TCAD over the last
20 years of follow-up (32-30% and 52—49%, respec-
tively) [16]. Furthermore, for recipients who develop
TCAD within 3 years after transplantation, the 5-year
survival rate remains virtually the same as 20 years ago
(28-22%) [16]. These statistics highlight how the need
for more sensitive techniques for early TCAD detection
severely limits therapy options for heart transplant reci-
pients at this stage. This is because effective treatment
to prevent or delay TCAD must be initiated as soon as
feasible.

There have been recent studies to identify potential
targets for immunologic treatment, mainly using mo-
noclonal antibodies, to eventually replace existing the-
rapeutic immunosuppressants [32]. The main goal of
immunomodulation in the context of TCAD has been to
inhibit or suppress predominantly T-cell activity against
the allograft [4].

CONCLUSION

Transplant coronary artery disease is one of the main
factors limiting graft survival. Due to its intricate origins
and multifaceted nature, this condition requires further
study on both immune contribution to the pathogenesis
of vasculopathy and the classical factors of atherogene-



HEART TRANSPLANTATION AND ASSISTED CIRCULATION

sis. Infectious agents (CMV) deserve special attention
as early detection and influence on them can improve
the prognosis for this patient cohort. Even though CAV
manifests 3—5 years after heart transplantation, the first
signs may appear in the first year, which in turn is an
unfavorable predictor. This necessitates prompt modi-
fications to immunosuppressive medication and closer
observation of the disease’s progression. Even though
modern immunosuppressive medications, such as eve-
rolimus, cannot be used in every patient, incorporating
them more frequently into treatment plans could help
cardiac recipients have better outcomes. Correcting the
classical atherosclerosis factors is another crucial aspect
of treatment for heart transplant patients.

The authors declare no conflict of interest.
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The co-occurrence of chronic heart failure (CHF) and cancer is becoming more and more common as people live
longer. The lack of a structured approach to the treatment of cancer patients with severe cardiovascular conditions
is an essential issue. Up to 25% of cancer patients cannot be operated on for their main disease profile due to the
presence of cardiovascular disease. This article describes a clinical case of successful treatment of a patient with
two competing (prognosis-determining) diseases: end-stage heart failure and stomach cancer within the frame-

work of a bridge-to-cancer strategy.

Keywords: chronic heart failure, mechanical circulatory support, bridge to cancer therapy.

INTRODUCTION

Cardiovascular diseases and cancer are the leading
causes of death in the Russian Federation. Introduction
of new methods of diagnosis and treatment, as well as
increased life expectancy among the population naturally
lead to higher numbers of patients with co-occurrence
of heart failure (HF) and malignancies. Up to 25% of
cancer patients cannot undergo cancer surgery due to the
presence of cardiovascular disease. Patients with end-
stage heart failure are at incredibly high risk of adverse
outcomes in cancer treatment due to reduced myocardial
contractile function and limited cardiac reserves.

Heart transplantation (HT) remains the gold standard
treatment for end-stage HF. Meanwhile, cancer with a
poor life prognosis is one of the contraindications to
HT. Modern long-term mechanical left ventricular assist
devices (LVADs) have shown improved survival and
quality of life compared with optimal medical therapy
and comparable survival to HT. LVAD therapy may be
a valuable option for staged treatment of patients with
operable cancer as part of a bridge-to-cancer treatment
strategy.

The aim is to demonstrate a case of successful treat-
ment of a patient with two competing (prognosis-deter-
mining) diseases: end-stage HF and gastric cancer as part
of a bridge-to-cancer treatment strategy.

CLINICAL CASE

Patient P, 45 years old, with complaints of paroxys-
mal dyspnea. Family history: his mother died at the age
of 46 years (dilated cardiomyopathy, DCM) and father at

the age of 52 years (myocardial infarction). From medi-
cal history, we know that Hodgkin s lymphoma was de-
tected at the age of 17, radiation therapy, chemotherapy
in 1996—1997. PET/CT scans showed persistent remissi-
on. Dyspnea debuted in 2018 with gradual progression.
He was examined in the same year and CAG was per-
formed: no hemodynamically significant stenosis, diag-
nosed with DCM with the development of biventricular
HF. He was admitted to the National Medical Research
Centre of Cardiology in Moscow in September 2022.
An examination was carried out, according to EchoCG
data: end-diastolic volume (EDV) = 9.0 cm, ejection
fraction (EF) = 20%, mitral regurgitation (MR) = gra-
de 3, right ventricular EF = 53%, tricuspid annular
plane systolic excursion (TAPSE) = 2.4 c¢cm,; coronary
angiography (CAG): subtotal stenosis of the anterior
descending artery (ADA) in the proximal segment; right
heart catheterization (RHC): pulmonary artery pressure
(systolic/diastolic/average) = 22/6/12 mmHg, cardiac
index (CI) = 1.9 L/min-m’, stroke volume (SV) = 63 mL,
pulmonary vascular resistance (PVR) = 78 dyn/s/cm ™.

Based on complaints, medical history and laboratory
and instrumental examination, the following diagnosis
was made: “Dilated cardiomyopathy. Acquired heart
defect: moderate relative mitral valve regurgitation.
Chronic heart failure with reduced ejection fraction,
NYHA class 1. Ischemic heart disease: grade 3 angina
pectoris. Atherosclerosis of the aorta and coronary arte-
ries (subtotal stenosis of the proximal segment of ADA),
muscle bridge of the middle segment of ADA. Cardiac
rhythm and conduction disorders: frequent ventricular
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extrasystole, short paroxysmal ventricular tachycardia;
left anterior fascicular block. Concomitant: Stage 2
hodgkin's ymphoma with cervical submandibular lymph
node involvement, radiotherapy (5 sessions) from 1996,
chemotherapy (6 sessions) from 1997.”

As part of additional examination, an esophagogast-
roduodenoscopy (EGD) was performed: an area of alte-
red mucosa was detected along the anterior wall of the
middle third and lower third of the stomach by infiltration
type. Biopsy of the gastric mucosa area revealed “high
grade” gastric dysplasia. The patient was consulted by
an oncologist, and gastric cancer T3IN2MO, stage 1114
was diagnosed based on examination results. The patient
was indicated for definitive surgical intervention, howe-
ver, such surgery is associated with extremely high risks
of death against the background of end-stage HF. The
patient was consulted at the transplant center: HT was
contraindicated due to the presence of cancer with poor
prognosis. It was decided to perform surgical treatment
in two stages. The first stage (as part of the “bridge
to cancer treatment” strategy) included implantation
of a mechanical circulatory support device (Heartmate
3™ device) with one-stage coronary bypass (mammary-
coronary bypass of the anterior descending artery). The
second stage of definitive treatment of gastric cancer is
planned.

In October 2022, the HeartMate 3™ LVAD was im-
planted. Postoperative echoCG parameters: EDV =
8.0 cm, MR = grade 2, systolic pulmonary artery pres-
sure (SPAP) = 22 mmHg, CI = 2.7 L/min-m’. System
parameters: pump flow = 4.4, pump speed = 5200 rpm,
PI = 4.0 pump power = 3.8. On day 4 after implanta-
tion, compensated HF was observed. The patient was
discharged and sent to the second stage — definitive
treatment of gastric cancer on day 21 after Heartmate
3™ implantation.

In December 2022, he was hospitalized at Blokhin
Russian Cancer Research Center in Moscow, where he
underwent surgery: gastrectomy, D2 lymph node diss-
ection, splenectomy, distal pancreatectomy. The surgery
was successful. Extubation and activation in standard
periods. No signs of heart failure were observed with
the implanted Heartmate 3™ device. The patient was
discharged from the hospital on day 23 in a satisfactory
condition after the operation. Postoperative follow-up
period was 12 months. The patient is able to work, is acti-
ve enough, and fully complies with all recommendations.
The 6-minute walk distance (6MWD) was 402 meters.
EQ-5D-5L parameters: mobility = 2, self-care = 2, usual
activity = 2, pain/discomfort = 1, anxiety/depression =
2, VAS Health Perception = 75.

DISCUSSION

The use of modern mechanical circulatory support
devices demonstrates high efficacy and safety in pati-
ents with end-stage CHF, comparable to 2-year heart
transplant outcomes [1]. HeartMate 3™ implantation
is considered as definitive therapy and as an alternative
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to HT. Given the limitations of HT in operable patients
with malignant tumors, staged surgical treatment with
implantation of a mechanical circulatory support device,
in particular HeartMate 3™, followed by definitive treat-
ment of cancer seems optimal.

There are very few articles in the literature and little
experience with this therapy option available globally.
Given that the supply cable is located in the anterior
abdominal wall, it is crucial to draw attention to the
technical difficulty of treating abdominal malignancies
through surgery. In 2017, Nakamura et al. was the first to
demonstrate the possibility of successful surgical inter-
vention for gastric cancer with surgical access via laparo-
tomy in a patient with an LVAD [2]. The following year,
Zarbaliyev et al. published a similar paper describing a
successful clinical case of gastrectomy for gastric cancer
on day 20 following LVAD implantation [3].

In both cases reported in the literature, the malig-
nancy was diagnosed after LVAD implantation. Confir-
mation of the cancer diagnosis during the preoperative
period sets our case apart. We believe that the presence of
operable malignancy could provide more justification for
implantation of a mechanical circulatory support device.
We expect that in the future, staged surgical intervention
will be used more often in patients with end-stage CHF
and operable malignancy and that clinical guidelines
will codify this procedure for a certain patient cohort.

CONCLUSION

Our case demonstrates that cancer patients with end-
stage HF, who are at a very high risk of dying, can benefit
from phased surgical care. With an acceptable safety
profile, the implantable HeartMate 3™ LVAD exhibits
high immediate efficacy in supporting systemic hemo-
dynamics. Surgical treatment of malignant tumors can
be safely performed in the presence of LVAD as part of
the “bridge-to-cancer treatment” strategy. This promising
direction requires further research.
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The shortage of organs for transplant remains a major challenge in transplantology. Transporting donor organs over
long distances increases cold ischemia time, which is a risk factor for ischemia-reperfusion injury (IRI). In the face
of critical shortages, the method and timing of organ preservation are crucial in increasing the donor pool. This
paper examines the approaches, benefits, and drawbacks of organ preservation techniques used around the world.

Keywords: cardioplegia, ischemia-reperfusion injury, heart transplantation, allograft.

INTRODUCTION

Gaps in the organization of organ donation currently
remain the main problem of transplantology. Using un-
claimed organs from distant locations is one solution to
the critical organ shortage. he lengthy distances between
donor bases and transplant facilities in interregional in-
teractions, the predominant use of service vehicles or
commercial aircraft for organ transportation, and the
absence of “green corridors” are the hallmarks of the
Russian organ donation system. As a consequence, long
transportation and logistical challenges prolong the cold
ischemia time [1].

Cardiac graft quality is inversely proportional to cold
ischemia time, and the recommended maximum cold
ischemia time for a donor heart is 240 minutes [2, 3].
Exceeding this safe threshold increases the risk of post-
operative allograft dysfunction and death. This becomes
especially relevant in heart transplantation from expan-
ded criteria donors, as such a heart is most sensitive to
the effects of ischemia. At the same time, the number
of suboptimal donors in Russia is gradually increasing.
Heart transplantation with prolonged cold ischemia is
most typical for European countries, where the propor-
tion of heart transplantations with ischemic time of more
than 4 hours is over 40% [4].

During ischemia, decreased oxygen availability
causes a shift from fatty acid metabolism to anaerobic
glycolysis. The resulting lactic acidosis causes the extra-
cellular pH to drop to 6.0-6.5. Continued acidosis results
in activation of several transmembrane ion channels and

receptors, each contributing to calcium overload, meta-
bolic dysfunction, and ultimately cell death [5].

Ischemia-reperfusion injury (IRI) is the primary cause
of donor graft dysfunction after prolonged transportation.
Given the prohibitive risk of IRI and primary graft dys-
function with cold ischemia lasting more than 4 hours,
there is an obvious necessity to enhance myocardial pro-
tection, but there is no consensus on the effectiveness of a
particular method of preservation in prolonged ischemia
of donor heart.

Currently in Russia, the standard heart preservation
method is perfusion with Custodiol solution followed
by static storage in a thermal container with ice and
coolants; however, this is not able to fully protect the
organ under conditions of prolonged ischemia [6]. Me-
tabolism during cold cardioplegia does not stop under
ischemic conditions; energy supply of metabolic proces-
ses occurs in anaerobic conditions, which leads to lactate
accumulation and cardiomyocyte acidification, and me-
tabolic acidosis occurs. In addition, histidine, one of the
main components of Custodiol, has demonstrated some
cytotoxic effects [7]. On the other hand, uncontrolled re-
duction in graft temperature to critical values and uneven
cooling of the heart leads to impaired transmembrane
transport of electrolytes, formation of free radicals that
damage cardiomyocytes, as well as the process of tissue
crystallization. Brain death causes a cascade of hormonal
changes, changes in catecholamine levels, and release
of inflammatory mediators (IL-1, IL-6, IL-8), resulting
in hypotension and organ hypoperfusion. Appropriate
handling of a brain-dead donor (conditioning) prior to
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the withdrawal stage is equally critical because hypoper-
fusion and inflammatory response cause extra harm to
the transplant even before IRI develops [2].

The increasing use of expanded criteria donors [1] —
high inotropic therapy, over 55 years of age, myocardial
hypertrophy, transmissible coronary atherosclerosis —
also requires revision of the standard approach to heart
transplant preservation.

Thus, the relevance of developing new strategies for
graft transportation and preservation is obvious. Cur-
rently, various strategies have been described to further
improve donor heart preservation results, including phar-
macological, organizational and other methods that can
significantly reduce IRI severity.

Analysis of known strategies for reducing the da-
maging effect of IRI during prolonged transportation of
donor heart allows us to highlight several key aspects.

It is commonly known that when prolonged cold
ischemia is anticipated, it is best to use hearts from young
donors. An interesting observation was published by
Kim et al [8]. When analyzing 43,304 heart transplanta-
tions, the scientists found that recipients of obese donor
hearts experienced improved immediate and long-term
outcomes when organ ischemic times exceeded 4 hours.

REPEATED INFUSION OF PRESERVATION
SOLUTION

Several studies have shown that the use of repea-
ted infusion of preservation solution (crystalloid, blood
cardioplegia), which is given continuous retrograde or
as terminal “hot shots”, reduces organ ischemic injury,
shortens intensive care stay, and improves early survival
after transplantation [9]. The authors conclude that the
technique is particularly relevant when using hearts from
marginal donors and with prolonged cold graft ischemia.
The history of research on the efficacy of repeated cardio-
plegia dates back to the 1990s, when the first prospective
studies in this field were conducted.

Two studies used normothermic blood cardioplegia,
administered immediately before the completion of aor-
tic occlusion (terminal “hot shot™) [10, 11]. The results
of these studies showed that the use of blood cardio-
plegia was associated with a lower incidence of right
ventricular failure, cardiac arrhythmias, and laboratory
signs of ischemia (decreased levels of creatine kinase
(CK), creatine kinase MB (CK-MB) in the early post-
operative period. Twelve-year heart transplant outcomes
demonstrated [12] that the use of blood cardioplegia is
safe and results in comparable survival and prevalence of
adverse events late after orthotopic heart transplantation.
Encouraging results have also been obtained regarding
the reduced incidence of chronic graft rejection and less
prevalence of coronary artery disease in heart transplant
patients after blood cardioplegia, but larger prospective
studies in this area are needed to validate this hypothesis.
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Two other studies used antegrade cold blood cardio-
plegia and an additional terminal “hot shot” with warm
blood cardioplegic solution. Cold crystalloid cardiople-
gia was injected initially and cold blood cardioplegia
(Buckberg) was infused every 30 minutes as soon as the
graft arrived in the operating room [13]. No surface coo-
ling was used. Warm blood cardioplegic reperfusion was
administered before removal of the aortic clamp. Mean
ischemic time was 158 minutes. The post-transplant need
for catecholamines was tenfold lower in patients with
warm blood cardioplegia reperfusion. Also, cytologic
examination of the graft (after 7 days) showed a lower
degree of ischemic lesions in this group of patients.

Some studies have been devoted to the use of con-
tinuous retrograde normothermic blood cardioplegia
during donor heart implantation [14—16]. The results
of these studies revealed that continuous normothermic
blood cardioplegia can lead to less ischemic injury accor-
ding to myocardial pathohistologic examination, while
lower CK, CK-MB levels, more frequent recovery of
spontaneous sinus rhythm, and lower duration of inotro-
pic therapy were observed in groups using continuous
blood cardioplegia technique.

A single-center retrospective study in Switzerland
compared orthotopic heart transplant outcomes with
(37 patients) and without additional cardioplegia (41
patients) [17]. The myocardial preservation protocol was
standardized and included the infusion under low pressu-
re of 2000 ml cold (48 °C) Celsior solution. In the study
group, an additional single antegrade coronary infusion
of 100 ml cardioplegic solution (Cardioplexol™, La-
boratorium Dr G. Bichsel AG, Unterseen, Switzerland)
was administered immediately before graft implantati-
on. Cardioplexol™ is a ready-to-use solution based on
potassium, magnesium, procaine and xylitol. The study
group showed more frequent spontaneous restoration of
sinus rhythm after aortic clamp removal and myocardial
reperfusion, lower CK-MB/CK ratio, and shorter ICU
and hospital stays.

Regarding immediate transplant outcomes, an ana-
lysis of available publications is favorable to the use
of repeated or extra infusions of preservation solution,
particularly when the preservation time is more than
240 minutes.

ISCHEMIC PRECONDITIONING
AND POSTCONDITIONING

Because pharmacologic and ischemic preconditio-
ning activate mitochondrial ATP-sensitive potassium
channels, they may be useful cardioprotective methods
[18]. Mozaffari et al. argue that the protective effect of
ischemic preconditioning and postconditioning is linked
to reduced IRI through regulation of the phosphatidylino-
sitol-3 kinase (PI3K)/Akt pathway, which, in turn, leads
to phosphorylation and inactivation of glycogen synthase
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kinase-3p (GSK-3p), culminating in inhibition of the
mitochondrial permeability transition pore. There have
also been descriptions of mitochondrial KATP channels,
which when activated, can confer cardioprotection.

The effect of preconditioning was demonstrated in a
study on sheep orthotopic heart transplantation models.
Preconditioning was achieved with brief (5 seconds) aor-
tic occlusion followed by 10 minutes of reperfusion. The
heart was then arrested with 1 liter of antegrade crystal-
loid cardioplegia, explanted, and placed in a transport
cooler. Next, the heart was transplanted into a recipient
sheep. The total ischemic time was 2 hours. The study
showed that a single episode of preconditioning signifi-
cantly reduced myocardial stunning and increased ATP
level in tissues [19].

In another study, remote ischemic conditioning
was used immediately after anesthesia induction (pre-
conditioning) and 20 minutes after aortic declamping
(postconditioning) [20]. The technique itself consists
of applying four cycles of 5-min ischemia and 5-min
reperfusion on the right upper limb by a cuff inflated to
200 mmHg, then the cuff was deflated. Patients in the
control group underwent false cuffing of the right upper
arm without inflation. Serum cardiac troponin I level
was determined preoperatively and at 3, 6, 12, 24 hours
after aortic declamping.

In summary, remote ischemic preconditioning and
postconditioning reduced myocardial injury 6 hours af-
ter aortic clamping, but there was no evidence that this
method could improve clinical outcomes. Preconditio-
ning and postconditioning techniques in cardiac trans-
plantation have been shown to reduce the severity of
myocardial injury as measured by laboratory parameters,
but no significant effect on clinical outcomes has been
found. Available reports are based on a small number of
patients, on retrospective analysis. A detailed study of the
mechanism of the technique and further trials are needed.

PRESERVATION SOLUTIONS

As mentioned above, the standard cardiac preserva-
tion method is perfusion of the heart with a preservation
solution followed by static storage in a refrigerator with
ice and coolants. Despite notable disadvantages of HTK
(Custodiol) solution, it remains the main preservation
solution used in Russia both in heart transplantation
and in cardiac surgery involving prolonged myocardial
ischemia.

There are currently more than 167 different cardiac
preservation solutions for heart transplantation. The most
commonly used are histidine-tryptophan-ketoglutarate
(HTK) solution, University of Wisconsin (UW) soluti-
on, and Celsior solution [21]. Due to the small number
of heart transplants performed, there is a lack of high-
quality randomized clinical trials to determine the effect
of preservation fluids on graft function and survival.
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Such studies often lack the capacity to determine optimal
regimens for the use of these preservation solutions.

Experimental studies provide conflicting results re-
garding the efficacy of different preservation solutions
in preserving cardiac function during routine transpor-
tation with ice and coolants. According to some studies
that compared UW with Celsior solution [22], UW de-
monstrated better survival at 30 and 90 days after trans-
plantation. Recipients receiving suboptimal allografts,
defined as donor age >50 years or ischemic duration
>4 hours, had significantly increased mortality at 30 days
and 1 year. The UW solution was also associated with
better survival compared with the HTK solution. When
HTK was compared with Celsior solution, there was no
statistical difference in donor heart dysfunction and in-
hospital mortality, with a mean ischemic time of 187.9 +
52.6 minutes [23]. However, in multivariate analysis, a
combination of recipient and donor age >60 years, intra-
operative biventricular failure, and prior cardiac surgery
were predictors of in-hospital mortality.

Four-hour preservation of porcine heart grafts ob-
tained from beating and non-beating donor animals in
Somabh resulted in better cardiomyocyte and endothelial
cell viability and higher expression levels of myocardial
and endothelial proteins compared with controls. Better
cardioprotection was observed after 5-hour preservation
of porcine heart at about 21 °C compared to Celsior and
UW.

The new Custodiol-N solution is an intracellular pre-
servation solution that differs from HTK by its lower
concentration of histidine, addition of amino acids gly-
cine, alanine and arginine, N-acetyl-histidine partially
replacing histidine, and aspartate and lactobionate repla-
cing chloride. The superiority of Custodiol-N over HTK
has been demonstrated in a rat model of heterotopic heart
transplantation [24, 25]. Also, Custodiol-N showed sig-
nificant benefit in a heart transplantation model in dogs
after prolonged preservation for 8 and 12 hours. After
heart transplantation in animals from the control group
using conventional HTK, in no case was it possible to
wean off from artificial circulation; in the Custodiol-N
group, all animals were withdrawn from artificial circu-
lation with stable hemodynamics [26]. According to the
authors, the iron chelator LK614 played a key role in
this mechanism by reducing the chelatable iron content
in the myocardium. Thus, Custodiol-N, UW, Somah look
preferable to conventional HTK with respect to long-
term preservation.

A detailed analysis was performed by Minasyan et
al. In their opinion, the possible methods of improving
preservation methods in prolonged ischemia are by op-
timizing the composition of the preservation solution
(PS), adding various active components to the PS (en-
hancing the buffer capacity and colloidal components),
using polarizing PS, constant perfusion of donor heart,
and low-temperature preservation [27]. The theory of
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low-temperature preservation (<less than 0 degrees
Celsius) using cryoprotectant protein looks interesting,
considering some contradiction with the concept used
in the Paragonix system [28]. However, standard cold
transportation of donor hearts in a container with ice has
several disadvantages, in particular, the lack of organ
temperature control. A study on 186 organs showed that
the average temperature of organs during transportation
fell below +2 °C, and then below +0 °C after 6 hours
of transportation [29]. Preservation at this temperature
may cause injury to the donor heart, especially if prolon-
ged. It is known that there is damage to cardiomyocyte
structures at a temperature <2 °C, irreversible diastolic
dysfunction occurs at <1 °C, and protein denaturation
at <0 °C.

The SherpaPak Cardiac Transport System (CTS) (Pa-
ragonix Technologies, MA, USA) has been developed,
which involves uniform cooling with constant tempe-
rature from 4 °C to 8 °C, excluding any environmental
influence, which prevents the risk of cold injury to the
organ and further irreversible changes in myocardial
cells. A decrease in post-heart transplant in-hospital mor-
tality was demonstrated in a study group (Paragonix
preservation) compared to standard “ice” preservation
[30]. The Paragonix SherpaPak™ Cardiac Transport Sys-
tem demonstrates excellent results compared to standard
cold preservation. It is necessary to study the system for
cardiac preservation of >4 hours.

NORMOTHERMIC MACHINE PERFUSION
OF DONOR HEART

The most promising technology for long transportati-
on of donor organs is machine perfusion. Currently, the
device for normothermic machine perfusion (NMP) of
the heart manufactured by TransMedics Inc. (Andover,
Massachusetts, USA) has the greatest clinical experi-
ence [31]. The prospective multicenter randomized PRO-
CEED II study compared the NMP system with standard
heart storage on ice. The 30-day patient survival rate was
94% in the machine perfusion group with a mean organ
ischemia time of 5.4 hours and 97% in the control group.
Short-term clinical results showed that the TransMedics
Inc. organ care system was non-inferior to storing the
graft in a refrigerator. Further studies demonstrated no
differences in two-year survival or serious cardiac-rela-
ted adverse events between the two groups [32].

In expanded criteria donors, the use of TransMedics
Inc. normothermic perfusion systems has demonstrated
a significant advantage over refrigerated allografts. The
EXPAND-Heart study showed that expanded criteria
hearts using NMP had a 30-day survival rate of 94%
and a 6-month survival rate of 88%. The incidence of
severe primary graft dysfunction was 11% [33]. There
is also evidence of successful heart transplantation with
an ischemia time of 611 minutes, which was performed
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using a normothermic myocardial perfusion system [34].
According to a study conducted in the USA, this machine
perfusion system was more cost-effective than standard
refrigerated graft storage [35]. The use of a normother-
mic perfusion system seems to be the most preferable and
physiologic way to preserve the donor heart. The Trans-
Medics system demonstrates good results for short- and
long-distance transportation. The disadvantages of the
system are determined by its weight/size characteristics
and operating features, but its primary limiting factor
is its exorbitant cost. Currently, normothermic cardiac
perfusion is not used in Russia.

TECHNOLOGY OF THE FUTURE

Proton-activated acid-sensing ion channels (ASI-
Cla) are known to play a key role in IRI. Redd et al.
demonstrated in an experimental rat model that the use
of pharmacologic ASIC1a inhibitors derived from the
venom of the Australian spider Hadronyche infensa
(Hila) improves functional recovery of isolated rodent
hearts after prolonged hypothermic ischemia. To evalu-
ate the cardioprotective effect of ASICla inhibition in
a donor heart preservation model, the scientists added a
pharmacologic Hila inhibitor to Celsior solution, with
an ischemia time of 8 hours. Coronary blood flow was
then restored, and cardiac function assessed. Compared
to the control group, hearts preserved with Hila supple-
mentation showed a significant improvement in the re-
covery of aortic flow and cardiac output. These findings
demonstrate that Hila has high cardioprotective activity
against IRI in a clinically relevant model of donor heart
preservation under long-term cold storage [5].

CONCLUSION

A detailed understanding of the pathophysiology of
IRI and a fundamental approach are necessary when
looking for an optimal method of preserving donor heart
with prolonged cold ischemia. Available reports on this
problem, with presumed prolonged cold ischemia, requi-
re that donors without associated risk factors be used,
that any loss of time during transportation be avoided,
and that repeated infusions of the preservative solution
or blood cardioplegia be performed. There is an obvious
urgent need to develop new Russian-made preserving
solutions and to come up with new organ perfusion tech-
niques.

The work was supported by a grant from the Russian
Science Foundation (project 24-25-00352).

The authors declare no conflict of interest.
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Introduction. The organ shortage has prompted transplant surgeons to accept grafts from deceased donors, which
can lead to complex reconstructions. The presence of an aneurysm can complicate the arterial anastomosis of the
liver transplant, leading to postoperative vascular complications such as hepatic artery thrombosis or stenosis.
Objective: to review reported cases of donor liver aneurysms and their management. Materials and methods.
After an exhaustive literature search, only 4 published cases of liver transplants from grafts with aneurysms in
their vascular territory have been found. Results. These vascular anomalies were corrected by vascular reconst-
ructions and no postoperative arterial complications were observed. Conclusion. Although no particular arterial
configuration precludes the use of a donor liver for transplant, more arterial complications can be anticipated with
complex arterial reconstructions. However, properly managed arterial anomalies do not necessarily compromise
graft outcome. Therefore, our review of the literature shows the possibility of using these organs for liver trans-

plantation, which would otherwise be discarded.

Keywords: liver transplantation, hepatic aneurysm, extended criteria donor, vascular abnormalities.

INTRODUCTION

The organ shortage has prompted transplant surgeons
to accept grafts from deceased donors with severe vascu-
lar anomalies that may require complex reconstructions
[1]. Recognition and adequate reconstruction of such
variants are essential in the evolution of liver transplan-
tation, since alterations in arterial flow usually cause
graft loss due to biliary and/or parenchymal ischemic
complications. In the literature, arterial anomalies have
been linked to an increased incidence of arterial compli-
cations. Most of these studies were based on a relatively
small number of grafts and none have analyzed the effect
of the techniques for managing these anomalies on post-
transplant complications. The optimal treatment of these
findings in the donor liver is also unclear [2].

The discrepancy between supply and demand and
the increase in morbidity and mortality of patients on
the waiting list has led to a search for alternatives to
the standard pool of brain-dead organ donors. The most
immediate source of organs capable of expanding the
donor pool is that of donors with extended criteria, also
called marginal donors. These, although not universally
defined, include a wide range of donors with unfavora-
ble characteristics, historically associated with worse
graft and patient survival [advanced age, steatosis, hy-
pernatremia, donor in asystole, etc.]. Asystole donation
is associated with severe ischemia-reperfusion injury,
which is responsible for delayed graft function and bili-

ary ischemia. However, if carefully selected and matched
to appropriate recipients, asystole donor livers can be
used safely and effectively [3].

Aneurysms of the visceral arteries are rare entities
that affect the celiac trunk, splenic, superior mesenteric
or inferior mesenteric artery and their branches. The
prevalence of visceral artery aneurysms is 0.1% to 2%.
Depending on the size and location of the aneurysm,
mortality from rupture ranges from 25% to 100%. The
splenic artery is the most commonly affected artery
(60%), followed by the hepatic artery (20% to 50%) [4].

The presence of an aneurysm can complicate the
arterial anastomosis of the liver transplant, leading to
postoperative vascular complications such as thrombosis
or stenosis of the hepatic artery. Careful arterial recon-
struction of this vascular anomaly can reduce this risk
of vascular complications and make it possible to use a
graft that would have been discarded [5].

We performed a review of the literature on published
cases of aneurysms found in this donor vascular territory
and their management.

MATERIALS AND METHODS

The search was carried out in several databases: Pub-
med, Scopus, Cochrane library, EMBASE, SciELO and
LILACS; and in all of them the same search criteria
were followed. The following algorithm was used: “liver
donor aneurysm”. The search was conducted on August
2,2023. Studies published in Spanish and English were
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included. All publications that did not deal with donor
liver aneurysms were discarded. No filters of any kind
(text availability, article type, publication date, ...) were
applied After reviewing the literature, 4 published cases
were found.

RESULTS

In the first case described in 2012, a celiac trunk an-
eurysm (1.7 cm of transverse diameter) was found during
the back-table surgery. The whole liver transplantation
was performed to re-transplant a 43-year-old woman with
end-stage liver disease (MELD score 30) that was caused
by chronic rejection. The Model for End-Stage Liver
Disease (MELD) is an objective and easily reproducib-
le prognostic index of mortality based on three simple
analytical variables: bilirubin, serum creatinine and the
prothrombin time/International Normalized Ratio (INR)
of protrombine time. The implementation of MELD as
an organ allocation system has reduced mortality on the
waiting list without affecting post-transplantation sur-
vival. A heterologous segmental hepatic arterial graft
was used to guarantee optimal arterial flow. The hepatic
artery was sewn end-to-end to the common hepatic artery
and subsequently during the implantation the end of the
donor common hepatic artery was sewn end-to-end to
the native common hepatic artery of the recipient. The
recipient is alive and well 6 months later, without any
vascular or biliary complications [6].

In the second case described in 2015, a Michels type
V variant was verified with a left accessory hepatic ar-
tery arising from an aneurysm of the left gastric artery
of 2.3 X 2.3 cm and a second aneurysm of the common
hepatic artery of 2.7 x 2.5 cm. At the bench-time, it was
created a main common arterial trunk using four vascular
sutures: the left hepatic artery (elongation) to a tubu-
lar splenic patch; the splenic patch to the gastric stump
of the spleno-gastric carrefour; the splenic side of the
carrefour to the right hepatic artery; the spleno-gastric
carrefour to a mesenteric patch in order to obtain a good
arterial stump for the anastomosis in the recipient. The
new common arterial trunk (graft) was sutured to the
common hepatic artery at the gastro-duodenal origin
and the left accessory hepatic artery to the homologous
branch of the recipient. After 36 months of follow-up,
the patient was in good conditions with normal bioche-
mistry. Contrast-enhanced computerized tomography
3D reconstruction showed arterial patency without any
stricture and/or kinking of the reconstructed arteries [1].

In the third case described in 2020, computerized
tomography demonstrated a proper hepatic artery aneu-
rysm of 64 x 49 mm in diameter, which extended to the
origin of the right and left hepatic arteries; the common
hepatic artery arose from the superior mesenteric artery.
At back table it was resected the aneurysm and recon-
structed the left and right hepatic arteries on a vascular
graft obtained from the donor’s distal tract of the supe-
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rior mesenteric artery. All collaterals of the mesenteric
graft were accurately ligated, apart from the ileocolic
bifurcation, which was used for the anastomosis. Liver
transplant was performed using the piggy-back tech-
nique without venovenous bypass. For arterialization, it
was anastomosed the mesenteric graft to the recipient’s
hepatic artery at the origin of the gastroduodenal ar-
tery. The postoperative course was uneventful, and no
complications were observed after a total follow-up of
6 months [7].

In the fourth case described in 2021, it was identified
a celiac artery aneurysm (CAA) 18 mm in diameter,
with the common hepatic, splenic, and left gastric ar-
teries originating from the aneurysm. The recipient’s
proper hepatic artery was dissected down to the level of
the hepatic artery bifurcation to create the anastomosis.
The donor’s hepatic artery was divided away from the
aneurysmal dilatation to the level of the common hepatic
artery. The hepatic artery reconstruction was performed
in an end-to-end fashion using a Carrel patch from the
recipient’s proper hepatic artery bifurcation to donor’s
common hepatic artery. Since discharge, the recipient
had had 2 episodes of colestasis, which were managed by
endoscopic retrograde cholangiopancreatography with
sphincterectomy, dilation, and stent placement. The flow
through the arterial anastomosis has demonstrated op-
timal post-operative flow patterns since transplant [5].

Summary of cases (Table)
Reconstruction scheme (Fig.)

DISCUSSION

Liver transplantation represents the treatment of
choice for patients with end-stage liver disease and in
recent years there have been improvements in immuno-
suppressive regimens, preservation solutions, anesthe-
sia, surgical techniques, donor and recipient selection,
and antibiotic therapy; however, the availability of liver
grafts remains scarce [6].

The increasing median age of deceased donors and
the increasing frequency of serious vascular anomalies
today encourages transplant centers to be ready to ma-
nage such variations and vascular problems successful-
ly [1].

Today professionals are forced to use the group of
extended criteria donors (ECD) as a logical consequence
of donor scarcity and significant changes in the socio-
economic and healthcare fronts and new development
in the field of medicine. Consequently, the number of
potentially younger organ donors has decreased and
many centres in Europe report on an increasing median
donor age in their population. ECD grafts are thought to
be of lower than average quality, associated with poor
posttransplant outcomes or an increase in disease trans-
mission. Grafts, however, can be used safely through
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careful selection of both donor and recipient risks. Alt-
hough there is no precise definition for what constitutes
an ECD liver, frequently cited characteristics are listed:
advanced age; macrovesicular steatosis; donation after
cardiac death (DCD); organ dysfunction at procurement;
cause of death: anoxia, cerebrovascular accident; disease
transmision: Hepatitis B virus, Hepatitis C virus, CDC
high-risk donors, HIV positive, extrahepatic malignan-
¢y, cold ischemia time (CIT) greater than 12 hours [8].
In short, careful donor and recipient selection remains
crucial to optimize outcome after liver transplantation
from ECD [9].

Despite the success demonstrated with liver trans-
plantation, vascular complications remain the Achilles
heel of the intervention. They usually occur at the ana-
stomotic site, with thrombosis, hepatic artery stenosis,
and other vascular complications associated with high
morbidity and mortality. These complications can cause
endothelial necrosis, necrosis of the biliary tree, or even
loss of the graft, which would require a new transplant.
Vascular variations or anomalies that require complex
vascular reconstructions predispose to technical mistakes
and the risk of vascular complications [1].

The presence of an aneurysm in a donor liver can
complicate vascular reconstruction, distorting the arterial
supply of the graft [5]. Our review of the literature on
liver donor aneurysms shows only 4 case reports and
data on the long-term outcomes of these grafts are sparse,
illustrating the apprehension of transplant surgeons about
using these grafts, which have the potential to achieve
good results.

Although it is true that there were no significant com-
plications in the reported cases, it must be taken into
account that the follow-up period is short. A reconst-
ruction as complex as the one mentioned by V. Tondolo
(2015) [1], has a high rate of vascular complications and
it would be necessary to consider whether this risk com-
pensates the benefit of the transplant. Furthermore, the
donor-recipient combination must be taken into account,
since a patient in need of retransplantation, for example,
may not be the best option for this type of donor. On

the other hand, in the cases reported by F. Di Francesco
(2012) [6] and O. Slivca (2021) [5], the need for arteri-
al reconstruction would have to be considered if other
options, such as the CHA-CHA anastomosis, were not
possible. This option is not contemplated in the clinical
case notification. Finally, we find the graft used in the
case reported by De Carlis, R (2020) [7] interesting, alt-
hough in our center we usually use the iliac bifurcation
for this purpose.

Although there were no arterial complications in the
studies analyzed, reconstruction involving multiple ana-
stomoses significantly increases the risk. However, the
incidence of chronic rejection and graft loss was similar
in grafts with normal and abnormal arterial anatomy
according to some studies [2].

It is essential that abnormalities in vessel wall inte-
grity are evaluated in the operating room and infectious
sources are excluded. The use of Doppler ultrasound in
the immediate postoperative period allows early diag-
nosis of vascular complications and rapid treatment [5].

There are several strengths to this review. On the one
hand, thorough literature search was conducted across
multiple databases. On the other hand, discussion analy-
zes the risks/benefits of complex reconstructions versus
discarding the grafts.

Our study was limited by a small sample size, given
the few published cases of aneurysms in the liver of a
deceased donor. Furthermore, this is not a comprehensive
review, but rather a presentation of a problem in liver
transplantation that can occur and the solutions that have
been sought so far. Finally, more long-term follow-up on
outcomes would be beneficial if available.

In summary, properly managed arterial anomalies do
not necessarily compromise graft outcome. Although
no particular arterial configuration precludes the use of
a donor liver as a full or reduced graft, more arterial
complications can be anticipated with complex arterial
reconstructions [2]. More studies are needed to develop
guidelines that advise on how to act in response to these
findings in liver transplantation.

Table

Main characteristics of the cases described

Work Location Dimensions Reconstruction Anastomosis | Post-transplant
complications
Di Francesco F. (2012) | Celiac trunk | 1.7 cm (TD) Hiteml.ogo“s segmental CHA-CHA No
epatic arterial graft
CHA 2.7x2.5cm | Splenic patch, spleno-gastric
Tondolo V. (2015) LGA 23x23cm carrefour, mesenteric patch Graft-CHA/GDA No
. Vascular graft from the donor’s
De Carlis R. (2020) PHA 6.4 x4.9 cm distal tract of the SMA Graft-CHA/GDA No
Slivca O. (2021) Celiac trunk | 1.8 cm (TD) Carrel patch CHA-PHA Colestasis

Note. TD — transverse diameter; CHA — common hepatic artery; LGA — left gastric artery; SMA — superior mesenteric artery;

GDA — gastroduodenal artery; PHA — proper hepatic artery.
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CONCLUSION

The presence of an aneurysm in the vascular territory
of the liver donor should not be an absolute contraindi-
cation for its use as a liver graft. Although vascular an-
omalies and complex reconstructions may be associated
with a higher risk of complications, our review of the
literature shows the possibility of using these organs for
liver transplantation. Anyway, further studies are neces-
sary for more substantial conclusions.
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Objective: to improve the outcomes of liver transplantation (LTx) from expanded criteria donors (ECDs) through
hypothermic oxygenated machine perfusion (HOPE). Material and methods. The study included 63 cases of
LTx from suboptimal brain-dead donors. Group I (control) consisted of 34 persons in which liver transplant
was preserved only by static cold storage (SCS), while group II (main) comprised 29 cases where ex situ HOPE
was used after static preservation. We evaluated the efficacy and safety of the latter in a comparative clinical
study and by studying ultrastructural changes in the liver using electron microscopy. Results. No statistically
significant differences between the groups in terms of baseline characteristics of donors, recipients and several
perioperative parameters (p > 0.05) were obtained. Peak aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) levels in the first week after transplantation were 1,052 (IQR: 712-1,842) U/L and 1,213 (IQR:
613-2,032) U/L in the HOPE group, and 1,943 (IQR: 1,294-5,214) U/L and 2,318 (IQR: 1,032-6,219) U/L in
the SCS group (control). The levels were statistically significantly lower (p = 0.002 and p < 0.001, respectively).
Median comprehensive complication index (CCI) in the main and control groups was 0 (IQR: 0-22.6) and 27.6
(IQR: 0-100) respectively. The differences were statistically significant (p = 0.001). Similarly, statistically sig-
nificant differences were noted in terms of recipient time in the intensive care unit (ICU) and overall length of
hospital stay (p = 0.042 and p = 0.028) — they were less in the HOPE group. Electron microscopy evaluation of
the morphology of liver grafts revealed that hepatocytes sustained less injury during HOPE. Conclusion. Ex situ
HOPE is a safe and effective way of preserving liver transplants. Its use in LTx from expanded criteria donors
can lessen the severity of ischemia-reperfusion injury (IRI) in the organ and enable additional assessment of the
suitability of an organ for transplantation.

Keywords: liver transplantation, preservation, expanded criteria donors.

INTRODUCTION

Liver transplantation (LTx) is currently the only de-

injury during preservation and subsequent reperfusion
injury in the recipient’s body [2]. Severe ischemia-re-

finitive treatment for patients with end-stage liver di-
sease. From Thomas Starzl’s initial successful series of
transplants in the 1960s to the present, this method has
quickly expanded throughout the world and has become
a routine clinical practice in many surgical centers. The
availability of transplant care directly depends on do-
nor resources, which is in short supply worldwide. This
inevitably leads to a higher number of waitlisted can-
didates and increased waitlist mortality. According to a
2022 study by Eurotransplant, waitlist mortality reached
33.9% in 2022, essentially unchanged from outcomes a
decade ago [1].

The use of expanded criteria donors (ECDs) is an
effective way to increase the availability of LTx, but it
is associated with increased risk of adverse effects in the
postoperative period. It is known that grafts obtained
from suboptimal donors are more susceptible to ischemic

perfusion injury (IRI) causes early allograft dysfunction
(EAD) [3]. According to the results of a large study from
Mayo Clinic, the incidence of EAD was 26.5% and its
development had a statistically significant impact on
both immediate LTx outcomes and long-term recipient
survival [4]. In some cases, EAD may be irreversible,
which corresponds to primary graft nonfunction (PNF),
with mortality exceeding 50% [5].

It is possible to reduce IRI severity in particular by
improving graft preservation conditions. Perfusion me-
thods of liver preservation from ECDs in comparison
have already proved their advantage over static cold
storage in many studies [6—8]. For instance, according
to a multicenter randomized trial, the use of hypother-
mic oxygenated machine perfusion (HOPE) in LTx from
ECDs reduces the risk of EAD, early postoperative
complications, and duration of hospital stay [7]. Never-
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theless, introduction of perfusion technologies into the
clinical practice of transplant programs is still limited.
Only a few centers in the Russian Federation routinely
perform machine perfusion preservation of donor organs.

Since 2020, Botkin Hospital has been introducing
and actively using various perfusion techniques used
for preservation of solid organs [9—11]. In this study, we
have analyzed the first results of HOPE application in
LTx from suboptimal brain-dead donors.

MATERIAL AND METHODS

The study is based on analysis of the outcomes of
treatment of 63 liver recipients operated at Botkin Hos-
pital from 2018 to 2023. In all cases, an isolated whole
LTx from a brain-dead expanded criteria donor was per-
formed. Donor data were classified into expanded criteria
risk factors as proposed by Eurotransplant. These are:
Donor age >65 years;

ICU stay >7 days;

Body mass index (BMI) >30 kg/m’;
Macrovesicular steatosis >40%;
Sodium >155 mmol/L;

ALT >105 U/L, AST >90 U/L;
Total bilirubin >3 mg/dL.

Group characteristics

Group I (control group) included 34 cases in which
liver graft was preserved only by static cold storage. The
median age of recipients was 49 (IQR: 26-54) years, and
median BMI was 24 (IQR: 21.0-32.0) kg/m’. Among all
recipients, 21 (61.7%) were males and 13 (38.2%) were
females. Median MELD score was 16 (IQR: 14-19).
Donor age was 54 (IQR: 31-66) years and BMI was
29 (IQR: 24.0-35.0) kg/m*. Median time in ICU was
78 (IQR: 25.0-137.0) hours. Vasopressor therapy with
norepinephrine was administered in all (100%) donors,
among them 13 (34.7%) had the dose exceeding 1000 ng/
kg/min or a second vasopressor was used. Median serum
sodium level was 148 (IQR: 134—155) mmol/L, AST and
ALT were 44.0 (IQR: 24.0-79.0) and 59.0 (IQR: 26.0-
142) U/L, respectively. Mild steatosis (<40%) occurred
in 10 (29.4%) and moderate (40—60%) in 24 (70.6%)
liver transplants.

Group II (main group) included 29 recipients who-
se LTx was followed by HOPE after static storage. In
7 cases, classic HOPE was performed exclusively via the
portal vein, in 22 cases dual HOPE was carried out both
via the portal vein and via the hepatic artery. Median age
of recipients was 51 (IQR: 32-59) years and BMI was
25 (IQR: 23.0-32.5). There were 16 males (55.2%) and
13 females (44.8%). Median MELD score was 17 (IQR:
14-20). Donor age was 58 (IQR: 31-67) years, BMI was
29 (IQR: 25.0-33.0) kg/m?, and median ICU time was
86 (IQR: 34.0-122.0) hours, respectively. Vasopressor
therapy was administered in all (100%) donors, among
them 13 (44.8%) had a norepinephrine dose exceeding
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1000 ng/kg/min or a second vasopressor was used.
Median serum sodium level was 152 (IQR: 137-159)
mmol/L, AST and ALT were 43.0 (IQR: 32.0-77.0) and
59.0 (IQR: 22.0-82.5) U/L, respectively. Express or rou-
tine histological examination showed that mild steatosis
(<40%) occurred in 9 (31%) and moderate (40—60%) in
20 (69%) liver transplants. Detailed comparative charac-
teristics of the groups are presented in Table 1.

Liver transplantation and postoperative
period

Surgical interventions for liver removal from a de-
ceased donor were performed using standard conventio-
nal technique. In all cases, organs were preserved using
Bretschneider’s solution (Custodiol HTK). Liver trans-
plantation in all cases was performed with preservation
of recipient inferior vena cava and caval reconstruction
using the Belghiti technique. The recipient was managed
in the postoperative period according to standard proto-
cols in accordance with the National Clinical Guidelines.
Basiliximab 20 mg was used as induction immunosup-
pressive therapy, administered intraoperatively and on
day 4 after transplantation. Immediately before reperfusi-
on, methylprednisolone was administered intravenously
at 10 mg per kg of the recipient’s weight, with subsequent
reduction of the daily dose and complete withdrawal on
day 4. For the majority of recipients, maintenance immu-
nosuppression consisted of extended-release tacrolimus
monotherapy, the target level of which was maintained
within 7-10 ng/mL.

IRI intensity was determined by the highest level
of transaminases in the first week after transplantation.
EAD was defined according to the criteria stipulated
by Olthoff et al. [3] with at least one of the following
laboratory characteristics:

— Total bilirubin >10 mg/dL (171 pmol/L) on day 7
postoperatively;

— International normalized ratio (INR) >1.6 on day 7
postoperatively;

— ALT or AST >2000 IU/mL within the first week after

surgery.

Ex situ hypothermic oxygenated machine
perfusion

HOPE was carried out in the operating room of the
transplant unit (according to the back-to-base technique)
using a heart-lung machine. The liver graft was asep-
tically removed from the transport container into the
container with Bretschneider’s preservative solution
(Custodiol HTK) cooled to 4-10 °C; the portal vein and
graft artery were cannulated (Fig. 1, a). In the classic
version, only the portal vein was cannulated (Fig. 1, b).

The perfusion procedure was performed by means
of two roller pumps, two perfusion circuits and one
oxygenator. The volumetric flow rates, determined by
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operation of the roller pumps, were selected by the ope-
rator to maintain a perfusion pressure of 5 mmHg for the
portal system and 25 mmHg for the arterial system. The
effluent flowing through the inferior vena cava into the
container where the graft was placed was taken into the
perfusion system by two cannulas fixed at the bottom
of the container. A schematic representation of the dual
liver perfusion system is presented in Fig. 2.

Perfusate temperature remained within 10 °C throug-
hout the entire procedure. Laboratory perfusion parame-
ters were monitored every 30 minutes: acid-base balance
(with partial pressure of oxygen PaO, determined), AST

and ALT. The target PaO, of the perfusion solution was
maintained at 400-600 mmHg.

During perfusion, the graft was treated before trans-
plantation and its arteries were examined for leaks. Just
before the graft was to be immersed into the wound,
machine perfusion was terminated at the end of the he-
patectomy stage.

Morphological assessment of liver grafts
during preservation
We carried out an electron microscopic study in order

to determine the intensity of liver cell damage at the ult-
rastructural level under ischemic conditions, depending

Table 1
Comparative analysis of liver transplant outcomes depending on preservation method
Indicator Subgroup LI (SCS) Subgroup I1.I (HOPE) Significance
n=34 n=29 (p value)
Recipient characteristics
Recipient age (years) 49 (IQR: 26-54) 52 (IQR: 31-58) 0.32
Recipient male gender (n, %) 21 (61.7%) 15 (51.7%) 0.422
Recipient BMI (kg/m?) 24 (IQR: 21.0-32.0) 22 (IQR: 21.0-34.0) 0.29
MELD 16 (IQR: 14-19) 17 (IQR: 13-19) 0.531
Donor characteristics
Donor age (years) 54 (IQR: 31-66) 56 (IQR: 28-64) 0.357
Donor time in ICU (hours) 78 (IQR: 25.0-137.0) 86 (IQR: 32.0-166.0) 0.092
Donor BMI (kg/m?) 29 (IQR: 24.0-35.0) 32 (IQR: 25.0-38.0) 0.252
I;Ioradrenaline dose; >1000 ng/mL or 13 (34.7%) 7 (41.1%) 0231
vasopressors (n, %)
Na (mmol/L) 148 (IQR: 134-155) 142 (IQR: 135-154) 0.152
AST (U/L) 44.0 (IQR: 24.0-79.0) 47.0 (IQR: 24.0-78.0) 0.82
ALT (U/L) 59.0 (IQR: 26.0-142) 61.0 (IQR: 32.0-91.5) 0.139
Macrosteatosis >40% 24 (70.6%) 23 (79.3%) 0.564
Perioperative parameters
Cold ischemia time (hours) 5.2 (IQR: 4.4-8.0) 5.7 (IQR: 4.3-7.8) 0.29
Static cold storage time (hours) 7.2 (IQR: 4.8-8.3) 2.5 (IQR: 1.5-4.5) 0.012
Operation duration (min) 6.8 (IQR: 5.5-7.5) 6.3 (IQR: 4.8-8.3) 0.457
Secondary warm ischemia time (min) 40 (IQR: 30-45) 35 (IQR: 35-45) 0.28
Biliary ischemia time (min) 40 (IQR: 35-45) 40 (IQR: 35-50) 0.93
Blood loss (mL) 1400 (IQR: 1100-2500) 1100 (IQR: 1000-2500) 0.21
Reinfusion (mL) 300 (IQR: 100-450) 250 (IQR: 50-450) 0.62
FFP transfusion (doses) 6 (IQR: 3-8) 4 (IQR: 2-7) 0.42
Erythrocyte suspension transfusion (doses) 1 (IQR: 0-3) 1 (IQR: 0-2) 0.652
Immediate liver transplant outcomes

Length of stay in ICU (days) 5 (IQR: 3-9) 3 (IQR: 2-5) 0.042
Length of stay in hospital (days) 21 (IQR: 17-35) 15 (IQR: 12-24) 0.028
Peak AST level (U/L) 1052 (IQR: 712-1842) 1943 (IQR: 1294-5214) 0.002
Peak ALT level (U/L) 1213 (IQR: 613-2032) 2318 (IQR: 1032-6219) <0.001
EAD (n, %) 21 (61.8%) 12 (41.3%) 0.106
Non-specific surgical complications (n, %) 11 (32.3%) 5(9.4%) 0.01
Arterial thrombosis (n, %) 3 (8.9%) 1 (3.4%) 0.383
CCI 27.6 (IQR: 0-100) 0 (IQR: 0-22.6) <0.001
Retransplantation (n, %) 1 (2.9%) 0 1
Mortality (n, %) 2 (5.9%) 0 0.495

Note. BMI, body mass index; ICU, intensive care unit; Na, sodium; AST, aspartate aminotransferase; ALT, alanine amino-
transferase; FFP, fresh frozen plasma; EAD, early allograft dysfunction; CCI, comprehensive complication index.
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on the preservation method. After graft delivery to the
operating room, just before the beginning of machine
perfusion, the first sample (1.1) was excised from the
liver margin and fixed in formalin. At the same stage, a
2x2 cm fragment was excised from the liver and separa-
tely immersed in a cooled non-oxygenated preservative
solution. Upon completion of machine perfusion pre-
servation, the samples (1.2 and 1.3) were excised both

from whole liver and from pre-cut fragments, which
were under static cold storage conditions, and fixed in
formalin. The sequence in which samples are taken for
graft electron microscopy is presented in Fig. 3.

The immediate LTx outcomes depending on preser-
vation method were analyzed by us in a comparative
clinical study.

Fig. 1. Intraoperative photo: cannulation of the artery and portal vein of liver graft before the start of HOPE. a, dual perfusion
of liver via the portal vein and hepatic artery; b, classic perfusion of liver via the portal vein
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Statistics

Statistical data processing and analysis were per-
formed in the SPSS Statistics for Microsoft Windows
26 version (USA) program. Mann—Whitney U test was
used to compare two groups of quantitative indicators
due to the small sample size regardless of distribution.
Categorical indicators were compared using Pearson’s
chi-squared test or Fisher’s exact test. To determine the
relationship between quantitative indicators, correlati-
on analysis was performed with the determination of
Spearman’s rank correlation coefficient p and the close-
ness of the relationship using the Chaddock scale. Dif-
ferences were considered statistically significant at p <
0.05.

RESULTS

Comparative analysis of liver transplant
outcomes depending on preservation
method

The groups were found to have no statistically signifi-
cant differences in terms of baseline donor and recipient
characteristics (p > 0.05). The total cold storage time
did not differ between the groups: 5.2 (IQR: 4.4-8.0)
vs. 5.4 (IQR: 4.2-7.3), (p = 0.32). There were no stati-
stically significant differences in terms of total surgical
intervention time, secondary warm ischemia time and
biliary ischemia time (p > 0.05). Intraoperative blood
loss and the need for blood transfusion also did not differ
(p > 0.05).

Peak AST and ALT levels in the first week after
transplantation in group Il (HOPE) were 1052 (IQR:
712—-1842) U/L and 1213 (IQR: 613-2032) U/L. In the
control group, these values were 1943 (IQR: 1294-5214)
U/L and 2318 (IQR: 1032—-6219) U/L, which were stati-
stically significantly lower than in the main group (p =
0.002 and p <0.001, respectively). At the same time, no
statistically significant differences were found in EAD
incidence (p = 0.106). However, it was lower in the ma-
chine perfusion preservation group: 41.3% (12/29) vs.
61.8% (21/34). EAD was irreversible in two group I

cases, which was considered as PNF, and resulted in
early postoperative mortality of both recipients. In one
case, retransplantation was performed for hepatic arte-
ry thrombosis. In group I, there was no postoperative
mortality, PNF, or retransplantation.

Early postoperative complications were assessed by
calculating comprehensive complication index (CCI) at
the time of discharge. Median CCI was 0 (IQR: 0-22.6)
in the main group, and 27.6 (IQR: 0—100) in the control
group; the differences were statistically significant (p =
0.001). Similarly, statistically significant differences
were recorded in terms of the time the recipient spent
in the ICU and the total length of stay in the hospital
(p = 0.042 and p = 0.028) — these parameters were less
in the machine perfusion preservation group. A compa-
rative analysis of LTx outcomes between the groups is
presented in Table 1.

Influence of laboratory perfusion parameters
on clinical outcomes of liver transplantation

In group II (HOPE), we also examined the impact
of perfusate laboratory markers (AST and ALT), deter-
mined at 30 minutes, on early postoperative transplant
outcomes in group I (HOPE). Median perfusate AST
level was 589 (IQR: 272-1712) U/L, and ALT level
was 482 (IQR: 214-1513). In the first week following
transplantation, these levels exhibited statistically signi-
ficant direct correlations with peak levels of these in the
recipient’s blood. In particular, perfusate AST levels at
30 minutes of perfusion correlated strongly with peak
AST and ALT levels (p=0.723 and p=0.712,p <0.001
and p <0.001). Perfusate ALT level also had statistically
significant relationships with blood transaminases, alt-
hough not as strongly correlated (p = 0, 0.662 and p =
0.389, p <0.001 and p = 0.04). Perfusate AST and ALT
levels had no significant associations with total bilirubin
level and INR value on day 7 after transplantation (p >
0.05). Length of ICU stay and total length of stay in the
hospital were also not associated with perfusate transa-
minases (p > 0.05). The results are presented in Table 2.

' ™
Electron
Hypothetical oxygenated perfusion mmmmp  microscopy
Sample 1.2
Liver ~ <
transplant - -
. \ Electron
Liver graft Static cold storage ) microscopy
fragment Sample 1.3
2x2 cm \_ )
Electron
microscopy
Sample 1.1

Fig. 3. Protocol for taking samples for liver graft electron microscopy
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Morphological assessment of liver transplants  The cytoplasm is filled with vesicles and mitochondria.
depending on preservation method The cristae in the granular endoplasmic reticulum are not
Fig. 4, a shows an electron microscopy image of a he- dilated. The mitochondrial matrix is electronically dense,

patocyte fragment from sample 1.1 (liver before perfusi- with few cristae. A similar picture was observed in sam-
on). Chromatin in the nucleus has a typical organization.  ple 1.2 (liver after hypothermic oxygenated perfusion),

Table 2
Influence of laboratory perfusion parameters on immediate liver transplant outcomes
Indicators | Significance (p value) | Spearman’s correlation coefficient p
AST level in the perfusate at 30 minutes of perfusion
Peak AST level in the first week <0.001 0.723
Peak ALT level in the first week <0.001 0.712
INR on day 7 0.63 —
Total bilirubin on day 7 0.34 —
CCI 0.212 —
Length of stay in ICU 0.79 —
Length of stay in hospital 0.43 —
ALT level in the perfusate at 30 minutes of perfusion
Peak AST level in the first week <0.001 0.662
Peak ALT level in the first week 0.04 0.389
INR on day 7 0.74 —
Total bilirubin on day 7 0.82 —
CCI 0.65 —
Length of stay in ICU 0.29 -
Length of stay in hospital 0.72

Note. AST, aspartate aminotransferase; ALT, alanine aminotransferase; INR, international normalized ratio; CCI, comprehen-
sive complication index; ICU, intensive care unit.

Fig. 4. Liver transplant electron microscopy: a, before preser-
vation (sample 1.1); b, after hope (sample 1.2); c, after static
cold storage (sample 1.3)
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except for slight lucidity of the cytosol and swelling of
the cristae in the granular endoplasmic reticulum. The
ultrastructure of mitochondria is not altered (Fig. 4, b).
On the contrary, during static liver preservation (sample
1.3), there were pronounced ultrastructural changes in
the hepatocytes. The structure of the mitochondria un-
derwent significant rearrangement, membrane stacks ap-
peared and the granular endoplasmic reticulum swelled
(Fig. 4, ¢).

DISCUSSION

The findings reported in this paper further support the
association between LTx from ECDs and increased risk
of EAD and its adverse effects. Thus, it is imperative to
develop and implement technologies aimed at preventing
IRI to the liver graft.

Machine perfusion preservation was introduced into
the clinical practice of LTx just over 10 years ago, but
many studies have already shown that it is superior to
static cold storage. Guarrera et al. (2010) demonstrated
that HOPE resulted in lower severity of reperfusion in-
jury, lower incidence of EAD and shorter hospital stay
[12]. Dutkowski et al. in 2014 published a successful
experience of LTx from controlled non-heartbeating do-
nors, in which HOPE had outcomes comparable to those
after transplantation from a brain-dead donor [13]. In our
study, the use of HOPE was also associated with better
liver transplant outcomes in the early postoperative pe-
riod. Compared to static storage, the degree of ischemic
injury to the liver after perfusion was less significant,
which was clearly confirmed by electron microscopy.
The intensity of graft reperfusion injury, determined by
peak transaminase levels during the first week, was sta-
tistically significantly lower in the machine perfusion
preservation group than in the static preservation group
(p <0.05). We found no statistically significant reduction
in EAD risk (p = 0.106). However, we attribute this to
the small sample size. Meanwhile, CCI decreased signifi-
cantly (p=0.001), which characterizes the prevalence of
postoperative complications, duration of recipient’s stay
in ICU (p = 0.042) and inpatient treatment (p = 0.028).

Apart from mitigating harm to the liver transplant
during preservation, another advantage of HOPE was
the ability to conduct further assessment of organ qua-
lity and suitability for transplantation. Thus, we found
that perfusate transaminase levels at 30 minutes were
directly correlated with those in the recipient’s blood
after transplantation (p < 0.05).

However, the predictive value of these indicators is li-
mited as they did not show any correlation with immedi-
ate transplant outcomes. Nevertheless, we believe that it
is advisable to determine the levels because the transplant
team might decide not to proceed with transplantation
if there are abnormally high AST and ALT levels in the
perfusate since the risk of death is too high. Four such
cases have led us to ultimately decide against transplan-
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tation due to abnormally high AST levels (>6000 U/L)
in the effluent determined at 30 minutes after perfusion.

The results are consistent with global reports. In the
aforementioned works by Guarrera and Dutkowski, per-
fusate transaminase levels likewise exhibited a statisti-
cally significant correlation with those in the recipient’s
blood during reperfusion, but they had no bearing on
the recipient’s prognosis [12—14]. Currently, many au-
thors are searching for more accurate markers that can
be determined during perfusion preservation for organ
assessment. In particular, the determination of mitochon-
drial injury markers in the perfusion solution — such as
FMN — has demonstrated high efficiency in assessing or-
gan compatibility in several studies; nevertheless, further
research is needed to confirm and validate this approach’s
wider application [14].

Even though machine perfusion preservation in LTx
from suboptimal donors has been shown to be highly ef-
ficient, there are still a lot of unresolved technical issues
around its use. For example, it is not completely known
whether additional arterial perfusion of the graft (dual
HOPE/DHOPE) or perfusion via the portal vein (classic
HOPE) is adequate. DHOPE proponents contend that be-
cause bile ducts receive their supply exclusively from the
hepatic artery, as opposed to hepatocytes, this approach
may enable more effective perfusion of the biliary tree.
Since post-transplant cholangiopathy is one of the most
significant problems in LTx from marginal donors (in
particular, non-heartbeating donors), prevention of IRI
of the hepatic biliary system is very relevant. On the
other hand, proponents of classic perfusion believe that
the arterial bed can be adequately filled with perfusate
due to retrograde current, and additional manipulations
with the hepatic artery may lead to its injury and fatal
complications.

To date, there are no clinical studies demonstrating
the superiority of one method over the other, apart from
an experimental work by de Vries et al. (2021), which
demonstrated a 2-fold decrease in peak ALT levels in
the perfusate (p = 0.045) and a lower peak lactate dehy-
drogenase in the bile (p = 0.04) of livers preserved by
DHOPE in comparison with classic HOPE [15]. At the
same time, none of the groups showed any microscopic
sign of arterial injury. Although further clinical validation
is still needed, we believe that extra arterial perfusion of
the liver still offers a slightly higher potential efficacy
than the classical approach. We believe that the danger
of injury to the hepatic artery during the procedure is
actually mitigated by the precise surgical technique used
to deal with the hepatic artery and careful regulation of
flow and pressure in the arterial perfusion system.

Thus, ex situ HOPE is a safe and effective liver trans-
plant preservation technique. Its application in LTx from
ECDs enables a more thorough evaluation of an organ’s
suitability for transplantation while also lessening the se-
verity of IRIL. This technique can improve LTx outcomes
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in the postoperative period, while also safely increasing
the availability of transplant care using suboptimal do-
nors.

The authors declare no conflict of interest.
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HYPOTHERMIC MACHINE PERFUSION OF A DONOR KIDNEY USING
AN EXPERIMENTAL DEXTRAN-40-BASED PRESERVATION SOLUTION
AND ORTHOTOPIC TRANSPLANTATION (EXPERIMENTAL STUDY)
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Objective: to evaluate the efficacy of hypothermic machine perfusion (HMP) of a donor kidney obtained from
a non-heartbeating (NHB) donor, using an experimental dextran-40-based preservation solution, in subsequent
orthotopic transplantation in a rabbit model. Materials and methods. Twenty grey giant rabbits weighing
2,500-3,100 g, divided into donors (n = 10) and recipients (n = 10), were used in the study. After obtaining kidney
from an NHB donor, ex vivo HMP of the left donor kidney using a dextran-40-based preservation solution was
performed and peripheral vascular resistance (PVR) parameters were measured. This was followed by bilateral
nephrectomy and orthotopic transplantation. The follow-up period was 12 days. Creatinine levels, urea levels, and
glomerular filtration rate (GFR) were measured during follow-up. Results. During ex vivo HMP of donor kidneys
from NHBs, PVR dropped progressively from 1.90 £ 0.27 mmHg/mL/min to 0.72 + 0.09 mmHg/mL/min at p <
0.001. In the early post-transplant period (during the first 2 days after implantation), creatinine and urea levels
were moderately elevated compared to normal. Creatinine and urea levels were 91.07 + 11.49 pmol/L at p <0.011
and 9.09 £ 1.06 mmol/L at p < 0.009 on day 2, respectively, but by day 12, they reverted to physiologic values,
which were 77.17 £ 10.19 umol/L at p <0.019 and 4.88 + 0.54 mmol/L at p < 0.022, respectively. These findings
were correlated with GFR values, which ranged from 26.29 to 26.74 mL/min/1.72 m* in mean values over the
course of a 12-day follow-up period. Conclusion. Ex vivo HMP using dextran-40-based preservation solution
has a positive effect on the kidney at 30 minutes of warm ischemia following asystole and achieves satisfactory
graft function over 12 days of follow-up.

Keywords: transplantology, orthotopic kidney transplantation, ex vivo hypothermic kidney perfusion,
dextran 40.

INTRODUCTION

Today, kidneys are the most commonly transplanted
organ [1]. Kidney transplantation (KTx) is the treatment
of choice for end-stage chronic kidney disease (CKD).
However, before receiving a new organ, such patients
must wait for a donor kidney while on renal replacement
therapy (RRT). The number of people on RRT varies
considerably from country to country. In Iceland, Nor-
way and Australia, for example, there are about 100 peo-
ple on RRT per million population. This figure is more
than 300 per 100,000 in the USA and Taiwan. In Russia,
about 50 people per million population go through this
procedure per year [2]. The only definitive way to help
such patients is by KTx [3].

Despite significant advances in transplantation of
solid organs, especially the kidney, and better surgical
techniques, issues surrounding the rehabilitation of donor
organs from non-heartbeating (NHB) donors remain un-

resolved [3]. At present, the possibility of working with
kidney transplants from suboptimal donors is a relevant
direction of modern transplantology. Experimental study
of new solutions and perfusion-preservation techniques
is of considerable importance [4].

World literature presents many animal models for
experimental studies. Each of the described models has
advantages and disadvantages [5]. A rabbit animal model
was chosen for the experimental study to evaluate the
efficacy of hypothermic machine perfusion (HMP) of
a left kidney transplant obtained from an NHB donor,
using an experimental dextran-40-based preservation
solution, with subsequent orthotopic transplantation.

The aim of this study is to evaluate the efficacy of
HMP of a donor kidney, obtained from an NHB donor,
using an experimental dextran-40-based preservation
solution at subsequent orthotopic transplantation in a
rabbit model.

Corresponding author: Vasily Terekhov. 4, Sovetskaya str., Tver, Tver Oblast, 170100, Russian Federation.
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MATERIALS AND METHODS

The study was conducted on male gray giant rabbits
weighing 2,500-3,100 g (N = 20). All experimental ani-
mals were divided into two equal groups, donors (N =
10) and recipients (N = 10). The study was performed
in accordance with the rules of laboratory practice in the
Russian Federation: order No. 755 of the USSR Ministry
of Health, dated August 12, 1977; order No. 267 of the
Russian Ministry of Health, dated June 19, 2003; Law
“On the Protection of Animals from Cruelty”, dated De-
cember 1, 1999. Permission to conduct this study was
obtained from the ethics committee at Tver State Medical
University (protocol dated May 11, 2018).

The study was conducted according to the following
protocol: effective circulatory arrest was simulated in
the donor within 30 minutes after preliminary heparin
injection, cold cardioplegia and removal of the left do-
nor kidney, ex vivo HMP of donor kidney, orthotopic
transplantation of left donor kidney to the recipient
after preliminary bilateral nephrectomy. During the ex
vivo HMP procedure using an experimental dextran-
40-based preservation solution, peripheral vascular re-
sistance (PVR) indicators were determined. In order to
assess graft function, the animals were followed up in
the postoperative period for 12 days. Immunosuppressive
therapy with methylprednisolone was administered daily
during the entire follow-up period and blood samples
were taken to study biochemical parameters — markers
of renal function. After the end of the follow-up period,
the histologic material of the graft was taken, and the
animal was withdrawn from the experiment.

Donor nephrectomy

For preoperative preparation, the donor animal was
injected subcutaneously with Telazol 100 (Zoetis, Spain)
50 mg. Intravenous catheter Vasofix Certo 22 G (BBraun,
Germany) was placed in the marginal ear vein. Atropine
0.2 mg and dexamethasone 2 mg intravenously were
used for premedication. The animal was shaved and
positioned on its back. Telazol 100 0.5 mL and Xyla
(Interchemie, Netherlands) 0.5 mL (10 mg) were injec-
ted intravenously. A laparotomy was performed and the
abdominal aorta and inferior vena cava with renal arteries
and veins branching from them were visualized. The pos-
terior leaflet of the parietal peritoneum was opened near
the renal hilum, after which the left renal artery (RA) and
left renal vein (RV) were isolated and mobilized. In addi-
tion to the renal vessels, the left ureter was also isolated
and mobilized over a sufficient length (about 7-9 cm
from the kidney). Next, heparin 5000 units was injected
intravenously, the exposure time was 3 minutes. Next,
a vascular clamp was placed on the main vessels above
the renal arteries and 10 mL of 4% potassium chloride
was injected intravenously to stop cardiac activity. After
30 minutes of exposure after asystole, a 20 G intravenous
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Fig. 1. Schematic diagram of the extracorporeal hypothermic
perfusion device for ex vivo donor kidney preservation. 1, do-
nor kidney; 2, organ reservoir with perfusate; 3, ice reservoir;
4, peristaltic pump; 5, invasive pressure measurement unit;
6, temperature sensor

catheter was inserted through the aorta into the left RA,
the left RV was crossed, and cold cardioplegia of the left
kidney was initiated with 60 mL Custodiol 4 °C solution.

Ex vivo HMP

The extracorporeal circuit was pre-assembled for ex
vivo HMP of donor kidney. The perfusion circuit consis-
ted of a stepper roller pump, an invasive pressure mea-
surement unit, a temperature sensor, two containers (one
for positioning the kidney transplant and the other for
ice), perfusion lines and a perfusion cannula. A schematic
representation of the extracorporeal circuit is shown in
Fig. 1.

The perfusion circuit was filled with 100 mL of dex-
tran-40-based solution 4 °C, and heparin 1000 IU was
added. After cold cardioplegia preservation, a 20 G intra-
venous catheter was inserted into the RA of the left donor
kidney, deaeration was performed and the perfusion line
was connected to the catheter. The ex vivo HMP of the
donor kidney was performed with pressure regulation.
The target pressure was 30 mmHg, with acceptable ran-
ges of 28 to 36 mmHg. The initial volumetric perfusion
rate was 5 £ 1.1 mL/min with a gradual increase to 50 +
15 mL/min over 30 minutes. PVR was an estimated index
calculated by the formula: R = P/V, where R is resistance,
P is pressure in mmHg, and V is volumetric perfusion
rate in mL/min; this indicator reflects the compliance of
the renal graft vascular bed, which was a predictor of
renal function recovery after implantation. The proce-
dure lasted for 240 minutes. At the end of hypothermic
perfusion, we performed another cold cardioplegia using
Custodiol solution.

Orthotopic transplantation of left donor
kidney

After a preliminary 4-hour fast, the recipient animal
was prepared for surgery. Induction of anesthesia was
performed similarly to the donor stage. Vital functions
of recipient animals were assessed by pulse oximetry
(SpO, >90%, HR = 180-230/min), and respiratory mo-
vements were visually counted (HR >45/min). At lapa-
rotomy, bowel loops were removed to the right side and
wrapped in sterile napkins pre-moistened with warmed
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saline. After isolation and mobilization of recipient’s
renal vessels and isolation of ureters, heparin 100 units
was injected intravenously, and bilateral nephrectomy
was carried out. Blood flow through the RA and RV
was stopped by applying bulldog clamps. The stumps
of the vascular pedicle of the right kidney were sutured
and tied with Prolene 5.0 suture material, the ureter was
ligated caudally to the bladder with Prolene 5.0 suture
material. The recipient’s left RA and RV stumps were
left sufficient for anastomosis, their length was 3—4 cm
for RA and RV. First, end-to-end anastomosis was per-
formed between the renal vein of the donor kidney and
the recipient’s left RV stump. The posterior wall was
sutured with Prolene 6.0 suture material using continuous
wraparound sutures, and the anterior wall was sutured
with interrupted sutures. After venous anastomosis and
checking the quality of venous suture hemostasis, an
end-to-end arterial anastomosis was made between the
RA of the donor kidney and the recipient’s left RA stump
using Prolene 7.0 suture material. The arteries were ana-
stomosed using interrupted sutures. Before applying the
last suture, deaeration was performed, the artery was
treated with Lidocaine 2% to prevent vasospasm, me-
thylprednisolone 20 mg was administered intravenously,
and blood flow was started (Fig. 2).

Urine coming out of the ureteral stump after blood
flow via the renal arteries was resumed was a sign that
kidney function had recovered. Sixty minutes after the
procedure started, Telazol 100 0.5 mL and Xyla 0.5 mL
were injected intravenously to maintain anesthesia.
Ureteral anastomosis was the last stage in the kidney
transplant procedure. End-to-end ureteral anastomosis
between the recipient’s ureteral stump and the ureter
coming from the donor kidney was performed using a
stent —a 20 G IV catheter — and left inside the lumen.
Four interrupted sutures were applied with Prolene 7.0

Fig. 2. Vascular anastomoses performed during donor kid-
ney implantation. 1, renal artery anastomosis; 2, renal vein
anastomosis
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suture material evenly around the entire circumference
of the ureter, after which the kidney was fixed to the
renal bed with separate interrupted sutures between the
fatty capsule of the kidney and the surrounding tissues.
After kidney transplantation, the intestinal loops were
placed back into the abdominal cavity and the wound
was sutured layer-by-layer.

Material for histologic examination was collected
on day 12 by routine excisional kidney biopsy, fixed
in 10% neutral buffered formalin (Biovitrum, Russia),
dehydrated in 8 changes of isopropanol, starting with
50% aqueous isopropanol, poured into Histomix paraffin
medium (Biovitrum, Russia) using the ESD-2800 filling
system (MedTekhnikaPoint, Russia). Thin paraffin sec-
tions, 4—6 um thick, obtained on a semi-automatic rotary
microtome ERM 3100 (Hestion, Australia) were stained
with hematoxylin and eosin. Microscopic study of the
obtained experimental material was performed using an
Olympus CX21 microscope at low (100x), high (400x)
magnifications and oil immersion (1000x). Micropho-
tographs were obtained with a digital camera MC-10
(LOMO, Russia), the obtained images were processed
in MCview software.

Statistical analysis was performed using the StatTech
v. 3.1.10 program (developer StatTech LLC, Russia).
Quantitative indicators were evaluated for conformity to
normal distribution using the Shapiro—Wilk test (number
of subjects less than 50). Quantitative indices having nor-
mal distribution were described using arithmetic mean
(M) and standard deviations (SD), 95% confidence in-
terval (95% CI) limits. One-way analysis of variance
with repeated measures was used to compare three or
more related groups on a normally distributed variable.
Statistical significance of changes in the indicator over
time was assessed using Pillai’s Trace. Posterior analysis
was performed using paired Student’s t test with Holm
correction. When comparing three or more dependent
populations whose distribution differed from normal,
the nonparametric Friedman test was used with post hoc
comparisons using the Conover—Iman criterion with
Holm correction. Results were considered statistically
significant at p < 0.05.

RESULTS

Dynamics of changes in peripheral vascular
resistance during hypothermic perfusion

During ex vivo HMP of the donor kidney, parame-
ters such as RA pressure and volumetric flow rate, were
recorded. Based on these parameters, an objective in-
dex — PVR, measured by an invasive method directly
in the RA for 240 minutes — was calculated, which is
depicted in Fig. 3.

In the PVR study, high values were recorded at the be-
ginning of the procedure and after 30 minutes, which was
reflected by values of 1.90 £ 0.27 mm Hg/mL/min, and
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were a consequence of asystole preceding withdrawal for
30 minutes. However, by the end of the procedure, PVR
values decreased and corresponded to physiologic values
(0.72 £ 0.09 mmHg/mL/min) for experimental animals.

Dynamics of changes in biochemical
parameters after transplantation

The main recorded biochemical indicators in the
post-transplant period were creatinine (Fig. 4) and urea
(Fig. 5) levels, as well as the calculated index — glome-
rular filtration rate (GFR), calculated according to the
Schwartz formula: GFR = 36.5 X (length of the rabbit

from head to tail in cm/serum creatinine in pmol/L),
which is graphically depicted in Fig. 6.

Creatinine, as the main marker of renal function, re-
flected the excretory function of the graft in recipient
animals. On the second day after transplantation, crea-
tinine levels increased to 91.07 + 11.49 pmol/L in all the
animals. However, by the end of the follow-up period,
the level did not exceed the limit values of physiologic
norm— 77,17+ 10,19 pmol/L in total. The nonlinearity of
the graph of creatinine level fluctuations reflects the reci-
pients’ physiologic activity in the posttransplant period.

Changes in urea levels also reflected the state of
excretory function of the graft. On the second follow-
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Fig. 3. Changes in peripheral vascular resistance during ex vivo hypothermic perfusion of donor kidney. The graph is repre-
sented by mean values, vertical lines denote standard deviations, p is statistical significance
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Fig. 4. Changes in creatinine levels after donor kidney transplantation in recipient animals. The graph is represented by mean
values, vertical lines indicate standard deviations, p is statistical significance
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up day, there was a peak in average urea levels up to
9.09 + 1.06 mmol/L, which correlated with creatinine
levels. However, the urea concentration curve was de-
scending throughout the entire follow-up period, and
on day 12, the indicators reached a physiologic norm,
4.88 + 0.54 mmol/L.

GFR was an objective indicator of the functional sta-
tus of the graft, adjusted for the small body surface area
of the experimental animals. In the early post-transplant
period, GFR varied from 26.29 to 29.18 mL/min/1.72 m?
in mean values, and by the end of the follow-up period,
the mean GFR value was 26.74 ml/min/1.72 m*. Changes

in GFR over 12 days did not go beyond the physiological
norms of experimental animals.

Evaluation of biochemical parameters clearly de-
monstrate the preservation of excretory function of the
transplant for 12 days, and the physiologic values of GFR
suggest that the functional status of the donor kidney is
satisfactory.

Post-transplant histological study

According to the histological study (Fig. 7) of 10 bi-
opsy specimens obtained from recipient rabbits, mor-
phological changes are represented by the presence of
signs of dystrophic changes in the form of intracellular
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Fig. 5. Changes in urea levels after donor kidney transplantation in recipient animals. The graph is represented by mean valu-
es, vertical lines indicate standard deviations, p is statistical significance
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Fig. 7. Histological kidney tissue slide at 12 days after trans-
plantation. Arrows indicate foci of renal tubule epithelium
necrosis. H&E stain, magnification 100%

inclusions and diffuse foci of epithelial necrosis (marked
by black arrows in the figure) of both proximal and distal
tubules. Polymorphic cellular infiltration is also present,
occupying from 10% to 25% of the parenchyma. The
presence of signs of tubular atrophy in no more than
25% of the cortex indicates the onset of transplant glo-
merulopathy [7].

DISCUSSION

One possible path for modern transplantology is to
enable the use of donor organs in cases of circulatory
arrest [8]. Ex vivo perfusion of donor organs has allowed
the donor pool to grow by over 25% to date, and this
figure continues to rise annually. Thus, an experimental
study of hypothermic perfusion, the influence of ex vivo
perfusion technique, as well as subsequent clinical im-
plementation will ensure a future increase in the number
of transplants [9].

Investigation of new perfusion solutions is extremely
important. Currently, the choice of perfusion agent for ex
vivo hypothermic or normothermic machine perfusion re-
mains an open debatable issue [10]. Despite the existing
and implemented clinical protocols, an ideal perfusion
agent has not been identified [11]. This study descri-
bes the use of a dextran-40-based preservation solution.
Due to the high colloidal and rheological properties of
dextran-40, as well as its moderate molecular size, this
particular component has an advantage for use in ex vivo
hypothermic perfusion of donor kidney. For example,
Lindell et al. studied the effect of the commonly used
potassium-rich hydroxyethyl starch (HES) — containing
perfusion solutions for hypothermic perfusion of donor
kidneys, Belzer MPS and UW Viaspan. Despite success-
ful procedures, the results described moderate interstitial
graft edema and moderate post-transplant changes [12].
In turn, because dextran-40 has the special ability to
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bind water molecules, it can prevent interstitial edema
of donor kidney tissue during prolonged perfusion. Mo-
reover, unlike albumin solutions and HES-containing
agents, dextran molecules prevent the destruction of the
renal structural unit without rupturing or occluding the
nephron [13].

During ex vivo HMP of the donor kidney, high PVR
values were observed, which was a consequence of a
preliminary 30-minute asystole in the donor. Throughout
the perfusion procedure, PVR decreased in all cases, and
returned to normal at the end of perfusion, proving the
efficacy of ex vivo HMP for rehabilitation of expanded
criteria donor kidneys. After transplantation of such kid-
neys, physiologic indicators of biochemical markers of
renal function were observed, not exceeding borderline
values of the maximum permissible limits [14]. Graft
function was preserved in all cases, which is evidence
of the effectiveness of ex vivo HMP and correlates with
the data obtained during perfusion.

CONCLUSION

In addition to demonstrating the preservation of the
functional characteristics of the graft after transplantation
in the rabbit experiment, the experimental study showed
the admissibility of using a dextran-40-based preservati-
on solution as a perfusion agent for ex vivo hypothermic
machine perfusion of donor kidney. The findings of this
work clearly indicate the need for a deeper investigati-
on into the pathophysiological aspects of the effect of
dextran-40-induced hypothermic perfusion on kidney
graft, both in the early and the long-term postreperfusion
periods.

The authors declare no conflict of interest.
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HYPERPARATHYROIDISM IN KIDNEY TRANSPLANT CANDIDATES
AND POSTOPERATIVE PARATHYROID GLAND FUNCTION
IN RECIPIENTS

O.N. Vetchinnikova
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Objective: to evaluate the effects of secondary hyperparathyroidism (HPT) in kidney transplantation (KT) can-
didates on recipients’ parathyroid gland function in the first postoperative year. Materials and methods. The
retrospective cohort study included 210 patients (103 women, 107 men, age 45 £ 9 years) with stage 5 chronic
kidney disease (stage 5 CKD, including dialysis-dependent patients), who had undergone cadaveric KT. Bio-
chemical screening before kidney transplantation and in the postoperative period at 3 and 12 months determined
serum levels of parathyroid hormone (PTH), calcium, phosphorus, alkaline phosphatase activity, albumin and
creatinine using standard methods. PTH levels of 130-595 pg/mL and <130 pg/mL were taken as the target level
in the pre- and post-transplant periods, respectively. Results. Fifty-six KT candidates (group 1) had HPT and 154
(group 2) had the target PTH levels. PTH level was 897 (722; 1136) and 301 (229; 411) pg/mL, respectively, p <
0.001. PTH decreased in all recipients at 3 months after KT: by 595 (420; 812) in group 1 and 148 (77; 230) pg/
mL in group 2, p < 0.001, to 254 (180; 455) and 150 (118; 212) pg/mL, respectively, p < 0.001; the target level
was detected in 10.7% and 42.2% of recipients, respectively, p < 0.001. At 12 months, blood PTH was 171 (94;
239) pg/mL in group 1 and 112 (90; 135) pg/mL in group 2, p = 0.004; target level was found in 48.2% and 73.4%
of recipients, respectively, p < 0.001. Kidney graft function was identical in both recipient groups: acute tubular
necrosis in 41.1% and 54.5%; at 3 months, median glomerular filtration rates (GFR) of 60 and 65 mL/min (n.d.);
at 12 months, 56 and 54 mL/min (n.d.). Post-transplant PTH levels correlated directly with preoperative levels in
both groups and inversely with renal graft function in group 2 recipients. Conclusion. HPT in kidney transplant
candidates is a major, graft function-independent predictor of excess PTH secretion in recipients, increasing the
risk of persistent HPT 1.9-fold, one year after KT.

Keywords: kidney transplantation, parathyroid glands, secondary hyperparathyroidism, chronic kidney
disease.

INTRODUCTION

Secondary hyperparathyroidism (HPT) is a common
complication associated with CKD. HPT develops fol-
lowing a decline in renal function, which triggers a cas-
cade of physiological and pathophysiological processes
leading to excessive PTH release by parathyroid glands
(PTG). HPT in CKD patients is a common condition,
especially at the dialysis therapy stage. The disease is
accompanied by damage to many organs and systems, it
significantly worsens patient quality of life and increases
mortality. Despite personalized approach and emergence
of new medications, there are still challenges in treating
secondary HPT [1-5].

Kidney transplantation (KT) is the treatment of choice
for stage 5 CKD, and the number of such operations is

the growing number of kidney transplants. A successful
KT modifies HPT’s trajectory, leading to either complete
regression or persistence. The latter adversely affects
clinical outcomes in kidney transplant recipients. Recent
reports discuss various aspects of posttransplant HPT:
risk factors, impact on renal graft function, quality of
life and survival of patients [7—11].

The aim of this study was to evaluate the effects of
secondary HPT in candidates awaiting KT on recipients’
PTG function in the first postoperative year.

MATERIALS AND METHODS

The retrospective cohort single-center study inclu-
ded 210 patients with stage 5 CKD (including dialy-
sis-dependent patients) who underwent cadaveric KT.
Patient inclusion criteria: 1. presence of stage 5 CKD

increasing annually [6]. Patients with varying degrees
of severity of secondary HPT among KT candidates
have unavoidably resulted from the recent growth in
the number of CKD patients, including the dialysis po-
pulation with a high prevalence of secondary HPT, and

(including dialysis-dependent patients); 2. pre-KT PTH
level >130 pg/mL; 3. successful primary KT not earlier
than 12 months ago; 4. functioning kidney graft in the
first postoperative year. Non-inclusion/exclusion criteria:
1. history of KT; 2. removal of kidney graft in the first
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postoperative year; 3. parathyroidectomy prior to KT or
in the first postoperative year.

The number of men and women included in the study
was almost equal. The age of patients ranged from 19 to
70 years. Most patients suffered from various variants
of non-diabetic kidney disease (91%). The predominant
dialysis modality was hemodialysis. Duration of dialysis
therapy ranged from 1 to 158 months; some patients were
not placed on dialysis. All patients underwent cadaveric
KT. Almost half of the patients had delayed renal graft
function that required continuation of dialysis thera-
py (acute hemodialysis in 4 patients with pre-dialysis
CKD). Duration of acute tubular necrosis ranged from
2 to 30 days (Table 1).

Biochemical examination was performed before KT
and at 3 and 12 months postoperatively. Standard tech-
niques were used to determine the serum levels of PTH,
calcium, phosphorus, total alkaline phosphatase (ALP),
albumin and creatinine. PTH levels of 130-585 pg/mL
and <130 pg/mL were taken as the target level in the
pre- and post-transplant period [12—15]. Estimated glo-
merular filtration rate (¢GFR) was calculated using the
Chronic Kidney Disease Epidemiology Collaboration

Table 1
Clinical characteristics of patients included
in the study
Parameter All patients
(n=210)

Men/women (n (%)) 1(23;;(1))7
Age (years, M + m) 45+9
Body mass index 245+3.5

Kidney disease
Chronic glomerulonephritis (n (%)) 94 (44.8)
Congenital nephrotic syndrome (n (%)) 46 (21.9)
Chronic tubulointerstitial nephritis (n (%)) 24 (11.4)
Diabetic kidney disease (n (%)) 19 (9.0)
Kidney disease in systemic diseases (n (%)) 10 (4.8)
Other (hypertensive nephrosclerosis,
typical/atypical hemolytic uremic syndrome, 17 (8.1)
kidney cancer, nephrolithiasis) (n (%))

Dialysis modality
Hemodialysis (n (%)) 145 (69.0)
Peritoneal dialysis (n (%)) 34 (16.2)
Hemodialysis + peritoneal dialysis (n (%)) 22 (10.5)
No dialysis (n (%)) 9@4.3)
Duration of dialysis thera
(months, [Me (O1-Q3)]) 190;35)
Kidney graft function

Immediate (n (%)) 107 (51.0)
Delayed (n (%)) 103 (49.0)
Duration of acute tubular necrosis 6(3;12)
(day, [Me (Q1-Q3)]). ’
Day of minimal blood creatinine recording 7 (4: 13)
after KT (day, [Me (Q1-Q3)]) ’
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(CKD-EPI) formula; CKD stages were stratified by
eGFR level [16].

Statistical analysis of the material was performed
using the GraphPad v.8.0.1 program. The form of dis-
tribution of characteristics was evaluated by the Kolmo-
gorov—Smirnov test. Description of quantitative charac-
teristics was presented in the form of arithmetic mean
and standard deviation (M + SD) in normal distribution,
and in the form of median, 25% and 75% quartiles [Me
(Q25-Q75)] in asymmetric distribution. Qualitative
features were presented as absolute numbers (n) and
proportions (%). The Mann—Whitney U test and Student
t-test were used to compare quantitative data, while the
chi-squared test was used for qualitative features. The
strength of association between quantitative characte-
ristics was assessed using Spearman’s rank correlation
coefficient. Relative risk (RR) with calculation of 95%
confidence interval (95% CI) was used as a quantitative
measure of effect when comparing relative indicators.
The critical level of significance for testing statistical
hypotheses in this study was taken to be 0.05.

RESULTS

Characteristics of traditional biochemical markers of
secondary HPT in patients with stage 5 CKD (including
dialysis-dependent patients) in the preoperative period
is presented in Table 2.

PTH levels fluctuated widely (110-2500 pg/mL), and
were outside the upper limit of the target interval in al-
most one third of patients. Serum phosphorus levels in
most patients exceeded the reference values, while serum
calcium levels were within target levels. Some patients
had elevated blood alkaline phosphatase enzyme activity

Table 2

Traditional biochemical markers of HPT before
kidney transplantation

Blood parameter All patients
(n=210)

PTH (pg/mL [Me (Q1-Q3)]) 400 (261; 620)
PTH 130-585 pg/mL (n (%)) 154 (73.3)
PTH >585 pg/mL (n (%)) 56 (26.7)
Phosphorus (mmol/L [Me (Q1-Q3)]) 1.74 (1.44; 2.04)
Target level 0.87—1.49 mmol/L (n (%)) 70 (33.3)
Hyperphosphatemia
(149 mmol/L (n (%)) 140 (66.7)
Hypophosphatemia 0
(<0.87 mmol/L (n (%)))
Calcium (mmol/L, [Me (Q1-Q3)]) 2.2(2.3;2.4)
Target level (2.1-2.6 mmol/L (n (%))) 193 (91.9)
Hypercalcemia (>2.6 mmol/L (n (%))) 9(4.3)
Hypocalcemia (<2.1 mmol/L (n (%))) 8 (3.8)
Elevated blood AP levels (n (%)) 19 (9.0)

Note. PTH, parathyroid hormone; AP, alkaline phosphatase.
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(from one and a half to five times the upper limit of the
reference interval).

Kidney transplant candidates were split into two
groups based on their serum PTH levels. Group 1 in-
cluded 56 patients with secondary HPT, and group 2
included 154 patients with target PTH levels. The cli-
nical and laboratory characteristics of patient groups
in the pre-transplant period are presented in Table 3.
Group 1 patients received dialysis therapy for nearly
1.5 times as long. When analyzing routine biochemical
markers of secondary HPT, these patients were found to
be significantly more likely to have hyperphosphatemia,
hypercalcemia and increased serum activity of alkaline
phosphatase enzymes.

Three months after KT, PTH levels fell in all patients,
fluctuating in the 80—1977 pg/mL range in group 1, and
10-535 pg/mL range in group 2 (Table 4, Fig. 1). The
proportion of patients who achieved a PTH <130 pg/
mL in group 1 was four times lower than in group 2,
10.7% and 42.2%, respectively. Pronounced changes
were found in serum phosphorus, which reached normal
or even low values in all recipients. The groups did not
differ in absolute serum phosphorus levels, but patients

with hypophosphatemia were slightly more frequent
in group 1. Serum calcium levels remained stable; the
incidence of hypercalcemia predominated in group 1
patients. The proportion of patients with increased ALP
activity decreased 4-fold in group 1 and 3-fold in group
2; there was no intergroup difference in this parameter.
In the next 9 months, PTH levels further decreased
from several to 670 pg/mL in 49 group 1 patients and
from few to 221 pg/mL in 96 group 2 patients; the median
was 81 (30; 145) and 25 (0; 61), respectively, p <0.001;
the remaining patients (7 in group 1 and 58 in group 2)
had either an increase or no dynamics. All group 1 pa-
tients and 151 patients from group 2 generally showed
decreased PTH levels of varying severity during the first
postoperative year. This decrease was most pronounced
in group 1 patients. At year 1 after the operation, the
percentage of patients with the target PTH level was
1.5 times less than in group 2. The probability of norma-
lization of PTG function in the first postoperative year
was found to be significantly lower in renal transplant
candidates with HPT compared with patients with the
target range of pre-transplant serum PTH (Table 5).

Table 3
Clinical and laboratory characteristics of patient groups
Parameter Patients p
Group 1 (n =56) Group 2 (n = 154)

Men/women (n (%)) 32/24 (57.1/42.9) 71/83 (46.1/53.9) NS
Age (years (M = m)) 44 £ 10 45+9 NS
Body mass index (kg/cm (M + m)) 24.6 4.1 25.7+4.7 NS
Chronic glomerulonephritis (n (%)) 18 (32.1) 75 (48.7) NS
Congenital nephrotic syndrome (n (%)) 13 (23.2) 33 (21.4) NS
Chronic tubulointerstitial nephritis (n (%)) 8 (14.3) 16 (10.4) NS
Diabetic kidney disease (n (%)) 4(7.1) 15 (9.7) NS
Kidney disease in systemic diseases (n (%)) 3(5.4) 8(5.2) NS
Other (hypertensive nephrosclerosis, typical/atypical hemolytic

uremic( s}}llfldrome, kidngy cancer, neph}f())lithias}i,sl; (n (%)) ' 10(17.9) 7(4.6) 0.004
Hemodialysis (n (%)) 45 (80.4) 100 (64.9) 0.049
Peritoneal dialysis (n (%)) 5(8.9) 29 (18.8) NS
Hemodialysis + peritoneal dialysis (n (%)) 4(7.1) 18 (11.7) NS
No dialysis (n (%)) 2 (3.6) 7 (4.6) NS
Duration of dialysis therapy (months, [Me (Q1-Q3)]) 26 (12; 44) 16 (8; 34) 0.009
Blood PTH, pg/mL [Me (Q1-Q3)] 897 (722; 1136) 301 (229; 411) <0.001
Blood phosphorus, mmol/L [Me (Q1-Q3)] 1.92 (1.62; 2.31) 1.72 (1.42; 1.97) <0.001
Target level (0.87-1.49 mmol/L) (n (%)) 6 (10.7) 65 (42.2) <0.001
Hyperphosphatemia (>1.49 mmol/L) (n (%)) 50 (89.3) 89 (57.8) <0.001
Hypophosphatemia (<0.87 mmol/L) (n (%)) 0 0 NS
Calcium (total) blood, mmol/L [Me (Q1-Q3)] 2.3(2.2;2.5) 2.3(2.2;2.4) NS
Target level (2.1-2.6 mmol/L) (n (%)) 46 (82.1) 147 (95.5) 0.004
Hypercalcemia (>2.6 mmol/L) (n (%)) 6 (10.8) 3(1.9) 0.017
Hypocalcemia (<2.1 mmol/L) (n (%)) 4(7.1) 4(2.6) NS
Elevated blood AP levels (n (%)) 12 (21.4) 7 (4.5) <0.001

Note. PTH, parathyroid hormone; AP, alkaline phosphatase; p, statistical significance of differences between groups 1 and 2

parameters; NS, not significant.
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Changes in serum phosphorus and calcium levels  group 2 had hyperphosphatemia, while hypophospha-
were minimal. Serum phosphorus in the majority of pa-  temia prevailed in group 1 patients. Serum calcium re-
tients was within the reference range, a few patients in  mained relatively stable throughout the entire follow-up

Table 4
Traditional biochemical markers of HPT in patients before KT, 3 and 12 months after KT
Group 1 (n=56) Group 2 (n = 154) P: [
Pre-KT 3 months 12 months Pre-KT 3 months 12 months
after KT after KT after KT after KT
Blood PTH, pg/mL 897 254 171 301 150 112 <0.001| 0.004
[Me (Q1-Q3)] (722; 1036) | (180; 455)* |(94; 239)** *| (229; 411) | (118;212)* |(90; 135)***| )
595 853 148 196
APTH (pg/mL) 0 (420: 812) | (705: 1178) 0 (77;230) | (117;340) |<0-001| 0.001
Blood PTH 6 27 65 113
<130 pg/mL (n (%))| ° 107 | (48.2)%* 0 @22y | (73.4y0x+ |<0-001]<0.001
ilr‘l’l‘(’)‘lj/ﬁh“phoms’ 1.92 0.97 0.94 1.72 1.04 1.09 NS | 0.002
1.62;2.31)](0.78; 1.21)* | (0.79; 1.05)" | (1.42; 1.97) | (0.91; 1.21)* | (0.99; 1.35 )
Meoloz ¢ )¢ | ¢ ¥ )| ¢ | ¢ )
Hyperphosphatemia 50 ]9 6
(>1.49 mmol/L) (n 0* 0" 0* " NS NS
%)) (89.3) (57.8) (3.9)
Hypophosphatemia 18 20 29 2
(<0.87 mmol/L) 0 " 4 0 % 4 0.051 | 0.001
(n (%)) (32.1) (35.7) (18.8) (14.3)
Calcium (total)
blood, mmol/L @ ¥ sy | 3 6 | W N e ¥ 4| e 35 5y | @ e sy | NS | NS
[Me (Q1-Q3)] 2; 2. 3;2. 4;2. 2;2. 3; 2. 3:2.
Hypercalcemia
6 8 11 3 1 2
(>2.6 mmol/L) <0.001 | <0.001
0 () (10.8) (12.7) (19.6) (1.9) 0.7) (1.3)
Hypocalcemia 4 4
(<2.1 mmol/l) 1) 0 0 2.6) 0 0 NS NS
(n (%)) ' '
Elevated blood AP 12 3 5 7 2 1 NS 0.007
levels (n (%)) (21.4) (4.8)* (8.9) (4.5) (1.4) (0.6) )

Note. PTH, parathyroid hormone; KT, kidney transplantation; ALP, alkaline phosphatase; *, differences are statistically sig-
nificant between parameters before and 3 months after KT; **, differences statistically significant between parameters 3 and
12 months after KT; *, differences are statistically significant between parameters before and 12 months after KT; p,, statis-
tical significance of differences between groups 3 months after KT; p,, statistical significance of differences between groups
12 months after KT; NS, not significant.

Group 1 Group 2

—48.8%

—63.3%

—75.1%

-86.2%
B Decrease in PTH at 3 months after KT ~ B Decrease in PTH at 3—12 months after KT Decrease in PTH at 12 months after KT

Fig. 1. Level of decrease in blood PTH levels in kidney transplant recipients during the first postoperative year. Differences
between groups are statistically significant for each time interval; KT, kidney transplantation
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time; hypercalcemia, as in the early postoperative period,
was found more often in group 1 patients. Patients with
increased ALP activity became more frequent in group 1.

When analyzing initial kidney graft function, dif-
ferences between the groups was on duration of acute
tubular necrosis only, which was longer in group 1 pa-
tients. The two remaining parameters — onset of kidney
function and the day minimum serum creatinine level
was detected — were identical. There were no differences

in serum creatinine levels and eGFR between the groups
at 3 or 12 months (Table 6). There were no intra- and
intergroup differences in patient distribution by CKD
stage (Fig. 2).

Table 7 presents data from correlation analysis for
post-transplant PTH levels at 3 and 12 months.

In group 1 patients, postoperative PTH levels had a
moderately close direct association with preoperative
PTH levels and there was no such relationship with kid-

Table 5
Effect of HPT in KT candidates on normalization of parathyroid gland function
in the first year after surgery
Factor Normal thyroid function Normal thyroid function Relative risk [95% CI] p
in the HPT group (n = 56) | in the no HPT group (n = 154)
At 3 months post KT 6 (10.7%) 65 (42.2%) 0.25410.116; 0.522] | <0.0001
At 1 year post KT 27 (48.2%) 113 (73.4%) 0.657[0.480; 0.851] | 0.0009
Table 6
Kidney graft function in the first year after surgery
Parameter Patients P>
Group 1 (n=56) | Group 2 (n= 154)
Initial kidney graft function
Immediate (n (%)) 23 (41.1) 84 (54.5) NS
Delayed (n (%)) 33 (58.9) 70 (45.5) NS
Duration of acute tubular necrosis (days, [Me (Q1-Q3)]) 7 (4; 15) 6(3;9) 0.034
Day of minimal blood creatinine recording after KT (day, [Me (Q1-Q3)]) 7 (4; 18) 7(4;13) NS
Blood creatinine at 3 months (umol/L [Me (Q1-Q3)]) 117 (88; 146) 110 (78; 124) NS
Blood creatinine after 12 months (umol/L [Me (Q1-Q3)]) 123 (110; 146) 120 (96; 140) NS
p, =0.311 p,=0.019
eGFR at 3 months (mL/min) 60 (46; 77) 65 (51; 88) NS
eGFR at 12 months (mL/min) 56 (47, 63) 54 (46;70) NS
p; =0.228 p, =0.02
eGFR <60 mL/min at 3 months (n (%)) 27 (48.2) 74 (48.1) NS
eGFR <60 mL/min at 12 months (n (%)) 36 (64.3) 94 (61.0%) NS
p; =0.128 p, =0.03

Note. eGFR, estimated glomerular filtration rate; p,, statistical significance of differences between parameters at 3 and
12 months; p,, statistical significance of differences between group 1 and 2 parameters; NS, not significant.

1.8% 5.2%

35.1%

16.9%

1.8% 4.5%

Group 1
at 3 months after KT

B CKD stage 1

Group 2
at 3 months after KT

B CKD stage 2

Group 1
at 12 months after KT

B CKDstage3 B CKD stage 4

Group 2
at 12 months after KT

Fig. 2. Distribution of kidney transplant recipients by CKD severity. Differences between groups are not statistically signifi-

cant for each time interval; KT, kidney transplantation
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ney graft function at 3 months and by the end of the first
postoperative year. In group 2 patients, there was also a
direct correlation between post- and pre-transplant PTH
levels, which was closer at 3 months following surgery.
Unlike group 1 patients, this patient cohort showed a gre-
ater correlation between post-transplant PTH levels and
renal graft function at 12 months of operation. In both
groups, there was no association between post-transplant
PTH levels and length of dialysis sessions.

DISCUSSION

Excessive synthesis and release of PTH is a natural re-
action of PTG to various metabolic changes that develop
in CKD patients — hypocalcemia, hyperphosphatemia,
vitamin D deficiency, accumulation of fibroblast growth
factor-23 in the blood, and others. Persistent excessive
release of PTH with the formation of PTG hyperplasia
leads to secondary HPT. Due to its prevalence, severe

HPT often occurs in patients undergoing KT. In our stu-
dy, 26.7% of such patients had pre-transplant PTH levels
that persistently remained above 600 pg/mL.

Successful KT levels out the pathophysiological
processes that lead to secondary HPT. It spontaneously
normalizes PTG function within six months to a year,
sometimes longer. However, this process does not occur
in all patients; it may be absent in some patients due to
formed structural changes in PTG [9, 17]. In general,
among all the patients we observed, the incidence of
post-transplant HPT at three months after surgery was
66.2% (89.3% in patients with previous HPT and 57.8%
in patients without HPT); by the end of the first year, it
decreased twofold, 33.3% (51.8% in patients with previ-
ous HPT and 26.6% in patients without HPT).

It has been widely shown that patients who have
kidney transplants, including those who do not receive
dialysis therapy, have a high incidence of HPT both in

Table 7
Correlation of PTH levels in KT recipients
Parameter Group | (n=56) | Group 2 (n = 154)
Post-KT PTH levels (pg/mL)
At 3 months At 12 months At 3 months At 12 months
o | ams | rom | oo
Post-KT PTH levels at 3 months (pg/mL) - Ir): %50?)21 - ;z%f)%ll
e p———_— e R
AP 03 o 0 | | s | o
APTH (0-12 months) (pg/mL) - rp::*g 14?95 - rp=<7(§). '6‘0110
APTH (0-12 months) (%) - rp::—g o - rp:<_(§)_ o
APTH (3-12 months) (pg/mL) - o Py - rpi‘é’_ oot
APTH (3-12 months) (%) - ; _ g: }‘10‘; - rp: <‘3 '06319
Duration of dialysis therapy (months) 1):2—8 f79 87 ;z (())21 })3 ;z (())(;52% rpzz—(? 3053 63
Duration of acute tubular necrosis (days) Ir> z %%112; Ir) Z %é‘(‘)? ; z (()) B?;g Ir3 z (())(')5‘;;
Minimum creatinine level (day) Ir) z (())21 122 rp::—g 905028 Ir) z (())%?)12 Ir) z (()) %)56;
Creatinine level at 3 months (pmol/L) Ir) z (())2132 rp:=0(.).1263 Ir) z (())%)361 Ir’ z %%?)g
Creatinine level at 12 months (umol/L) - rp::,g ;)j; - ;Z(())?)Z)‘i
eGFR at 3 months (mL/min) rp::_(())_ 12 2095 rp::—g 31389 rp::—g '11 i 68 rp::—g (}37 32
eGFR at 12 months (mL/min) - ;Z%g’ég - rp: <_8 309 12

Note. PTH, parathyroid hormone; APTH, magnitude of parathyroid hormone reduction; eGFR, estimated glomerular filtration

rate; NS, not significant.
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the early and late periods following surgery [7, 17-19].
In our study, patients with preoperative secondary HPT
had higher mean PTH levels at year following KT, and
the percentage of patients with the target PTH levels was
lower than in patients without HPT. However, group 1
patients had a significantly higher PTH reduction than
group 2 patients. A similar pattern of dependence of HPT
persistence after KT on preoperative PTH levels has been
established by other teams of authors [8, 18-20].

It should be noted that in our study, we used the pre-
transplant range of the target serum PTH level of 130—
585 pg/mL (2-9 upper limits of the reference interval)
proposed by international guidelines (Kidney Disease
Improving Global Outcomes, KDIGO) and the post-
transplant level of less than 130 pg/mL (2 upper limits
of the reference interval) previously proposed by some
authors [12—15]. At the same time, some recent foreign
studies have used lower serum PTH levels as a diagnostic
criterion for pre- and post-transplant HPT [18, 19]. This
changes the data on HPT prevalence in kidney transplant
candidates and recipients and complicates the process of
comparing study findings.

Taken together, these data emphasize the importance
of early diagnosis, prevention and adequate treatment
of secondary HPT in kidney transplant candidates to
prevent persistent post-transplant HPT. Timely detection
of secondary HPT in CKD patients on the KT waitlist is
ensured by dynamic examination of PTG function and
associated mineral and bone metabolism parameters,
especially since there are no early clinical manifestations
of the disease. International guidelines (KDIGO) recom-
mend aggressive treatment of severe HPT before KT and,
if drug therapy is ineffective, parathyroidectomy (PTx),
while the US National Kidney Foundation’s Kidney Di-
sease Outcomes Quality Initiative (KDOQI) and Russian
national guidelines provide no information in this regard
[21-23]. Several studies have demonstrated the benefits
of performing PTx in patients with CKD and severe HPT
prior to kidney transplantation. For instance, in compari-
son to patients receiving cinacalcet, these patients have
better controllability of HPT, lower risk of tertiary HPT,
lower post-transplant PTH levels and the less medical
care, compared with patients receiving cinacalcet [24].
On the contrary, where PTx is performed, kidney graft
function has been found to worsen in the postoperative
period [25, 26].

Renal graft function, another risk factor for posttrans-
plant HPT that has been established in multiple studies,
was not entirely confirmed by this observation [27, 28].
Serum creatinine levels and eGFR were identical in
both groups of patients over the course of the first year
following surgery. Correlation analysis in patients with
HPT before KT revealed no association between post-
transplant PTH levels and renal graft function in the first
postoperative year, whereas patients with target blood
PTH levels before surgery showed such an association.
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This result may be due to the short follow-up period. It
is very likely that longer follow-up could reveal a corre-
lation between posttransplant PTH levels and renal graft
function in patients with preoperative HPT.

Other risk factors for postoperative HPT have been
established in some cases [7, 9, 18]. In our study as well
as in a study by Sutton W. et al. [18], there was no evi-
dence of an association between posttransplant serum
PTH and duration of preoperative dialysis treatment,
although some authors have pointed out that such a re-
lationship exists [8, 20].

So, preoperative secondary HPT in patients with CKD
is the predominant factor in excessive PTH secretion and
persistent posttransplant HPT. The impact of the latter
on KT outcomes is debated. A number of studies have
reported a deterioration in quality of life and increased
risk of mortality in recipients with HPT.

Studies on the association between posttransplant
HPT and kidney graft function are of particular impor-
tance [10, 11, 17, 29-31]. A recently published study by
Molinari et al. [7] demonstrated a close association bet-
ween high PTH levels in the first year after KT and long-
term kidney graft loss. The exact mechanism by which
PTH damages kidney grafts is not entirely understood.
Experimental studies suggest that it affects renal blood
flow, i.e., dilation of supply and constriction of efferent
arterioles, which leads to glomerular hyperfiltration [32].

A clinical observation in patients with transplanted
kidney who underwent PTx in the early postoperative
period found a decrease in effective renal blood flow
and GFR, reflecting a close relationship between the
hemodynamic effect of PTH and renal function [33].
The longer duration of acute tubular necrosis observed
in our recipients with pre-operative HPT, with the same
incidence in both groups, was most likely caused by
the relationship between the hemodynamic effect of
PTH and renal function. Another possible mechanism
of progressive graft dysfunction on the background of
postoperative HPT is renal vasoconstriction, impaired
urine concentration, and renal resistance to vasopressin
caused by hypercalcemia; in our study, such patients
were orders of magnitude more numerous among those
with pre-transplant HPT [34]. In addition, high serum
PTH levels are involved in renal fibrosis, vascular calci-
fication, immunodeficiency and anemia, which may also
adversely affect renal graft function [35].

In addition to worsening renal graft function, HPT in
recipients is accompanied by a high risk of bone fractures
and all-cause mortality [10, 13]. Obtained results on the
adverse effect of persistent HPT on the posttransplant
period justify the expediency of monitoring PTH levels
in kidney recipients in order to develop an algorithm for
the prevention and treatment of this disease.

Limitations of this study include (1) retrospective
design; (2) generalization of results from a single center;
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and (3) analysis of only routine markers of mineral bone
disease associated with CKD.

CONCLUSION

HPT is a common complication in CKD patients,

occurring in kidney transplant candidates. The disease is
the main graft function-independent predictor; it prevents
patients’ PTG function from normalizing in the first post-
operative year. Early detection, prevention, and adequate
treatment of secondary HPT should be prioritized while
preparing kidney transplant candidates. In the follow-up
of kidney transplant recipients, monitoring PTH levels is
advised to prevent and treat posttransplant HPT.

The authors declare no conflict of interest.

REFERENCES

1.

Messa P, Alfieri CM. Secondary and tertiary hyperpa-
rathyroidism. Brandi ML (ed): Parathyroid Disorders.
Focusing on Unmet Needs. Front Horm Res. 2019; 51:
91-108. doi: 10.1159/000491041.

Vetchinnikova ON. Hyperparathyroidism and chronic
kidney disease. Part 1. Features of pathogenesis, clinical
manifestations, diagnostic strategy. Lecture. Nephrology
and Dialysis. 2023; 25 (1): 36-56. doi: 10.28996/2618-
9801-2023-1-36-56.

Ermolenko VM, Volgina GV, Mikhaylova NA, Zemchen-
kov AYu, Ryasnyanskiy VYu, Vetchinnikova ON i dr.
Lechenie mineral’nykh i kostnykh narusheniy pri khro-
nicheskoy bolezni pochek. Nefrologiva. Klinicheskie
rekomendatsii. Pod red. E.M. Shilova, A.V. Smirnova,
N.L. Kozlovskoy. M.: GEOTAR-Media, 2016: 687—709.
(In Russ).

Alfieri C, Regalia A, Zanoni F, Vettoretti S, Cozzolino M,
Messa P. The importance of adherence in the treatment
of secondary hyperparathyroidism. Blood Purif. 2019;
47 (1-3): 37-44. doi: 10.1159/000492918.

Ketteler M, Bover J, Mazzaferro S. Treatment of secon-
dary hyperparathyroidism in non-dialysis CKD: an app-
raisal 2022s. Nephrol Dial Transplant 2022; 0: 1-7. doi:
10.1093/ndt/gfac236.

Gautier SV, Khomyakov SM. Organ donation and trans-
plantation in the Russian Federation in 2022. 15th Re-
port from the Registry of the Russian Transplant Society.
Russian Journal of Transplantology and Artificial Or-
gans. 2023; XXV (3): 8-30. (In Russ., English abstract).
doi: 10.15825/1995-1191-2023-3-8-30.

Molinari P, Regalia A, Leoni A, Campise M, Cresseri D,
Cicero E et al. Impact of hyperparathyroidism and its
different subtypes on long term graft outcome: a single
Transplant Center cohort study. Front Med (Lausanne).
2023; 10: 1221086. doi: 10.3389/fmed.2023.1221086.
Yamamoto T, Tominaga Y, Okada M, Hiramitsu T, Tsu-
jita M, Goto N et al. Characteristics of persistent hy-
perparathyroidism after renal transplantation. World J
Surg. 2016; 40 (3): 600-606. doi: 10.1007/s00268-015-
3314-z. PMID: 26546189.

Lou I, Foley D, Odorico SK, Leverson G, Schneider DF;
Sippel R et al. How well does renal transplantation cure

76

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

hyperparathyroidism? Ann Surg. 2015; 262 (4): 653—
659. doi: 10.1097/SLA.0000000000001431.

Pihistrom H, Dahle DO, Mjoen G, Pilz S, Marz W, Abe-
dini S et al. Increased risk of all-cause mortality and re-
nal graft loss in stable renal transplant recipients with
hyperparathyroidism. Transplantation. 2015; 99 (2):
351-359. doi: 10.1097/tp.00000 00000000583.

Okada M, Tominaga Y, Sato T, Tomosugi T, Futamu-
ra K, Hiramitsu T et al. Elevated parathyroid hormone
one year after kidney transplantation is an independent
risk factor for graft loss even without hypercalcemia.
BMC Nephrol. 2022;23: 212. doi: 10.1186/S12882-022-
02840-5.

KDIGO 2017. Clinical Practice Guideline Update for
the Diagnosis, Evalution, Prevention and Treatment of
Chronic Kidney Disease — Mineral and Bone Disorder
(CKD-MBD). Kidney Int. 2017; 7 (1): 1-59.

Perrin P, Caillard S, Javier RM, Braun L, Heibel F, Bor-
ni-Duval C et al. Persistent hyperparathyroidism is a ma-
jor risk factor for fractures in the five years after kidney
transplantation. Am J Transplant. 2013; 13: 2653-2663.
doi: 10.1111/ajt.12425.

Bleskestad IH, Bergrem H, Leivestad T, Hartmann A,
Goransson LG. Parathyroid hormone and clinical out-
come in kidney transplant patients with optimal trans-
plant function. Clin Transplant. 2014; 28: 479-486. doi:
10.1111/ctr12341.

Evenepoel P, Claes K, Kuypers D, Maes B, Bammens B,
Vanrenterghem Y. Natural history of parathyroid function
and calcium metabolism after kidney transplantation: A
single-centre study. Nephrol Dial Transplant. 2004; 19:
1281-1287. doi: 10.1093/ndt/gfh128.

National kidney foundation. K/DOQI Clinical Practice
Guidelines for Bone Metabolism and Disease in Chronic
Kidney Disease. Am J Kidney Dis. 2003; 42 (Suppl. 3):
S1-S202.

Wang R, Price G, Disharoon M, Stidham G, McLe-
od M-C, McMullin JL et al. Resolution of secondary
hyperparathyroidism after kidney transplantation and
the effect on graft survival. Ann Surg. 2023; 278 (3):
366-375. doi: 10.1097/SLA.0000000000005946.
Sutton W, Chen X, Patel P, Karzai S, Prescott JD, Se-
gev DL et al. Prevalence and risk factors for tertia-
ry hyperparathyroidism in kidney transplant recipi-
ents. Surgery. 2022; 171 (1): 69-76. doi: 10.1016/.
surg.2021.03.067.

Okada M, Sato T, Hasegawa Y, Futamura K, Hiramit-
su T, Ichimori T et al. Persistent hyperparathyroidism af-
ter preemptive kidney transplantation. Clin Exp Nephrol.
2023; Jun 23. doi: 10.1007/s10157-023-02371-9.
Kirnap NG, Kirnap M, Sayin B, Akdur A, Bascil Tutun-
cu N, Haberal M. Risk factors and treatment options for
persistent hyperparathyroidism after kidney transplan-
tation. Transplant Proc. 2020; 52 (1): 157-161. doi:
10.1016/j.transproceed.2019.11.020.

Chadban SJ, Ahn C, Axelrod DA, Foster BJ, Kasiske BL,
Kher V et al. KDIGO clinical practice guideline on the
evaluation and management of candidates for kidney
transplantation. Transplantation. 2020; 104 (4S1 Sup-



RENAL REPLACEMENT THERAPY

22.

23.

24.

25.

26.

27.

28.

pl. 1): S11-S103. doi: 10.1097/TP.0000000000003136.
PMID: 32301874.

Puttarajappa CM, Schinstock CA, Wu CM, Leca N, Ku-
mar V, Vasudev BS, Hariharan S. KDOQI US commen-
tary on the 2020 KDIGO clinical practice guideline on
the evaluation and management of candidates for kidney
transplantation. Am J Kidney Dis.2021; 77 (6): 833-856.
doi: 10.1053/j.ajkd.2020.11.017.

Smirnov AV, Vatazin AV, Dobronravov VA, Bobkova IN,
Vetchinnikova ON, Volgina GV et al. Clinical recom-
mendations. Chronic kidney disease (CKD). Nephrology
(Saint-Petersburg). 2021; 25 (5): 10-84. (In Russ.). doi:
10.36485/1561-6274-2021-25-5-10-84.

Egan CE, Qazi M, Lee J, Lee-Saxton YJ, Greenberg JA,
Beninato T et al. Treatment of secondary hyperpara-
thyroidism and posttransplant tertiary hyperparathyroi-
dism. J Surg Res. 2023; 291: 330-335. doi: 10.1016/.
j5s.2023.06.031.

Jeon HJ, Kim YJ, Kwon HY, Koo TY, Baek SH, Kim HJ
et al. Impact of parathyroidectomy on allograft outcomes
in kidney transplantation. Transpl Int. 2012; 25 (12):
1248-1256. doi: 10.1111/5.1432-2277.2012.01564.x.
Littbarski SA, Kaltenborn A, Gwiasda J, Beneke J, Are-
lin V, Schwager Y et al. Timing of parathyroidectomy in
kidney transplant candidates with secondary hyperpara-
thryroidism: Effect of pretransplant versus early or late
post-transplant parathyroidectomy. Surgery. 2018; 163
(2): 373-380. doi: 10.1016/j.surg.2017.10.016.

Alagoz S, Trabulus S. Long-term evaluation of mine-
ral metabolism after kidney transplantation. Transplant
Proc. 2019; 51 (7): 2330-2333. doi: 10.1016/j.transpro-
ceed.2019.01.181.

Kettler B, Scheffner I, Brdsen JH, Hallensleben M, Rich-
ter N, Heiringhoff KH et al. Kidney graft survival of >25
years: a single center report including associated graft
biopsy results. Transpl Int. 2019; 32 (12): 1277-1285.
doi: 10.1111/tri.13469.

77

29.

30.

31.

32.

33.

34.

35.

Araujo MJCLN, Ramalho JAM, Elias RM, Jorgetti V,
Nahas W, Custodio M et al. Persistent hyperparathyroi-
dism as a risk factor for long-term graft failure: the need
to discuss indication for parathyroidectomy. Surgery.
2018; 163: 1144-1150. doi: 10.1016/j.surg.2017.12.010.
Isakov O, Ghinea R, Beckerman P, Mor E, Riella LV,
Hod T. Early persistent hyperparathyroidism post-renal
transplantation as a predictor of worse graft function and
mortality after transplantation. Clin Transpl. 2020; 34:
¢14085. doi: 10.1111/ctr.14085.

Tsai M-H, Chen M, Liou H-H, Lee T-S, Huang Y-C,
Liu P-Y, Fang Y-W. Impact of pre-transplant parathyroi-
dectomy on graft survival: A comparative study of renal
transplant patients (2005-2015). Med Sci Monit. 2023;
29: €940959. doi: 10.12659/MSM.940959.

Massfelder T, Parekh N, Endlich K, Saussine C, Stein-
hausen M, Helwig JJ. Effect of intrarenally infused pa-
rathyroid hormone-related protein on renal blood flow
and glomerular filtration rate in the anaesthetized. Br J
Pharmacol. 1996; 118: 1995-2000. doi: 10.1111/j.1476-
5381.1996.tb15635 .x.

Schwarz A, Rustien G, Merkel S, Radermacher J, Hal-
ler H. Decreased renal transplant function after parathy-
roidectomy. Nephrol Dial Transplant. 2007; 22: 584—
591. doi: 10.1093/ndt/gf1583.

Ruda JM, Hollenbeak CS, Stack BC Jr. A systematic
review of the diagnosis and treatment of primary hy-
perparathyroidism from 1995 to 2003. Otolaryngol
Head Neck Surg. 2005; 132: 359-372. doi: 10.1016/.
otohns.2004.10.005.

Duque EJ, Elias RM, Moysés RMA. Parathyroid hor-
mone: A uremic toxin. Toxins. 2020; 12: 189-204. doi:
10.3390/toxins12030189.

The article was submitted to the journal on 26.12.2023



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXV N2 2-2024

DOI: 10.15825/1995-1191-2024-2-94-104

FUNCTIONAL EFFICIENCY OF PANCREATIC CELL-ENGINEERED
CONSTRUCT IN AN ANIMAL EXPERIMENTAL MODEL
FOR TYPE | DIABETES

N.V. Baranova, A.S. Ponomareva, L.A. Kirsanova, A.O. Nikolskaya, G.N. Bubentsova,
Yu.B. Basok, V.I. Sevastianov

Shumakov National Medical Research Center of Transplantology and Artificial Organs, Moscow,
Russian Federation

The creation of a cell-engineered pancreatic construct (CEPC) from islets of Langerhans and biocompatible
matrix carrier (framework/scaffold), which imitates the native microenvironment of pancreatic tissue, is an
approach to the treatment of type I diabetes mellitus (T1D). Objective: to conduct a comparative analysis of
the functional efficacy of CEPC and isolated rat islets of Langerhans after intraperitoneal administration into
rats with experimental T1D. Materials and methods. T1D was induced in rats by injecting low-dose (15 mg/
kg) streptozotocin (STZ) for 5 days. CEPC samples were created using viable and functional allogeneic isolated
islets of Langerhans and tissue-specific scaffold obtained by decellularization of human pancreatic fragments.
The rats received intraperitoneal injection of allogeneic islets of Langerhans (experimental group 1, n = 4) and
CEPC (experimental group 2, n = 4). Control group rats received no treatment (n = 4). Blood glucose levels in
the rats were measured, and the pancreas and kidneys of the experimental animals were examined histologically.
The follow-up period for all animals continued for 10 weeks. Results. In experimental group 1, on day 7 after
injection of Langerhans islets, glycemia decreased significantly from 28.2 + 4.2 mmol/L to 13.4 + 2.6 mmol/L.
This fall persisted for 7 weeks, following which blood sugar increased to nearly their initial levels (prior to islets
administration). In experimental group 2, on day 7 after CEPC administration, there was a more noticeable drop
in blood sugar levels from 25.8 + 5.1 mmol/L to 6.3 = 2.7 mmol/L compared to experimental group 1. By the
10th week of the experiment, the average glucose level was two times lower than it was at the beginning. Blood
glucose levels dropped more sharply in the CEPC group than in the islet group (by 75.6% and 52.5%, respec-
tively). Conclusion. In T1D rats, CEPC has a more potent antidiabetic effect than islets of Langerhans. Thus,
it has been shown that a tissue-specific scaffold may be used to create bioartificial pancreas in order to increase
the functional efficiency of islets.

Keywords: type I diabetes mellitus, islets of Langerhans, cell-engineered construct, pancreas,
decellularization, tissue-specific scaffold.

INTRODUCTION

Replacement of damaged beta cells in patients with
severe type I diabetes mellitus (T1D) through pancreatic
islet transplantation is an effective treatment method
that allows to establish long-term stable euglycemia [1],
improve the quality of life and reduce secondary com-
plications compared to insulin therapy [2]. However,
during pancreatic islet isolation, their functional activity
decreases due to a number of damaging factors, such
as loss of vascularization, innervation and connections
with the extracellular matrix (ECM). After transplanta-
tion, the islet revascularization process is completed in
10—-14 days. During this period, oxygen and nutrients are

time is to some extent connected with islet hypoxia in
the posttransplant period [5].

It seems essential to provide the islets of Langerhans
with the conditions conducive to maintaining their viabi-
lity and function in vitro and in vivo. There is a need to
develop new strategies for beta-cell replacement, inclu-
ding the creation of a bioequivalent of pancreas based
on insulin-producing cells and a carrier matrix (scaffold)
mimicking the pancreatic ECM. Thus, decellularized
pancreas with preserved biochemical, spatial and vascu-
lar structure of the native ECM can be used as a scaffold
for subsequent recellularization with insulin-producing
cells and further transplantation [6-9].

Decellularized pancreatic tissue most closely mimics

delivered to islet cells only by diffusion, which may be
insufficient to maintain cell viability in the central part
of the islet [3, 4]. Thus, the limited graft functioning

the microenvironment of native pancreatic ECM, i.e.
they possess tissue specificity with characteristic features
of structure and composition. A significant reduction
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in immunogenicity, achieved by removing cellular and
nuclear material from decellularized scaffolds, provides
an ideal support system for islet cells in transplantation
[10, 11]. Successful fabrication and recellularization of
scaffold from decellularized pancreatic tissue is an es-
sential component of pancreatic tissue engineering [12].

Previous studies have allowed us to develop proto-
cols for the preparation of tissue-specific scaffolds from
decellularized rat [13] and human [14] pancreas. In vitro
experimental studies have found that culturing islets of
Langerhans in the presence of such scaffolds helps pre-
serve their structure, prolongs their viability and insulin-
producing function in comparison with islets cultured
under standard conditions [6, 13—15]. Some reports [5,
9, 10] have shown that a scaffold from decellularized
pancreas also provides islet cells with prolonged survival
and functioning in vivo.

Decellularized pancreatic tissue scaffolds seeded with
islet cells represent a formed cell-engineered pancreatic
construct (CEPC), often referred to as bioartificial pan-
creas. CEPCs appear to be feasible for clinical transplan-
tation to T1D patients to compensate for the endocrine
function of the pancreas [8].

The aim of the present work was to comparatively
analyze the functional efficacy of CEPC and isolated
rat islets of Langerhans after intraperitoneal injection
in T1D rats.

MATERIALS AND METHODS

Experimental animals

For modeling streptozotocin-induced T1D followed
by CEPC implantation (recipient animals) and isola-
tion of islets of Langerhans (donor animals), we used
male Wistar rats weighing 300-380 g (n = 30) from a
laboratory animal nursery belonging to Krollnfo LLC.
Acclimatization and maintenance of the animals was
carried out in accordance with interstate standard GOST
ISO 10993-2-2009 “Medical Devices. Assessment of the
Biological Effect of Medical Devices”. Part 2. “Requi-
rements for the Treatment of Animals”.

Manipulations with animals were performed in ac-
cordance with the European Convention for the Protec-
tion of Vertebrate Animals Used for Experimental and
other Scientific Purposes (2005) and the Rules of Labo-
ratory Practice approved by Order No. 708 of the Russian
Ministry of Health dated August 23, 2010. Approval
(Protocol No. 280121-1/1e, dated January 28, 2021) for
the experimental studies was obtained from the Local
Ethics Committee of Shumakov National Medical Re-
search Center of Transplantology and Artificial Organs.

Modeling of type | diabetes

To induce T1D, the rats were intermittently injected
with streptozotocin (STZ) (Biorbyt, India): 15 mg/kg/
day intraperitoneally for 5 consecutive days (total dose
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75 mg/kg) [16]. The injection agent was prepared ex tem-
pore by diluting STZ in 0.9% sodium chloride solution
and injected into the peritoneal cavity. The dynamics of
blood sugar levels was determined daily using an Accu-
Chek Active glucometer (Roche, Switzerland).

Testing the stability of an experimental
model of type | diabetes

To rule out spontaneous reversion of diabetic status,
the animals were monitored for the next 14 days after
the last STZ injection. Fasting blood glucose and body
weight were monitored weekly, appearance and amount
of water consumed by the animals were assessed daily.

T1D was considered stable if blood glucose level in
the rats exceeded 20.0 mmol/L two weeks after the last
dose of STZ injection.

In rats with glucose concentration of less than
20.0 mmol/L, clinical signs of diabetes were mild.
Such animals were not used in the experiment. Animals
with glucose levels exceeding the glucose meter limit
(33.0 mmol/L) were considered unsuitable for further
CEPC implantation.

CEPC preparation technology

To create CEPC, tissue-specific finely dispersed
scaffold derived from decellularized human pancreatic
fragments (DHP scaffold) was chosen as an ECM bio-
mimetic [13, 14]. Studies have shown that DHP scaffold
retains the morphofunctional properties of native ECM
of pancreatic tissue, contains basic fibrillar proteins (type
I collagen, elastin), has low immunogenicity (<0.1%
DNA) and is not cytotoxic with respect to adhesion and
proliferation of cell cultures. Allogeneic isolated rat is-
lets of Langerhans were used as an insulin-producing
component of CEPC. Freshly isolated islets were iden-
tified by dithizone staining (Sigma-Aldrich, USA) and
cultured in complete growth medium containing DMEM
(1.0 g/L glucose) (PanEco, Russia), 10% fetal calf serum
(FBS) (HyClone, USA), Hepes (Thermo Fisher Scienti-
fic, USA), 2 mM alanyl-glutamine (PanEco, Russia), 1%
antibiotic/antimycotic (Thermo Fisher Scientific, USA)
for 24 hours, under standard conditions at 37 °C, in a
CO, incubator, in a humidified atmosphere containing
5% CO.,.

The viability of islets cultured for 24 hours was de-
termined using intravital fluorescent acridine orange/
propidium iodide stain (AO/PI) (PanEco, Russia).

The functional activity of islets was assessed after
24 hours of cultivation using the Rat Insulin ELISA Kit
(Thermo Fisher Scientific, USA) to measure insulin
levels under the load of hormone secretion stimulant
(glucose).

A concentrated suspension of islets was obtained by
centrifugation in complete growth medium for 2 minutes
at 1200 rpm, then washed from the growth medium in
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Hanks’ Balanced Salt Solution (HBSS) under the same
regime.

For each CEPC sample, 2000 islets obtained from
1-2 rat pancreas were selected, resuspended in 1.0—
1.2 mL of Hanks’ solution, and mixed with finely di-
spersed sterile DHP scaffold (10.0 = 0.1 mg in 100 pL
of HBSS) from human pancreas. The resulting CEPC
samples were placed into 2-mL syringes with a 23 G
needle size.

Intraperitoneal injection of CEPC to rats with
experimental type | diabetes

The functional efficacy of CEPC was studied in rats
with severe and stable T1D induced by daily intermittent
injection of low-dose STZ.

The animals selected for the experiment were cate-
gorized into groups:

1) Control group (4 rats, untreated, no administration of
islets of Langerhans or CEPC);

2) Experimental group 1 (4 rats, intraperitoneal injection
of 2000 allogeneic islets of Langerhans in the form
of a suspension);

3) Experimental group 2 (4 rats, intraperitoneal injection
of CEPC created from 2000 allogeneic islets of Lan-
gerhans and tissue-specific scaffold (DHP scaffold)
from decellularized human pancreas).

Follow-up period continued for 10 weeks. Blood glu-
cose levels in the animals were measured on an empty
stomach weekly, 12 hours after the last meal.

Histological examination

A morphological study identified some structural dis-
orders in the parenchyma of the pancreas and kidneys.
Extracted organs of the experimental animals were fixed

in 10% buffered formalin for 24 hours, then dehydrated
in alcohols of ascending concentration, kept in a mixture
of ethanol and chloroform, pure chloroform, and then
embedded in paraffin.

Using a microtome RM2245 (Leica, Germany), 5 um
thick slices were obtained and stained with hematoxylin
and eosin and for total collagen using Masson’s method.
The cellular composition of pancreatic islets in the pan-
creas of rats from the control and experimental groups
was assessed by immunohistochemical staining of the
main types of islet cells using antibodies to insulin and
glucagon (Abcam, UK) and Rabbit Specific HRP/DAB
(ABC) Detection IHC kit visualization system (Abcam,
UK).

Detection and assessment of the degree of structural
disorders in the kidneys of experimental animals was
performed by staining the sections with hematoxylin
and eosin.

Statistical analysis

Statistical data processing was done using Microsoft
Excel (2016) software. Differences were considered sta-
tistically significant if the significance level of p did not
exceed the threshold value of 0.05.

RESULTS

Experimental type | diabetes

Rats (n = 13) with fasting blood glucose levels ran-
ging from 20.4 mmol/L to 32.6 mmol/L two weeks after
the end of STZ administration were used for experiments
to investigate the functional efficacy of CEPC (Table 1).
Clinically, these animals showed hypodynamia, a ten-
dency to form wounds and pustules, polyuria, significant

Table 1
Changes in glucose levels and body weight in T1D rats
Glucose level (mmol/L) Body weight (g)
Days after the last STZ dose 1 7 14 1 7 14
Norm (n=4) 5.5+0.7 59+0.3 5.8+0.9 345+ 15 350+ 18 365+ 24
TID (n=13) 17.8+3.3 19.1+£3.5 26.5+6.1 310+ 25 295 +27 280 + 23

Note. p < 0.05 compared with the values of similar indicators of the norm (intact rats).
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Fig. 1. Pancreas (a—c) and kidney (d) of a rat with experimental T1D; H&E stain (a, d); immunohistochemical staining for
insulin (b); immunohistochemical staining for glucagon (c). Blue arrows indicate islets of Langerhans. Yellow arrows indicate

tubular epithelial Armanni—Ebstein cells. Scale bar: 100 um
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polydipsia and decreased body weight compared to the
intact animals.

To confirm the development of T1D, histologic ex-
amination of the pancreas of rats with a blood glucose
level of 25.3 mmol/L was performed two weeks after
the last STC injection. It was revealed that the exocrine
parenchyma was generally preserved; moderate focal
lymphoid-cell infiltration was noted only in some lobu-
les. Vacuolated cells (probably beta cells) were detected
in few irregularly shaped islets of Langerhans (Fig. 1, a).
When stained with antibodies against insulin, a negative
reaction was observed, which indicated the death of beta
cells (Fig. 1, b). At the same time, glucagon-positive
alpha-cells were found not only in the periphery, but also
in the central part of the islets and in a much larger num-
ber than in healthy rats (Fig. 1, c). Histological exami-
nation of rat kidneys with clinical signs of T1D revealed
pronounced changes, including the presence of multiple
vacuolated tubular epithelial cells (Armanni—Ebstein
cells, which are pathognomonic for diabetes) (Fig. 1,
d). Foci of inflammatory infiltration (lymphoid cellular
with admixture of plasmacytes) were observed. Protein
cylinders were occasionally detected in the tubule lumen.

100,00 pm

—_—

In order to create an experimental model of type 1
diabetes, intermittent injections of STZ were used since
this method prevented animal death and spontaneous
remission of diabetes while maintaining a stable dia-
betic state in the animals [16]. The obtained T1D was
characterized by stable hyperglycemic indicators (from
20 mmol/L to 33 mmol/L) in the blood of experimental
animals and other signs of diabetes: polydipsia, polyuria.

Morphofunctional analysis of isolated rat
islets of Langerhans before CEPC creation

Freshly isolated islets of Langerhans of predominant-
ly rounded shape mostly retained the integrity of the
macrostructure intact during islet isolation (Fig. 2, a).
Pancreatic islets selectively acquired red-orange color
when stained with dithizone, while acinar cells remained
unstained (Fig. 2, b).

To determine the viability of rat pancreatic islets cul-
tured for 24 hours, staining with vital acridine orange/
propidium iodide stain (AO/PI) was performed. Islet
viability was found to be higher than 96% (Fig. 2, c).

In the culture medium samples taken after 24 hours of
islets culturing, basal insulin level was 178.6 & 13.3 plU/
mL; after stimulation with “hyperglycemic” glucose

e
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Fig. 2. Isolated islets of Langerhans of a healthy rat. a, phase-contrast microscopy; b, dithizone staining; c, islets cultured for
24 hours, acridine orange and propidium iodide (AO/PI) fluorescent staining; d, functional activity of isolated islets of Lan-
gerhans of a healthy rat cultured for 24 hours. Scale bar: 100 pm
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level of 4.5 g/L (25 mmol/L), it increased by 35.4%
(241.8 £ 14.2 pIU/mL), which confirmed the functional
activity of isolated islets (Fig. 2, d).

Thus, it was found that isolated rat islets of Langer-
hans by their morphofunctional state (level of viability
and functional activity) can be used as a cellular insulin-
producing component for the creation of CEPC.

Comparative analysis of the functional
efficiency of CEPC and islets of Langerhans
in rats with experimental type | diabetes

The functional efficacy of CEPC, formed from allo-
geneic islets of Langerhans and tissue-specific scaffold
from decellularized human pancreas, was assessed for
10 weeks in relation to its ability to restore physiological
blood glucose levels in rats with STZ-induced T1D.

Control group

All animals in the control group maintained pro-
nounced clinical signs of T1D throughout the follow-up
period, and the general condition of the rats worsened.
Polydipsia, polyuria, diminished strength, non-healing
purulent wounds on tails, further loss of body weight
(from 280 + 23 g to 170 &+ 35 g) were noted in the ani-
mals. The level of hyperglycemia in the blood in the
control group (n = 4) increased during the follow-up
period (Table 2). Of the four control rats, two died at 3
and 8 weeks.

In histological samples of the pancreas of rats in
control group after withdrawal from the experiment
(10 weeks), few irregularly shaped islets of Langerhans
were found, with almost complete absence of insulin-
positive beta cells and numerous glucagon-positive
alpha-cells (Fig. 3, a—). Rats in the control group had
their kidneys examined histologically, and the results
showed changes in the organ’s morphology, as well as
the presence of many Armanni—Ebstein cells and foci of
inflammatory infiltration. These findings are indicative
of diabetic nephropathy developing on the backdrop of
T1D without treatment (Fig. 3, d). In addition, deposits
of dense material — protein cylinders — were detected in
the lumen of individual tubules.

Experimental group 1
(injection of islets of Langerhans)

In rats from experimental group 1 (n = 4), after int-
raperitoneal injection of islets of Langerhans, characte-
ristic clinical signs of T1D slowed down within a week,
weight gain was noted (from 280 =23 g to 305 + 15 g).
Moreover, three days following islets administration,
hyperglycemia levels in all recipient rats decreased si-
gnificantly by 12.5 + 3.2 mmol/L (Table 3). Thereafter,
blood glucose levels in three rats stabilized at a level that
was on average 2.5 times lower compared to the level
before islet administration. However, after 7 weeks of
follow-up, glucose levels in experimental group 1 began
to rise. By week 10, it had reached the level above the
initial level (before islets administration) in two rats, and
had dropped by 7.3 mmol/l below the initial level in one
rat (Fig. 4, a). At week 6, the rat with blood glucose level
of 27.3 mmol/L died, even though after islet adminis-
tration, there was a stable decrease in hyperglycemia.

The histological picture of the pancreas of rats from
experimental group 1 revealed good preservation of en-
docrine parenchyma without signs of inflammation and
irregularly shaped islets, as in the pancreas of rats from
control group, with rare vacuolated cells, probably beta

Table 2

Dynamics of blood glucose level in control group
rats without treatment

Day Blood glucose (mmol/L)

Rat 1 Rat 2 Rat 3 Rat 4
0 22.1 20.7 29.5 322
4 20.2 22.0 >33.0 31.5
7 22.7 19.3 30.7 >33.0
14 27.8 18.8 28.8 24.3
21 253 25.5 dead 28.0
28 28.0 26.3 - >33.0
35 30.4 28.0 - >33.0
42 >33.0 26.8 - >33.0
49 >33.0 28.4 - >33.0
56 dead 26.5 - >33.0
63 — 31.2 - >33.0
70 — 32.5 — >33.0
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Fig. 3. Pancreas (a—c) and kidney (d) of control group rats with experimental T1D; H&E stain (a, d); immunohistochemical
staining for insulin (b); immunohistochemical staining for glucagon (c). Blue arrows indicate islets of Langerhans. Yellow
arrows indicate tubular epithelial Armanni—Ebstein cells. Scale bar: 100 um
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cells (Fig. 4, a—c). In two rats (rat 2 and rat 4), immuno-
histochemical staining revealed no insulin-positive beta
cells, while numerous glucagon-positive alpha-cells were
present in the islets. In one rat (rat 3), there were single
beta cells in the islets (Fig. 4, d). Morphological study
of the kidneys of rats from experimental group 1 did not
reveal severe degenerative changes in the vascular and
tubular apparatus; however, numerous vacuolated cells —
Armanni—Ebstein cells — were detected in the tubular
epithelium (Fig. 4, e). Flaky material was visualized in
the lumen of some tubules.

Table 3

Changes in blood glucose levels in T1D rats
of experimental group 1 after injection of islets

of Langerhans

Day Blood glucose (mmol/L)
Rat 1 Rat 2 Rat 3 Rat 4
0 26.7 30.7 23.0 32.5
4 11.6 15.3 12.9 23.1
7 13.0 13.5 9.5 18.8
14 11.5 16.0 15.3 10.9
21 15.8 22.3 14.8 12.3
28 23.0 20.9 15.7 14.9
35 27.3 22.6 12.4 14.1
42 dead 18.9 12.1 16.3
49 — 19.1 14.8 15.9
56 — 26.1 23.0 18.7
63 — 254 22.3 21.7
70 — 33.0 27.6 25.2

Experimental group 2
(CEPC injection)

Similar to the animals in the experimental group,
a slowdown in the clinical manifestations of T1D was
seen in rats of experimental group 2 (n = 4) one week
following intraperitoneal injection of CEPC based on
allogeneic islets of Langerhans with DHP scaffold. T1D
signs, including polydipsia and polyuria, virtually va-
nished in rat 3, and by week 10, the rats gained body
weight dramatically from 303 g at the time of CEPC
injection to 555 g. In recipient rats 3 and 4, there was
a prolonged decrease in blood glucose levels (BGLs)
by more than 3-fold compared to baseline, along with
individual measurements reaching normoglycemic va-
lues of up to 7.5 mmol/L (Table 4). By the end of the
experiment (10 weeks of follow-up), BGLs of 9.5 and
7.9 mmol/L, respectively, were recorded in the above
rats, which was much lower than the initial average level
(25.8 = 5.1 mmol/L). Rat 1 had no persistent reduction
in hyperglycemia: after CEPC injection, blood glucose
level ranged from 4.9 to 17.3 mmol/L. At the time of
withdrawal from the experiment (70 days), blood glucose
in rat 1 was 17.0 mmol/L, not exceeding the baseline
value.

In week 4 of follow-up, rat 2 with a glucose level of
5.9 mmol/L died.

Histological examination of the pancreas of rats from
experimental group 2 revealed that the exocrine paren-
chyma was preserved without inflammation signs and
with no infiltrates (Fig. 5, a, d). Few vacuolated cells
were observed in both round and irregularly shaped is-
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Fig. 4. Pancreas (a—d) and kidney (e) of experimental group 1 rats with T1D after intraperitoneal injection of islets of Lan-
gerhans; H&E stain (a, e); immunohistochemical staining for glucagon (b); immunohistochemical staining for insulin (c, d).
Blue arrows indicate islets of Langerhans. Yellow arrows indicate tubular epithelial Armanni—Ebstein cells. Scale bar: 100 um
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lets. Immunohistochemical staining for insulin revealed
the presence of few beta cells in the pancreatic islets of
rats 1 and 4 (Fig. 5, b); in rat 3, the increase in the count
of insulin-positive cells turned out to be more significant
(Fig. 5, e), while there was lower count of glucagon-
positive cells in the islets (Fig. 5, e, f). Experimental
data [16] suggest that in addition to its direct antidiabetic
effect, CEPC implantation can have a positive effect on
the processes of restoring the pool of actively functioning
beta cells of the recipientto This has been confirmed by
our histological study. Rat kidneys from experimental
group 2 showed a different morphological picture in
contrast to kidneys from the control group and experi-
mental group 1, showing fewer Armanni—Ebstein cells
and no protein cylinders in the tubular lumen (Fig. 5, g).

Fig. 6 shows a comparative diagram of the dynamics
of changes in BGLs in animals of the control and expe-
rimental groups. The graph of glycemic indicators of the
control group is given by the BGLs of one rat, not excee-
ding the limit value of the glucometer — 33.0 mmol/L,
throughout the entire follow-up period. In the control
group, hyperglycemia indicators steadily increased
throughout the experiment.

After injection of islets of Langerhans in experimen-
tal group 1, there was a marked decrease in BGLs from
28.2 £4.2 mmol/L to 13.4 + 2.6 mmol/L, which persisted
for 7 weeks, after which it increased to levels close to the
initial values (before islets administration).

Table 4

Changes in blood glucose levels in T1D rats
of group 2 after CEPC injection

Fig. 5. Pancreas (a—f) and kidney (g) of rats of experimental group 2 with T1D after intraperitoneal injection of CEPC; (a, d,
g), H&E; (b, e), immunohistochemical staining for insulin; (c, f), immunohistochemical staining for glucagon. Arrows indi-

cate islets of Langerhans. Scale bar: 100 um
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Day Blood glucose (mmol/L)
Rat 1 Rat 2 Rat 3 Rat 4
0 20.4 25.6 24.7 32.6
4 17.9 23.0 5.7 19.5
7 4.9 3.9 10.0 6.5
14 9.0 7.4 3.6 7.9
21 10.8 5.9 6.9 9.2
28 13.2 dead 10.7 10.7
35 17.3 - 13.9 7.2
42 15.6 - 9.6 8.5
49 11.8 - 12.4 10.3
56 12 - 10.6 6.8
63 11.1 - 6.5 8.9
70 17.0 - 9.5 7.9
c
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Fig. 6. Changes in blood glucose levels in T1D rats of the
control group (without treatment) and experimental groups
after intraperitoneal injection of CEPC (islets of Langerhans
(rIsL) + decellularized human pancreas (DHP)) or suspensi-
on of islets of Langerhans (rIsL). Glycemic indicators of the
control group are presented according to blood glucose levels
of one rat. Glycemic indicators of experimental group 1 are
presented by blood glucose levels of four rats up to 42 days,
and then due to the death of one animal, the indicators of
three rats were considered. Glycemic indicators of experi-
mental group 2 are presented by blood glucose levels of four
rats up to 28 days, and then due to the death of one animal,
the indicators of three rats were considered

Experimental group 2 showed a more pronounced
decrease in glucose levels from 25.8 = 5.1 mmol/L to
6.3 £ 2.7 mmol/L compared to experimental group 1.
Such concentrations were maintained throughout the
follow-up period. The glucose level by week 10 of the
experiment was on average 2 times lower than the initial
one.

In rats of experimental group 2, after CEPC injection,
the maximum decrease in BGLs relative to initial hy-
perglycemic parameters was by 75.6%; in experimental
group 1, it was by 52.5% after administration of islet
suspension.

Thus, the studies have shown the in vivo functional
efficiency of allogeneic islets of Langerhans injected wi-
thout scaffold and as a part of the human cell-engineered
pancreatic construct. There was a more pronounced de-
crease in blood glucose concentration in recipient rats
after administration of experimental CEPC samples
compared to the level in recipient rats after administ-
ration of islets without scaffold (by 75.6% and 52.5%,
respectively).

The obtained results correlate with reports from a pre-
liminary study [17], where, with intraperitoneal CEPC
injection, tissue-specific scaffolds provided pancreatic
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islets with longer survival and effective functioning in
Vivo.

Thus, the important role of tissue-specific scaffold in
the creation of a bioartificial pancreas has been demonst-
rated. The optimal scaffold obtained from decellularized
pancreatic tissue for CEPC formation should 1) meet the
criteria for effective decellularization, 2) preserve the
native structure as much as possible, 3) provide sites
necessary for cell adhesion and proliferation, and 4) be
evenly populated by insulin-producing cells [6, 14]. Syn-
thetic artificial scaffolds may not meet some of these re-
quirements and, hence, may not positively influence the
survival and functioning of islets in vivo. The presence
of native proteins (various types of collagen, elastin,
fibronectin and laminin) in the decellularized pancrea-
tic scaffold, as well as cell adhesion factors, allows to
create conditions for prolonged viability of islet cells,
thus maintaining the critical mass of islets necessary for
transplantation to T1D patients [18].

CONCLUSION

The study found that intraperitoneal administration
of CEPC samples in experimental T1D rats resulted in a
significant, sustained reduction in fasting blood glucose
levels that persisted for 10 weeks. Thus, administration
of CEPC revealed a more pronounced antidiabetic effect
in T1D rats compared to administration of a suspensi-
on of islets of Langerhans. This suggests that in order
to improve the functional efficiency of islets, a tissue-
specific scaffold could be used to create a bioartificial
pancreas. This work lays the groundwork for research
on the development of human endocrine cell-engineered
pancreatic constructs based on tissue-specific scaffolds
made from decellularized human pancreatic tissue and
islets of Langerhans of deceased donors in order to par-
tially or completely replace the lost endocrine function
of the pancreas in patients with severe T1D.

The authors declare no conflict of interest.
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HISTOLOGIC AND GENETIC FEATURES OF REMODELING
OF TISSUE-ENGINEERED SMALL-DIAMETER VASCULAR GRAFTS:
OUTCOMES OF SIX-MONTH IMPLANTATION IN A SHEEP MODEL

E.A. Senokosova, E.O. Krivkina, E.A. Velikanova, A.V. Sinitskaya, A.V. Mironov,
A.R. Shabaev, M.Yu. Khanova, E.A. Torgunakova, L.V. Antonova
Research Institute for Complex Issues of Cardiovascular Diseases, Kemerovo, Russian Federation

Surface modification of polymeric scaffolds with drugs to avoid thrombus formation and infection is a promising
area in tissue engineering, which also makes it possible to accelerate the remodeling of such scaffolds and improve
long-term patency. Objective: to study the histologic and genetic features of remodeling of tissue-engineered
small-diameter vascular grafts (SDVGs) with antithrombogenic drug-coated and reinforced external scaffolds,
implanted into a sheep carotid artery. Materials and methods. Poly(e-caprolactone) (PCL) matrices, @4 mm in
diameter, were fabricated via electrospinning, followed by creation of a reinforcing spiral PCL scaffold on their
outer surface by extrusion. To prevent thrombus formation and infection, the fabricated grafts were modified with
iloprost and cationic amphiphile by complexation through polyvinylpyrrolidone (PVP). The work was carried out
to evaluate, by infrared spectroscopy, the formation of PVP-based coating, to study the physical and mechanical
properties of the grafts in longitudinal and transverse directions, and to implant the vascular grafts (VGs) into a
sheep carotid artery. To assess and control the patency of the implanted grafts, Doppler ultrasound was performed
at days 1 and 5, then at 1, 3 and 6 months. The explanted samples were studied via histological and immunofluo-
rescent analyses; gene expression profile was evaluated. Results. Ultrasound on days 1 and 5 after implantation
showed the patency of vascular grafts to be 100%. At 1 month, the patency decreased to 83.3%; patency was 50%
by the end of the implantation period (6 months), without aneurysm formation and detachment of the reinforcing
scaffold. Histological and immunofluorescence studies of patent grafts showed the formation of a newly formed
three-layer vascular tissue structure on their basis, without signs of inflammation and calcification. However,
despite the structural similarity between the newly formed vascular tissue and the native tissue of a sheep carotid
artery, analysis of the gene expression profile revealed some differences in terms of genetic profile: CNN and
SNA 12 expression levels in the neotissue decreased, and those of CTSB, TNFa, and TGFb increased. Conclusion.
Modified polymeric vascular scaffolds showed good remodeling of the prosthetic wall, without aneurysm for-
mation. The identified genetic differences between newly formed tissue and native tissue are logical in view of
formation on the basis of the artificial polymeric scaffold. Further research on reinforced polymeric scaffolds will
be aimed at improving the inner surface in order to improve their thromboresistance.

Keywords: vascular grafts; antithrombogenic treatment; antimicrobial treatment, iloprost; cationic
amphiphiles.

INTRODUCTION

The increasing cases of cardiovascular diseases every
year is the most common cause of death globally [1, 2].
Autologous grafts are the preferred material for resto-
ring blood flow in the affected vascular area. However,
accessibility of patients’ arteries and veins is limited due
to vascular quality associated with comorbidities (high
blood pressure, diabetes, and others) [1].

An alternative to autografts are clinically approved
synthetic vascular grafts (VGs) made from polytetrafluo-
roethylene (PTFE) and polyethylene terephthalate (PET,
Dacron). They demonstrate high efficiency in replacing
large vessels with an internal diameter of more than
6 mm. However, when replacing a vessel segment with
a diameter of less than 5 mm, these prostheses become

ineffective and have a propensity to cause thrombus for-
mation, stenosis, occlusion of the vascular lumen and
infection [2, 3]. Based on various tactics for handling
biocompatible and biodegradable polymers, tissue engi-
neering (TE) is a pertinent method for producing small-
diameter vascular grafts (SDVGs). Artificial tissue-like
matrices and tissues with the required structural and
mechanical qualities can be designed using a variety of
TE methods [4—6]. A vascular prosthesis made of such
material can undergo synchronous biodegradation and
remodeling of its wall, allowing body cells to participate
in the development of a three-layer native blood vessel
structure [7-9]. However, this is a lengthy process and
is accompanied by such risks as thrombosis, aneurysm
formation and microbial contamination [10—12].
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Highly porous tissue-engineered constructs in contact
with blood can provoke thrombus formation. Therefore,
when developing products for cardiovascular surgery,
these features should be considered. Surface modifi-
cation of prostheses with antithrombogenic drugs can
prevent thrombosis of the lumen of implanted vascular
prostheses both in the early postoperative period and
in the process of long-term bioresorption of the main
scaffold of the prosthesis [11, 13].

Although various approaches to modifying VGs to
prevent their infection and thrombus formation have
been developed over the years, none of them has been
able to demonstrate any significant benefits [14—16].

Apart from the above challenges, if biodegradable
VGs are used as prostheses, there should be a clear un-
derstanding of the level of synchronization of remodeling
with biodegradation processes. There are already works
that have analyzed in detail the outcomes of long-term
implantation of biodegradable VGs using a large ani-
mal model [6, 8, 12, 17]. It has been demonstrated that
tissue-engineered vascular prostheses are replaced by
newly formed vascular tissue, becoming similar to au-
tologous vessels. This shows the ability of biodegrada-
ble prostheses to adaptive growth. Preclinical tests for
small-diameter biodegradable VGs on a large laborato-
ry animal model revealed that, despite all encouraging
developments and successful testing on a small animal
model, the main outcome was aneurysm formation due
to accelerated bioresorption of the main scaffold of the
vascular prosthesis [6, 17].

Therefore, creation of an external reinforced scaffold
would prevent aneurysm formation and other deforma-
tional changes in the prosthetic walls during its long-
term functioning in the vascular bed. Furthermore, the
use of drugs, for surface modification, that can prevent
both thrombosis and infection will make highly porous
tissue-engineered constructs developed for cardiovascu-
lar surgery more effective over the long run.

The aim of this study was to investigate the histologic
and genetic features of remodeling of tissue-engineered
SDVGs that were implanted into a sheep carotid artery
and included antithrombogenic and antimicrobial drug-
coated and reinforced external scaffolds.

MATERIALS AND METHODS

Fabrication of biodegradable vascular
prostheses

Small (4 mm) diameter VGs were fabricated by elec-
trospinning from 12% PCL (Sigma-Aldrich, USA) in
trichloromethane. Electrospinning was performed on a
Nanon-01A device (MECC, Japan) with the following
parameters: voltage at the end of the needle, 22 kV; po-
lymer solution feed rate, 0.5 ml/h; manifold rotation
speed, 200 rpm; distance from the needle to the winding
manifold, 150 mm; 22 G needle.
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Creation of an external reinforcement layer
of vascular prostheses

To prevent aneurysm formation on the outer surface
of VGs, a reinforcement spiral scaffold was created,
which was fabricated from PCL of molecular weight
90,000 Da (Sigma Aldrich, USA) using an original
machine consisting of a carriage with an extruder and
a rotating shaft, in the following mode: shaft rotation
speed, 1 rev/s; carriage speed, 1 mm/s; plastic feed rate,
0.5 mm/s (extruder nozzle 0.5 mm); fiber feed tempera-
ture, 160 °C [13].

Formation of drug coating on the surface
of vascular prostheses

The VG surface was modified with drugs to prevent
thrombosis and infection. In the first step, a hydrogel coa-
ting was formed from 10% PVP (PanReac AppliChem,
Spain) in 25% ethanol. Afterwards, the prostheses in
glass tubes filled with argon were irradiated with ionizing
radiation with a total absorbed dose of 15 kGy using
pulsed linear gas pedal ILU-10 with a beam of 5 MeV
50 kW (manufacturer — Budker Institute of Nuclear Phy-
sics, Russia). This procedure grafted PVP onto the PCL
surface through radiation-chemical crosslinking of poly-
mers. Radical centers appear on the PCL surface and in
the structure of the applied PVP layer because of ionizing
effect, which leads to three-dimensional crosslinking of
PVP and its binding to the surface of the polymer graft
[18]. Alongside with PVP grafting, the tubular prosthetic
scaffolds were sterilized.

At the second stage, using the method of complexati-
on with PVP, antiplatelet agent iloprost (Ilo, Berlimed Sa,
Spain) and cationic amphiphile 1,5-bis-(4-tetradecyl-1,4-
diazoniabicyclo [2.2.2]octan-1-yl) pentane tetrabromide
(A, Nanotech-s LLC, Novosibirsk), which has antimi-
crobial and antiviral properties, were introduced [5].

The quality of grafting was evaluated earlier by in-
frared spectroscopy, analyzing the attenuated total re-
flectance (ATR) spectra of the inner surface of modified
prostheses on a Bruker Vertex 80v instrument (Germany)
with an ATR attachment (Germany) in the spectral region
of 4000-5000 cm™ [19]. Studies have been conducted
previously to confirm the formation of PVP coating on
prosthetic surfaces and to assess the kinetics of drug
release from compounds connected by complexation to
the PVP layer [19].

Evaluation of physical and mechanical
properties of biodegradable vascular
prostheses

The physical and mechanical properties of PCL/PVP/
Ilo/A vascular grafts with an external reinforcing scaf-
fold were evaluated under uniaxial tensile conditions in
accordance with GOST 270-75. Similar grafts without
a reinforcing scaffold were used as a comparison group.
The tests were performed on a Z-series universal testing
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machine (Zwick/Roell, Germany), using a load cell with
50 N rated load with a permissible error limit of +1%;
a traverse lifting speed of 50 mm/min was used during
testing, at an ambient temperature of 37 °C, maintained
by a thermal chamber. The ultimate tensile strength of the
material was evaluated as the maximum uniaxial tensile
stress (MPa) before failure. The stress-strain properties
of the material were evaluated using Young’s modulus
(MPa). The obtained data were exported as the ratio of
relative elongation (mm) to stress (MPa) undergone by
the sample.

Implantation of biodegradable vascular
prostheses into a sheep carotid artery

The study was approved on June 10, 2020 by the local
ethics committee of the Research Institute for Complex
Issues of Cardiovascular Diseases via minutes No. 12.
The handling of animals complied with the requirements
of order No. 1179 of the USSR Ministry of Health dated
October 10, 1983, order No. 267 of the Russian Ministry
of Health dated June 19, 2003, “Rules for carrying out
works using experimental animals”, the principles of the
European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Pur-
poses (Strasbourg, 1986), the World Medical Association
Declaration of Helsinki on humane treatment of animals
(1996) and the Guide for the Care and Use of Laboratory
Animals (1996).

PCL/PVP/llo/A vascular grafts (n = 12) with an exter-
nal reinforcing scaffold were implanted into the carotid
artery of Edilbay sheep (also known as Edilbaev sheep)
using the “end-to-end” method according to the ‘1 ani-
mal — 1 prosthesis’ scheme. The diameter and length
of the prostheses were 4 mm and 40 mm, respectively.
Implantation period was 6 months. Implantation of grafts
and anesthetic therapy were carried out according to the
scheme given below.

Large laboratory animals were premedicated with
xylazine (Xylanite) 0.05-0.25 ml per 10 kg of animal
weight and were intramuscularly injected with 1 mg
of atropine. Injection anesthesia was performed with
5-7 mg propofol per 1 kg of animal weight, for 90 se-
conds, then atracurium besylate (Ridelat) was injec-
ted intravenously at a dosage of 0.5-0.6 mg per 1 kg
of animal weight. Tracheal intubation was performed
with a 9.0-diameter endotracheal tube. In the process
of manipulations on implantation of VGs into the sheep
carotid artery, anesthesia was maintained on sevoran
2—4 vol% and ridelat by continuous infusion at a rate
of 0.3-0.6 mg/kg/h. Alongside with that, the following
vital signs of the animal were monitored: blood pressure
(BP), heart rate (HR), and blood oxygen level (SpO,).
The following parameters were recorded during artificial
ventilation (ALV): respiratory rate (RR), 12—15/min;
positive end-expiratory pressure (PEEP), 7-9 mbar; re-
spiratory volume (RV), 6—8 ml/kg; fraction of inspired
oxygen (Fi0,); 40—-60%.

&9

To access the sheep carotid artery, intravenous sys-
temic heparinization was performed — 5000 units, with
carotid artery clamping. Then a 40 mm longitudinal in-
cision of the carotid artery was made. The VGs were
immediately implanted by separate knotted sutures using
Prolene 6/0 thread (Ethicon, USA). After the clamps
were removed from the carotid artery, the standard air
embolism prophylaxis protocol was followed with subse-
quent initiation of blood flow and suturing of the wound
with Vicril 2.0 thread (Ethicon, USA). At the conclusion
of the operation, the suture was treated with BF-6 glue,
subcutaneous injection of enoxaparin sodium at a con-
centration of 4000 anti-Xa [U/0.4 ml was performed and
the animal was extubated.

To assess the patency of the implanted prostheses,
Doppler ultrasound was performed using an M 7 Premi-
um apparatus (Mindray, China) on the following dates:
day 1, day 5, and at 1, 3 and 6 months.

Histological examination

The explanted VG samples were fixed in 10% buf-
fered formalin (BioVitrum, Russia) for 24 hours, then
dehydrated in 6 portions of IsoPrep (BioVitrum, Russia)
and impregnated with paraffin (3 portions) at 56 °C for
60 minutes in each portion. The impregnated samples
were embedded in refractory paraffin HISTOMICS (Bio-
Vitrum, Russia). From the obtained samples, 8 pm thick
slices were made using an HM 325 microtome (Thermo
Scientific, USA). Then they were dried in a thermostat
overnight at 37 °C, then dewaxed in 3 o-xylene portions
for 1-2 minutes each and dehydrated in 3 portions of
96% alcohol for 1-2 minutes each. The dewaxed slices
were then stained with hematoxylin-eosin, van Gieson,
and alizarin red S in accordance with previously esta-
blished staining protocols [19]. The resulting prepara-
tions of vascular graft slices were examined using light
and fluorescence microscopy on an AXIO Imager Al
microscope (Carl Zeiss, Germany) with x50 objective
lens magnification.

Immunofluorescence test

Explanted VGs were frozen at —140 °C for immu-
nofluorescence staining. Next, frozen samples were fixed
in Tissue-Tek cryo-medium (Sakura, Japan) and 8 pm
thick slices were made on a CryoStar NX50 cryostat
(Thermo Scientific, USA). Then indirect fluorescence
staining of the slices was performed using specific an-
tibodies to CD31, von Willebrand factor (vWF), alpha-
smooth muscle actin (a-SMA), collagen type III, IV
(Abcam, England). Cell nuclei were contrasted with
DAPI (Sigma, USA). Control samples were prepared
similarly to experimental samples, but 1% bovine serum
albumin was used instead of primary antibodies. The
preparations were encapsulated in ProLong mounting
medium (Life Technologies, USA) under a coverslip
and analyzed using a laser scanning microscope LSM
700 (Zeiss, Germany).
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Determination of mRNA level

To obtain endothelial lysate from explanted sections
of native arteries and patent VGs, the inner endothelial
layer was washed with lysing reagent TRIzol (Invitrogen,
USA). Samples were placed in TRIzol reagent followed
by homogenization (FastPrep-24 Instrument and Ly-
sing Matrix S, MP Biomedicals, USA). The quality and
quantity of isolated RNA was determined on a Qubit 4
instrument (Invitrogen, USA) by measuring the RNA
Integrity and Quality (RIQ) index using the Qubit RNA
1Q Assay Kit (Invitrogen, USA). Based on the isola-

ted RNA, cDNA was synthesized using High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific, USA). Gene expression was determined by quan-
titative PCR (qPCR) using BioMaster UDG HS-qPCR
Lo-ROX SYBR (2%) master mix (MHR033-2040, Bio-
labmix, Russia) and primers synthesized by Eurogen on
a CFX96 amplifier (BioRad, USA). Characteristics of the
genes included in the study are presented in Table 1. The
results of qPCR were normalized using three reference
genes ACTB, GAPDH, B2M according to available gui-
delines. Expression of the studied genes was calcula-

Table 1

Characteristics of primers

Gene Forward primer Reverse primer
ILIB 5’-TGCTGAAGGCTCTCCACCTC-3’ 5’-ACCCAAGGCCACAGGAATCTT-3’
IL6 5’-TGTCATGGAGTTGCAGAGCAGT-3’ 5’-CCAGCATGTCAGTGTGTGTGG-3’
IL10 5’-ATGCCACAGGCTGAGAACCA-3’ 5’-TCGCAGGGCAGAAAACGATG-3’
IL124 5’-GCAGAAGGCCAGACAAACCC-3’ 5’-TGGAAGCCAGGCAACTCTCA-3’
ILI12B 5’-AGAGCCTGCCCATTGAGGTC-3’ 5’-GGTTCTTGGGTGGGTCTGGT-3’
CXCR4 5’-CTGGAGAGCAAGCGGTTACCA-3’ 5’-ACAGTGGGCAGGAAGATCCG-3’
CXCLS 5’-CTTCCAAGCTGGCTGTTGCTC-3’ 5’-ATTTGGGGTGGAAAGGTGTGG-3’
IFNG 5’-TGAACGGCAGCTCTGAGAAAC-3’ 5’-TGGCGACAGGTCATTCATCA-3’
TNF 5’-CTTCTGCCTGCTGCACTTCG-3’ 5’-TGGCTACAACGTGGGCTACC-3’
ICAM1 5’-GTCACGGGGAACAGATTGTAGC-3’ 5’-TGAGTTCTTCACCCACAGGCT-3’
NOS3 5’-CTTCCGTGGTTGGGCAAAGG-3’ 5’-CGTTTCCAGCTCCGTTTGGG-3’
FGF?2 5’-AGAGCGACCCTCACATCAAACT-3’ 5’-TCAGTGCCACATACCAACTGGA-3’
VEGFA 5’-GCTTCTGCCGTCCCATTGAG-3’ 5’-ATGTGCTGGCTTTGGTGAGG-3’
TGFBI 5’-TGAGCCAGAGGCGGACTACT-3’ 5’-ACACAGGTTCAGGCACTGCT-3’
KDR 5’-ACAGAACCAAGTTAGCCCCATC-3’ 5’-TCGCTGGAGTACACAGTGGTG-3’
MMP2 5’-ACCCCGCTACGGTTTTCTCG-3’ 5’-ATGAGCCAGGAGCCCGTCTT-3’
NR2F?2 5’-GCAAGCGGTTTGGGACCTT-3’ 5’-GGACAGGTAGGAGTGGCAGTTG-3’
SNAI2 5’-ACCCTGGTTACTGCAAGGACA-3’ 5’-GAGCCCTCAGATTGGACCTG-3’
YAPI 5’-TGCTTCGGCAGGAATTAGCTCT-3’ 5’-GCTCATGCTCAGTCCGCTGT-3’
CXCLI 5’-AACATGCAGAGCGTGAAGGTG-3’ 5’-CGGGGTTGAGACACACTTCCT-3’
CDI14 5’-AATCAAGGCTCTGCGCGTTC-3’ 5’-CGTTGGGCCAGTTACCTCCA-3’
CD40LD 5’-ACTGAGAGCTGCAAACACCCA-3’ 5’-AAACACCGAAGCACCCTGTT-3’
CNN 5’-CCAACCACACGCAAGTGCAG-3’ 5’-TCCTGCTTCTCCGCGTATTTCA-3’
CTSB 5’-AGTGTGGGGACGGCTGTAAC-3’ 5’-AGGGAGGGATGGAGTACGGT-3’
CXCLI 5’-AACATGCAGAGCGTGAAGGTG-3’ 5’-CGGGGTTGAGACACACTTCCT-3’
CXCLI0 5’-AGTACCTTCAGTTGCAGCACCA-3’ 5’-TGGGCAGGATTGACTTGCAG-3’
EDNI 5’-GCGACAGTCCACAGGAAGAGA-3’ 5’-GGTTGTCCCAGGCTTTCTCC-3’
EDNRA 5’-AGGAACGGCAGCCTGAGAAT-3’ 5’-AGGGAACCAGCACAGAGCAA-3’
IL1A 5’-TGACCTGGAAGCCATTGCCA-3’ 5’-TGAGGGCGTCGTTCAGGATG-3’
L4 5’-GGCGTATCTACAGGAGCCACA-3’ 5’-ACTCGTCTTGGCTTCATTCACA-3’
IL18 5’-AGGAAGCTATTGAGCACAGGCAT-3’ 5’-CTGATTCCAGGTCTTCGCCAT-3’
KLF4 5’-AGGACGGCCACTCACACTTG-3’ 5’-ACTTCCACCCACAGCCATCC-3’
MIF 5’-TGCCGATGTTCGTGGTGAAC-3’ 5’-GGTCATGAGCTGGTCTGGGA-3’
SELE 5’-CACTGGACCCCAGCACTTACA-3’ 5’-GCTGATGGCTGCACAGGTTAC-3’
SELP 5’-TTCCACTGCGCTGAAGGGTA-3’ 5’-TGGACTGGTGCTGGAATGCT-3’
PAI 5’-GCAGTGGCAGCAGGAACAAA-3 5’-TGGTGCTGGTAGGAGGCAGA-3’
SMAD4 5’-TCTGGAGGAGATCGCTTTTGCT-3’ 5’-TTCCAACTGCACACCTTTGCC-3’
B2M 5’-CCTTCTGTCCCACGCTGAGT-3’ 5’-TGGTGCTGCTTAGAGGTCTCG-3’
ACTB 5’-AGCAAGAGAGGCATCCTGACC-3’ 5’-GGCAGGGGTGTTGAAGGTCT-3’
GAPDH 5’-TGGTGAAGGTCGGAGTGAACG-3’ 5’-AGGGGTCATTGATGGCAACG-3’
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ted using the 27**“ method and expressed as a multiple

change relative to native carotid arteries.

RESULTS

Physical and mechanical properties
of prostheses

A comparative evaluation of physical and mecha-
nical properties of the PCL/PVP/Ilo/A vascular grafts
was carried out before and after formation of an outer
reinforcing layer in longitudinal and transverse direc-
tions. Indices obtained in the longitudinal direction were
also compared with similar indices of the sheep carotid
artery. It has been proved that the formation of a rein-
forcing layer in the form of a polycaprolactone spiral
on the outer surface of PCL/PVP/llo/A grafts helped to
increase the strength of VGs in longitudinal and trans-
verse directions, but at the same time the stiffness of
grafts in transverse direction increased 2 times, which
is an undesirable moment for such products (Table 2).
Nevertheless, the critical difference between polymeric
VGs and the parameters of the sheep carotid artery was
only in Young’s modulus, which in PCL/PVP/Iloo/A
vascular grafts with and without a reinforcing external
spiral exceeded the Young’s modulus values of the sheep
carotid artery (in the longitudinal direction) by 13.3 and
17.4 times, respectively, p < 0.05.

In our previous studies, it was shown that in contrast
to unmodified PCL-based VGs, the spectrum of modi-
fied PVP-based grafts contained a band at 1654 cm™
corresponding to the -CONH, group of the pyrrolidine
ring, which confirms PVP grafting onto the surface of
vascular prosthesis [19].

The kinetics of drug release combined with comple-
xation with grafted PVP provided indirect proof of the
stability of PVP grafted to the surface upon its interaction
with the aqueous phase. In particular, iloprost has been
shown to be able to be released into phosphate-buffered
saline within three months. Cationic amphiphile in the
form of phosphate salt of molecular ion C41H84Br3N4+
was also co-preserved on the surface of prostheses incu-

bated for 3 months in phosphate-buffered saline [19]. At
the same time, cationic amphiphile was determined un-

changed on the surface of prostheses stored for 6 months
at —20 °C [19].

Results of implantation
of PCL/PVP/llo/A prostheses

The original protocol of layer-by-layer fusion method
used to form the PCL external reinforcement scaffold
prevented the vascular graft’s visual and surgical pro-
perties from deteriorating. As shown in Fig. 1, a, the
surrounding polymer fiber did not deform the product
wall and did not peel off from it, allowing the outermost
reinforcing threads to be captured in a continuous mi-
crosurgical suture during prosthesis implantation into
the sheep carotid artery using the end-to-end method.
This ensured the robustness of the “prosthesis + artery”
complex and prevented the reinforcing scaffold from
peeling off the base of the product (Fig. 1, b).

Ultrasound results

According to ultrasound results, 100% patency was
noted on days 1 and 5 after implantation of PCL/PVP/
Ilo/A grafts. Blood flow velocity during this period ran-
ged from 120.35 cm/s to 153.43 cm/s. At 1 month af-
ter implantation, patency was 83.3%, but by the third
month, it decreased to 50.0% with this figure remaining
after 6 months of implantation, until the 6-month follow-
up deadline. Ultrasound did not reveal any aneurysm
formation and stenosis in the prosthetic walls, neither
did it detect any detachment of the external reinforcing
scaffold (Fig. 2).

Results of the study of explanted vascular
prostheses

Upon examining the implanted prosthesis site after
6 months of the experiment, it was observed that each of
them had developed a moderately vascularized connec-
tive tissue capsule that clearly showed an intact exterior
PCL scaffold. There were no stenoses, aneurysms, or any

Table 2

Mechanical properties of PCL/PVP/Ilo/A tubular polymeric scaffolds before and after creation
of an outer reinforcing layer (longitudinal and transverse direction)

n Stress (MPa) | Relative elongation (%) | Young’s modulus (MPa)
Longitudinal direction (Me (25-75%))
PCL/PVP/llo/A 6 | 0.98(0.79-1.13) | 285.0 (166.2-392.9)** 8.54 (6.04—15.87)**
PCL/PVP/Ilo/A with an outer reinforcing layer | 6 | 1.35 (1.29-1.39)* | 201.2 (128.1-232.3)* 6.5 (5.54-11.09)**
Sheep carotid artery 1.2 (1.06-1.9) 158.5 126.0-169.5) 0.49 (0.39-0.66)
Transverse direction (Me (25-75%))

PCL/PVP/llo/A 6 | 1.24 (1.13-1.31) | 28.43 (20.64-38.45) 9.62 (8.84-10.49)
PCL/PVP/Ilo/A with an outer reinforcing layer | 6 | 2.43 (2.2-2.87)* | 30.83 (28.66—34.60) 20.62 (17.58-23.04)*

Note: *, p < 0.05 relative to PCL/PVP/Ilo/A vascular grafts with no outer reinforcing layer; **, p < 0.05 relative to sheep

carotid artery (longitudinal direction).
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significant prosthetic deformities found. There were no
foci of inflammation (Fig. 3).

Based on the outcomes of explantation and further
transverse dissection of the PCL/PVP/Ilo/A grafts, it was
determined that 50% of the explanted prosthesis had no
thrombus in the lumen. Occluded prostheses contained
grayish thrombus over the entire area and length of the
product (Fig. 3, b). Patent prostheses were elastic, no

parietal thrombi were found, and the anastomoses were a
smooth connection between the prosthesis and the artery,
maintaining the blood vessel diameter (Fig. 3, c). After
six months of functioning as a component of the vascular
bed, visually patent prostheses matched the native sheep
artery: the middle of the prosthesis and the “prosthesis +
artery” complex maintained a round vascular lumen;

Fig. 1. PCL/PVP/llo/A vascular graft. a, prosthesis stereomicroscopy with an anti-aneurysmal scaffold, magnification 10%; b,

prosthesis implanted in a sheep carotid artery

Fig. 2. Results of ultrasound monitoring of the patency of PCL/PVP/Ilo/A vascular grafts at different periods of implantation
in a sheep carotid artery. Patent grafts: a, 5 days; b, 6 months. Thrombosed grafts: ¢, 5 days; d, 6 months
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the thickness of the remodeled wall of the product was
comparable to that of the artery wall (Fig. 3, c, d).

Results of histological examination

Based on the results of histological study of patent
PCL/PVP/llo/A vascular grafts after 6 months of im-
plantation into a sheep carotid artery, it was revealed that
the tubular polymer base of the product almost comple-
tely biodegraded with the formation of newly formed
three-layer vascular tissue on its base (Fig. 4). The newly
created vascular wall consisted of a neointima with a
thickness of 81 to 146 um, neomedia with a thickness
of 198 to 232 um, and neoadventitia with a thickness
of 144 to 217 pm. In the combined measurements, the
wall of the remodeled vessel was 423 to 595 pum, which
is comparable to thickness values for native sheep caro-
tid artery (320 to 430 um). On the side of the vascular
lumen, the neointima was covered by a monolayer of
elongated endothelium-like cells. The structural basis of
neomedia was represented by cells similar in morpholo-
gy to smooth muscle cells (see Fig. 4). The cell clusters
were framed by collagen fibers. Scattered small clusters
of structureless polymeric masses surrounded by single
multinucleated foreign body giant cells, macrophages

and fibroblast-like cells were also found in this layer.
Vasa vasorum was predominantly detected along the
border with the neoadventitia. The latter was the outer
layer of the newly formed tissue, which resembled the
structure of sheep artery adventitia and was formed by
collagen bundles with partial filling with fibroblast-like
and multinucleated giant cells (see Fig. 4). There were
no signs of inflammation and calcification of the wall of
the patent prosthesis.

The polymer base of the thrombosed PCL/PVP/Ilo/A
grafts was also almost completely degraded 6 months
after implantation without calcium deposits and inflamm-
atory infiltration. These prostheses were distinguished
by the presence of a thickened vascularized connective
tissue capsule (see Fig. 4).

It is important to note the high preservation of the
external wraparound scaffold in both occluded and patent
prostheses: non-fibered round-shaped PCL filaments,
surrounded by a collagen capsule without signs of cal-

cification, were visualized in the transverse projection
(see Fig. 4).
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Fig. 3. Macrophotograph of explanted PCL/PVP/llo/A vascular grafts: a, macrophotograph of a PCL/PVP/Ilo/A graft at the
moment of explantation; b, thrombosed graft; c, patent graft; d, intact sheep carotid artery
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Immunofluorescence test results

The results of immunofluorescence study of explan-
ted patent PCL/PVP/Ilo/A prostheses are consistent with
those of histological study, confirming the formation of a
continuous endothelial layer on the inner surface of the
prosthesis (Fig. 5). The functionality of endothelial cells
was demonstrated by the presence of vWF. A neointima
of typical structure was formed on the graft wall, which
consisted of a-SMA-positive cells and contained types
IIT and IV collagens. A large amount of collagen types
IIT and I'V was also detected in the subendothelial layer.
The prosthesis wall was actively populated with cells.
Small complexes of CD31", a-actin’, and vWF" cells
were present in the wall thickness, which may indicate
the formation of capillaries in the prosthesis wall. Also,
large amounts of type III and IV collagens were found
in the prosthesis wall (see Fig. 5).

Results of gene expression profiling

A comparative analysis of mRNA levels in the endo-
thelial lysate and homogenate of patent remodeled PCL/
PVP/llo/A grafts after 6 months of implantation showed
that the newly formed vascular tissue at the site of the
biodegradable vascular graft had differences from the ge-
netic characteristics of native sheep carotid artery tissue.
Genes found in the endothelial lysate were categorized
into three groups according to the level of changes in
expression: increased level (/L6 (4.93-fold), TNFA (5.52-
fold), CTSB (2.40-fold), SMAD4 (2.63-fold)); decreased
level ICAM1, FGF2, TGFB, MIF1, IL18, CNN, CXCLI,
CXCL10, IL4, SELP, KLF4); unchanged level (IL1B,
IL10,ILS, IL124, VEGFE, CXCR4, NR2F2, SNAI2, YAPI,
KDR, MMP2, CD14, CD40L, EDN, PAI, SELE).

For newly formed tissue, overexpression of the fol-
lowing genes in the homogenate was noted: 7L70 (2.83-

Sheep carotid artery

Y

: -
P
S i

W

H&E stain

Van Gieson s stain

Alizarin Red S stain

Fig. 4. Results of histological examination of explanted samples of PCL/PVP/Ilo/A vascular grafts at 6 months of implantati-
on: solid arrow, PCL-strands of reinforced scaffold; dotted arrow, vasa vasorum. Scale bar 500 um
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fold), CXCL 8 (4.56-fold), TNF (17.95-fold), CXCR4
(13.42-fold), TGFB (6.06-fold), and CTSB (2.05-fold).
Decreased mRNA levels compared to native sheep ca-
rotid artery tissue were noted for the following genes:
IL6, VEGF, NR2F2, SNAI2, ICAM1, YAPI, FGF2, MIF I,
IL18, CD14, CD40L, EDN, EDN, IL4, SELE, SELP,
SMAD4, KLF4, EDNRA (Table 3).

Remodeling of patent PCL/PVP/Ilo/A grafts over
6 months of implantation was characterized by expres-
sion of genes with significant changes in mRNA levels,
which are key markers from the position of endotheli-
al biology processes such as inflammation (/L6, IL4,
CXCLS, IL10, TNFa, CD40L, CXCLI, CXCL10, MIF1),
endothelial to mesenchymal transition (SNAI2), endo-
thelial differentiation (VEGF) and endothelial mecha-
notransduction (YAPI, KLF4), and leukocyte adhesion
(SELE, SELP). 1t is worth noting that some important
tissue remodeling markers were also associated with pro-
nounced changes in mRNA levels: intercellular adhesion
molecule (/CAM), smooth muscle cell marker (CNN),
TGFb signaling pathway molecule (SMAD4, TGFb), and
fibroblast growth factor (FGF?2); (see Table 3).

DISCUSSION

High clinical demand is directing research efforts to-
wards development of alternative small-caliber vascular
shunts. The design of such artificial functionally active
vascular prostheses should be based on the characteristics
of the target native blood vessels in terms of implantation

vWF DAPI CD31 a-actin DAPI

a lumen

-

neointima neointima

b prosthesis wall prosthesis wall

# neointima

# neointima

locus. The design of such a product should support the
required blood flow, withstanding blood current pressure
without experiencing mechanical damage. In addition,
the structure of the inner surface of the prosthesis must
prevent thrombus formation. Many functions of blood
vessels are conditioned by structural components of dif-
ferent vascular layers at the biomolecular level. There-
fore, it is necessary to ensure proper remodeling of the
artificial scaffold of the vascular graft to fully reproduce
the vascular tissue on its basis. Particular attention should
be directed towards solving the problem of microbial
contamination of the porous structure of a vascular graft.
So, inclusion of an effective local antibacterial agent is
necessary to prevent infection.

Formation of anti-aneurysmatic protection on the
outer surface of polycaprolactone VGs contributed to
higher prosthesis strength in longitudinal and transverse
directions but caused a twofold increase in stiffness in
the transverse direction, which is a standard but an un-
desirable moment for polymeric products.

The results of our own study of PCL/PVP/Ilo/A va-
scular grafts with antimicrobial coating and external
reinforcing spiral implanted into a sheep carotid artery
demonstrated 50% patency 6 months after implantation.
When explanted, these prostheses were visually similar
to the native sheep artery; There were no aneurysmes,
inflammation or other deformities. The exterior PCL
spiral was highly preserved, indicating that its scaffol-
ding function to prevent aneurysm formation at even

Collagen II1 DAPI

lumen

Collagen IV DAPI

lumen

neointima

prosthesis wall

Pl

neointima

Fig. 5. Confocal microscopy of PCL/PVP/Ilo/A vascular grafts with anti-aneurysmal winding at 6 months of implantation:
staining with specific fluorescent antibodies for von Willebrand factor (vWF, green), CD31 (endothelial cells, green), a-actin
of smooth muscle cells (a-actin, red), collagen type III (green), collagen type IV (green). Cell nuclei were contrasted with
DAPI (blue); a, prosthesis neointima and lumen; b, prosthesis wall. Scale bar 50 pm
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longer implantation durations was successfully fulfilled.
After implanting a nanocomposite vascular graft into a
sheep carotid artery for 9 months, Ahmed et al. observed
similar outcomes in terms of patency and development
of prosthetic wall failure [20].

We were able to determine the features of the sur-
rounding tissues and the degree to which the wall of
the patent VGs had been successfully remodeled using
histological methods. The explanted specimens had a
neointima on their inner surface, which was covered in a
continuous layer of mature, functionally active endothe-
lial cells. Collagen fibers, smooth muscle-like cells, and
vasa vasorum made up the middle layer. Neoadventitia
was a representation of the outer layer. The newly formed
tissue showed no signs of inflammation and calcification.
These prostheses had morphological synchronization
of the processes of biodegradation and remodeling of
their wall.

Despite structural similarity between the newly for-
med vascular and native tissue, which was revealed by
histological and immunofluorescent staining, a compa-
rative analysis of gene expression profile showed some
differences in their genetic profile. The CNN gene, which
encodes the calponin protein and is a marker of smooth
muscle cells, is of particular note in the results obtai-
ned. We found a significant decrease in gene expression
for this gene in the neointima of remodeled prostheses,
which is consistent with the proteomic profiling data
we had previously obtained [19]. Furthermore, there
was elevated expression of the CTSB gene encoding the
lysosomal protein cathepsin B, in both endothelium ly-
sate and homogenate. This finding could suggest chronic
inflammation [21].

The process of reticulo-histiocytic cells biodegrading
the polymer scaffold may be linked to an increase in in-
flammatory transcripts (TNFa) and transforming growth
factor (TGFb) in homogenates of remodeled grafts. This

Table 3

Multiplicity of gene expression changes in endothelial lysate and homogenate of patent vascular grafts
relative to intact sheep carotid arteries

Gene Encoded protein Homogenate Endothelial cell lysate
ILIB Interleukin-1 beta 0.58 0.65
1L4 Interleukin-4 0.11 0.37
IL6 Interleukin-6 0.27 4.93
IL10 Interleukin-10 2.83 0.71
CXCLS Interleukin-8 4.56 1.99
1L124 Interleukin-12A 0.97 1.57
IL18 Interleukin-18 0.2 0.5
TNF Tumor necrosis factor 17.95 5.52
CXCLI Growth-regulated alpha protein 0.88 0.06
CXCLI10 C-X-C motif chemokine 0.08 0.16
VEGF Vascular endothelial growth factor A 0.27 1.17
CXCR4 C-X-C chemokine receptor type 4 13.42 1.41
NR2F2 Nuclear receptor subfamily 2 group F member 2 0.14 0.75
SNAI2 Snai2 0.22 1.71
1CAM1 Intercellular adhesion molecule 1 0.36 0.35
YAPI Yes-associated protein 1 0.005 0.68
KDR Vascular endothelial growth factor receptor 2 0.84 1.06
FGF2 Fibroblast growth factor 2 0.014 0.18
MMP?2 Matrix metallopeptidase 2 1.71 1.82
TGFB Transforming growth factor beta-1 6.06 0.45
MIF1 Macrophage migration inhibitory factor 0.43 0.27
CTSB Cathepsin B 2.05 2.40
CD14 Monocyte differentiation antigen CD14 0.41 1.35
CD40L CD40 ligand 0.21 1.24
CNN Calponin-1 0.03 0.42
EDNI Endothelin-1 0.24 1.12
PAII Plasminogen activator inhibitor type 1 0.56 0.64
SELE Selectin E 0.33 0.55
SELP P-selectin 0.45 0.29
SMAD4 Mothers against decapentaplegic homolog 4 0.30 2.63
KLF4 Krueppel-like factor 4 0.40 0.09
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is a known mechanism for resorption of biodegradable
polymers. In addition, it is important to acknowledge the
significant decrease in SNAI2 gene expression. This gene
encodes a particular transcription factor that guarantees
a modification in endothelial phenotype.

CONCLUSION

After being implanted into a sheep’s carotid artery for
six months, tissue-engineered SDVGs with an antithrom-
bogenic drug-coated and reinforced external scaffold
showed harmonious remodeling of the graft wall. Given
that the newly formed vascular tissue was created enti-
rely from scratch using an artificial matrix, the genetic
discrepancies between it and the native one should not
be surprising. This histological similarity indicates that
the resulting graft wall remodeling rate is appropriate
for the developed product to successfully function as
part of the bloodstream. To enhance thromboresistance,
more research is needed to improve the inner surface of
the vascular graft.

The study was performed within the framework of
the fundamental theme (No 0419-2022-0001) of the Re-
search Institute for Complex Issues of Cardiovascular
Diseases — “Molecular, Cellular and Biomechanical Me-
chanisms of the Pathogenesis of Cardiovascular Disea-
ses in the Development of New Methods of Treatment of
Cardiovascular Diseases based on personalized pharma-
cotherapy, introduction of Minimally Invasive Medical
Devices, Biomaterials and Tissue-Engineered Implants”.

The authors declare no conflict of interest.
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OBTAINING A MOUSE MODEL OF STREPTOZOTOCIN-INDUCED
TYPE 1 DIABETES MELLITUS
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Objective: to obtain a stable mouse model of type 1 diabetes mellitus (T1DM) using streptozotocin (STZ), which
has a toxic effect on pancreatic beta cells. Materials and methods. Experiments were performed on 30 white
non-diabetic male mice of the SHK colony, which were injected intraperitoneally with STZ at a dose of 200 mg/
kg by two methods: 15 animals (group 1) once and 15 animals (group 2) intermittently — 5 consecutive days at
40 mg/kg per day. Results. In group 1, one mouse died after 2 days due to hypoglycemic coma, 4 mice developed
hyperosmolar hyperglycemia (>33.3 mmol/l), 3 mice had spontaneous remission of diabetes, and 7 mice had sta-
bilized hyperglycemia at levels close to 20 mmol/l. In group 2, only one mouse showed spontaneous remission of
diabetes, while the remaining 14 animals showed stable diabetes with average hyperglycemia levels moderately
above 20 mmol/L until the end of the 4-week follow-up. A histological study of the pancreas of these animals con-
firmed the destructive effect of STZ on islets in the form of mass death of insulin-producing p-cells. Conclusion.
Split-dose intraperitoneal injection of STZ provides a stable experimental TIDM in 93% of laboratory mice.

Keywords: diabetes mellitus, streptozotocin, glycemia.

INTRODUCTION

Diabetes mellitus (DM) remains one of the major
challenges of modern medicine and public health due
to its high prevalence and steadily increasing incidence.
Inadequate prevention and treatment of specific compli-
cations leads to reduced work capacity and to premature
death among patients with DM. Therefore, development
of new, more effective approaches to antidiabetic treat-
ment is highly important. New DM therapies should
typically undergo a required cycle of preclinical trials,
primarily laboratory animal experiments. In this regard,
the use of laboratory models that are adequate for DM in
humans becomes crucial. At the same time, it is essential
to determine the etiopathogenetically appropriate type
of diabetes — type 1 diabetes (T1DM) or type 2 diabetes
(T2DM) — for a given experimental model [1-3]. The
most commonly used diabetic models are mice and rats.

T1DM in mice can be broadly divided into two main
types: spontaneous and induced. A characteristic examp-
le of spontaneous TI1DM is its experimental model in
non-obese diabetic (NOD) mice [4]. About 1 month af-
ter birth, signs of pancreatic islet inflammation occur
in these animals. This is accompanied by destruction
of pancreatic insulin-producing beta cells. Such a de-
structive process happens most intensively at the age
of 11-14 weeks against the background of infiltration
of the pancreatic islets by immune cells. Mass death of

beta cells leads to absolute insulin deficiency and for-
mation of a characteristic diabetic syndrome. However,
the use of this model, as well as other mice with spon-
taneous T1DM, has shown to be inadequate, as many
drugs successfully used in NOD mice were ineffective
in clinical trials. Since achieving stable diabetes in mice
with spontaneous B-cell destruction is often impossible to
guarantee, extrapolation of antidiabetic treatment results
using such experimental DM models in the preparation
of clinical trials is problematic [5-8].

Since insulin insufficiency is a hallmark of TIDM,
it can be achieved experimentally by administering
chemicals that kill beta cells. With the development of
different protocols for injection of beta-cytotoxic drugs,
it is possible to obtain T1DM models that meet the cri-
teria for the experimental studies performed. The most
widely used agent that can induce B-cell destruction is
streptozotocin (STZ).

STZ was originally isolated from actinobacteria
Streptomyces achromogenes in 1960 as an antibiotic
with a putative antitumor effect. In preclinical tests in
laboratory animals, the diabetogenic property of STZ
was discovered and described in 1963 [9]. In subsequent
years, it was shown [10] that the occurrence of a charac-
teristic diabetes after STZ injection is due to selective
destruction of pancreatic beta cells and development
of absolute insulin deficiency, characteristic of insulin-
dependent (type I) DM in humans. This finding has been
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successfully used in the development of experimental
models of DM using STZ, primarily in rats and mice,
which have natural endurance and good tolerance to even
severe diabetes. An argument in favor of the induced
DM model (in addition to STZ, alloxan, a mesoxalic
acid ureide, is sometimes used, but it is less cytospecific
and more toxic), compared with expensive races of rats
and mice with spontaneous DM, is its much lower cost,
especially since these drugs can be successfully admi-
nistered even to outbred animals.

In our earlier article [11], we outlined two basic
protocols for creating an STZ model of stable DM in
laboratory rats. STZ was administered by a simple and
safe method — intraperitoneal — which is not inferior to
intravenous injection in terms of diabetogenic efficacy
[12]. It was shown that a single injection of STZ at a dose
of 70 mg per 1 kg body weight in Wistar rats produced a
mixed diabetogenic effect, ranging from a slight increase
and spontaneous reversal of hyperglycemia to a very
high level of hyperglycemia and the death of some rats.
Moreover, split-dose injection of STZ in the same dose
(70 mg/kg) but divided into 5 consecutive days (14 mg/
kg each), did not lead to animal death and there were al-
most no cases of spontaneous reversion of experimental
DM, ensuring its stable course.

For several reasons (lower cost of animals, including
their maintenance, saving diabetogenic drug and tested
antidiabetic agent, etc.) it is reasonable to use laboratory
mice as a diabetic model. In this regard, we decided to
determine the STZ administration regimen that would
ensure stable diabetes in these animals, considering the
experience of obtaining experimental DM in rats, but
using an STZ dose that is more accepted when dealing
with mice (200 mg/kg) [13].

MATERIALS AND METHODS

Experiments were performed on 30 SHK white non-
diabetic male mice with an initial weight of 25-30 g. The
animals were obtained from a specialized nursery at the
Research Center for Biomedical Technologies, Federal
Biomedical Agency (Russia).

All animal manipulations were performed in com-
pliance with the bioethical principles approved by the
European Convention for the Protection of Vertebrate
Animals Used for Experimental and other Scientific
Purposes, 2005 and in accordance with the Rules of La-
boratory Practice (Order 7080 approved by the Russian
Ministry of Health, dated August 23, 2010.

STZ from Sigma (USA) was used as a diabetogenic
agent. The agent was dissolved ex tempore in saline
and injected in the animals intraperitoneally at the rate
of 200 mg per 1 kg body weight by two methods: as a
single injection in 15 mice (group 1) and intermittently
in the remaining 15 mice, for five consecutive days, at
a dose of 40 mg/kg each day (group 2). Glycemia in

mice was determined at 12:00-12:30 noon in fasting
capillary blood using test strips by Accu-Chek Performa
glucometer (Roche), measuring range 0.6—33.3 mmol/L.
To assess the nature and degree of morphological lesion
of'islets by STZ, we performed histological examination
of the pancreas of mice with DM euthanized at the end
of the experiment, as well as intact animals (control).
Paraffin blocks were prepared from formalin-fixed pan-
creatic tissue samples, and 4-5 pm thick sections were
stained with hematoxylin and eosin, and immunohisto-
chemically for insulin and glucagon to detect islet beta
cells and alpha cells.

Statistical data processing was performed using Mi-
crosoft Excel (2016) software. Descriptive statistics
indicators — number of observations, arithmetic mean
and standard deviation — were calculated. Student’s t-
test was used to determine the statistical significance of
differences between means. Differences were considered
statistically significant if significance level p did not
exceed 0.05.

RESULTS AND DISCUSSION

The first visible signs of change in condition among
the majority of the experimental animals were noted
after 3—4 days of follow-up: thirst (increased volume of
water intake) and polyuria appeared. In both groups, dia-
betes was confirmed by determination of hyperglycemia
(Fig. 1); however, its magnitude and dynamics differed
significantly depending on how STZ was administered —
once or intermittently.

In group 1 (single injection at a dose of 200 mg/kg),
one mouse died on day 2, apparently from hypoglycemic
coma (glycemia of 1.3 mmol/L). Four of the remaining
14 mice had a rise in blood glucose, from moderate to
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Fig. 1. Changes in glycemia after single and split-dose in-
jection of streptozotocin in non-diabetic mice over a 4-week
follow-up period
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hyperosmolar hyperglycemia (>33.3 mmol/L) within
1-2 weeks. Three of them had a moderate rise in gly-
cemia in the first 2 weeks after STZ injection (up to
12.8-17.9 mmol/L, mean 15.3 mmol/L); in the next
2 weeks, it spontaneously mean to subnormal (not fas-
ting) levels, and by the end of follow-up it ranged from
8.9 to 12.8 mmol/L (average 11.0 mmol/L). In the re-
maining 7 group 1 mice, hyperglycemia was quite severe
and persistent, ranging from 19.1 to 24.8 mmol/L (mean
22.3 mmol/L) at the end of follow-up.

So, 1 out of 15 experimental mice had fatal hypo-
glycemia following a single (200 mg/kg) intraperitoneal
injection of STZ. The most likely explanation of this
was the massive amounts of insulin released into the
bloodstream following the mass death of islet beta cells
as a result of the cytotoxic action of STZ. The remaining
14 mice also experienced hyperglycemia, but its height
and dynamics of changes were ambiguous, and their
features made it possible to identify three variants of
STZ-induced DM after a single STZ injection. The first
of them can be attributed to the maximum diabetogenic
effect noted in 4 animals, where hyperglycemia reached
an exceedingly elevated level (>33.3 mmol/l), which
persisted practically until the end of a 4-week follow-up.

At the same time, the animals’ overall health was not
terrible, confirming that mice can tolerate induced DM
relatively well, even in cases where very high glycemia
is reached. However, the use of animals with prohibitive
levels of hyperglycemia is hardly advisable because this
makes it impossible to accurately assess the dynamics
of glycemic changes during studies of a specific sugar-
lowering medication.

The second variant of the course of STZ-induced
DM can be attributed to changes in glycemia in 3 other
mice. Following a period of moderate hyperglycemia,
there was a gradual but significant drop in blood sugar
levels, accompanied by disappearance of severe clinical

Hyperosmolar
hyperglycemic state
29%

Spontaneous
remission
of hyperglycemia
21%

Fig. 2. Different degrees and dynamics of hyperglycemia in
mice after a single intraperitoneal injection of streptozotocin
at a dose of 200 mg/kg

signs of diabetes. This may be considered a spontane-
ous reversion of T1DM which appears to have occurred
because the animals’ pancreatic B-cells are not sensitive
enough to the toxic effect of STZ.

In the remaining 7 mice from group 1, fairly seve-
re hyperglycemia was stable and most often exceeded
20 mmol/L. The proportion of these variants of hyper-
glycemia dynamics in mice from this group was 29%,
21%, and 50%, respectively (Fig. 2).

Significantly more favorable results were obtained in
group 2 mice, where STZ was injected into the perito-
neal cavity also at 200 mg/kg, but in small equal doses
(40 mg/kg/day) for 5 consecutive days.

Firstly, there was no case of animal death, which can
be primarily down to exclusion of hypoglycemic coma
due to split-dose administration of less toxic doses of
STZ. For the same reason, there was no rise in glyce-
mia to an ultra-high level. Secondly, only in one case
was there a tendency to spontaneous reversal of hyper-
glycemia, most likely due to individual low sensitivity
of pancreatic B-cells in this animal to STZ. Finally, an
overwhelming number of mice in group 2 (14 out of 15)
showed chronic hyperglycemia, which most often excee-
ded 20 mmol/L, but did not reach a very high level, aver-
aging 23.4 mmol/L at the end of follow-up. Such stability
of diabetes in split-dose STZ injection is quite probably
facilitated by the development of an autoimmune process
in the pancreatic islets of the experimental mice, leading
to irreversible death of beta cells; this process has been
identified by several researchers [7, 8, 10, 12, 13].

Thus, in 14 of the 15 experimental mice, or 93% of
the cases, split-dose STZ stabilized experimental T1DM
without causing extreme elevations in hyperglycemia;
just one mouse had a spontaneous reversion of its dia-
betic status (Fig. 3).

Upon completion of the experiments, histological
examinations of the experimental animals’ pancreas de-

Spontaneous
remission
of hyperglycemia
7%

Stable
hyperglycemia
93%

Fig. 3. Different degrees and dynamics of hyperglycemia in
laboratory mice after split-dose intraperitoneal injection of
streptozotocin at a total dose of 200 mg/kg
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monstrated some structural alterations typical of STZ-in-
duced T1DM. When compared to the morphologic image
of the pancreas of intact nondiabetic mice (Fig. 4, a, 5),
the destructive changes in the islets (Fig. 4, b, 6) were
particularly noticeable in group 2 rats with stable diabe-
tes. At the same time, almost all insulin-producing islet
beta cells died after split-dose STZ injection (Fig. 6, a),
while glucagon-producing alpha cells were not exposed
to toxic effects and remained in the form of compact
groups (Fig. 6, b), as if filling the vacant spaces occupied
by B-cells earlier. Preservation of a-cells in STZ-induced
DM mice has also been reported in a number of relevant
studies [12, 13].

CONCLUSION

Both single and split-dose injections of STZ can
stabilize a TIDM model in mice. However, split-dose
injection is considerably more rational. Although after a

single intraperitoneal STZ injection at a dose of 200 mg/
kg, the proportion of mice with marked hyperglycemia
was quite high (78.6%), but a significant proportion of
them (28.6%) had unacceptably high (>33.3 mmol/L)
blood glucose levels. At the same time, 21.4% of animals
in this group showed signs of spontaneous reversion of
diabetes. After a 4-week follow-up of group 1 mice, only
half of them could be selected as experimental animals
with experimental DM.

Since no experimental animals died and a significant-
ly higher proportion of them had stable experimental
T1DM in the absence of excessive hyperglycemia, the
induction of TIDM by split-dose STZ injection should
be viewed as more significant. The number of cases of
spontaneous reversion of diabetic status was negligible.
This type of STZ-induced DM is the one that can be
suggested for use in an objective assessment of the out-

Fig. 4. Morphological pictures. a, islets in the pancreas of an intact non-diabetic mouse; b, pancreas of a mouse with strepto-
zotocin-induced T1DM — severe destruction of islets. H&E stain. Scale bar, 200 pm
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Fig. 6. Pancreas of a mouse with streptozotocin-induced TIDM. a, no beta cells in the islet. immunohistochemical staining for
insulin; b, compactly located alpha cells in the islet. Immunohistochemical staining for glucagon. Scale bar, 200 pm

comes of various islet cell transplantation choices and
other antidiabetic treatment methods.
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EFFECT OF THE DELIVERY ROUTE AND DOSE OF MULTIPOTENT
MESENCHYMAL STEM CELLS ON THE EFFICACY OF CELL
THERAPY (REVIEW)
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Multipotent mesenchymal stem cells (MMSCs) are known to be excellent therapeutic agents. Apart from their
ability to differentiate into various cell types, and thus participate in the repair of injured tissues and organs, they
can influence the regeneration process through secretion of paracrine factors. Thus, MMSC therapy represents a
special type of medical intervention that has both a systemic range of therapeutic efficacy and local activity on
individual sites of an organ. Over the past decades, MMSC therapy has continuously been in a cautious transiti-
on from research development to clinically approved therapies. Clinical trial data has shown that this therapy is
rarely associated with severe adverse events, is well tolerated and quite safe in the short-term period. However, it
has a number of limitations for use, mainly due to the risk of malignant transformation. The success of stem cell
transplantation in the treatment of various diseases has been confirmed both in preclinical studies and in clinical
practice. The main issues that arise when assessing the therapeutic efficacy of MMSC-associated therapy are the
type of cells (adipogenic, bone marrow, etc.), delivery route, number of cells injected, and the optimal number of
injections. There is a growing body of experimental and clinical evidence suggesting that both an adequate deli-
very route and an adequate dose can increase the likelihood of success of MMSC-associated. Each cell delivery
route has costs and benefits. However, there is generally contradictory evidence on the comparative efficacy of
different cell delivery routes. The optimal dose of transplanted cells is also debated, as high MMSC doses may
increase the risks of complications and may not have the proper effect both when administered systemically and
locally. These aspects require further systematization of available data to maximize the effect of cell therapy by
selecting the safest and most appropriate approaches.

Keywords: multipotent mesenchymal stem cells, cell therapy, transplantation, delivery route, delivery dose.

INTRODUCTION

Modern breakthroughs in biotechnology, molecu-
lar and cellular biology have made stem cells one of
the means for treating numerous diseases. Multipotent
mesenchymal stem cells (MMSCs) have three main the-

genetic modification of cells to avoid cellular senescence
[8]. An essential element in improving the efficacy of
cell therapy and reducing the risk of adverse events is
the search for optimal delivery routes and doses for MM-
SCs. Despite many preclinical and clinical studies, the

rapeutic effects: they differentiate and replace damaged
tissue cells, they produce bioactive molecules, and they
engage in intercellular communication and interact with
immune cells [1-3].

MMSC-based therapy is generally considered a
safe procedure with some limitations. The main risks
associated with MMSC use are their possible oncoge-
nicity (transformation into tumors, stimulation of tumor
growth) [4, 5] and induction of severe pro-inflammatory
processes [4] and fibrosis (transformation into myofibro-
blasts) [4, 6, 7]. Many studies have proposed algorithms
to improve engraftment and differentiation of transplan-
ted cells. While some strategies focus on increasing cell
resistance to the microenvironment in recipient tissues,
others try to increase cell survival after transplantation.
These strategies can range from simple modification of
culture conditions, known as cell preconditioning, to

safety and efficacy of MMSC-related therapies remain
problematic for clinical application [9, 10].

The aim of this work is to conduct an informational
and analytical study of experimental and clinical data
on the efficacy of various stem cell delivery routes and
doses as a means of therapy for various diseases.

RESULTS AND DISCUSSION

MMSCs are typically administered intravenously or
intra-arterially to achieve systemic effects on the body.
When administered systemically, they can migrate direct-
ly (homing) to the site of injury in response to chemokine
and cytokine secretions [11]. Although the exact mecha-
nism of how MMSC home to sites of injury has not been
fully understood, it is known that it is a multistep process
in which chemotactic factors play a significant role [8].
Chemoattraction of MMSCs to the target tissue seems
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to be mainly mediated by stromal factor SDF-1/CXCR4
axis, but monocyte chemoattractant protein/CCR2 and
hepatocyte protein as well as cytokines such as TGF-p1,
IL-1B, TNF-a or G-CSF may also be involved in MMSC
migration [12—-14]. It is obvious that intravascular ad-
ministration is the least invasive delivery route and,
therefore, the most preferable from a clinical standpoint.
However, this route has significant drawbacks. The major
one is that a large number of injected cells can linger in
the capillary network of lungs (first passage effect) and
other organs, such as liver and kidneys. Considering that
during transmigration, MMSCs should traverse memb-
ranes between vascular endothelial cells and the target
tissue, it is obvious that delivering cells to target tissues
through systemic infusion in the most efficient manner
is rather difficult. At the same time, MMSCs can form
microemboli, which create major consequences for or-
gan function, given that the estimated cell diameter is
20-30 um [8, 15]. There are serious concerns about the
safety of this delivery method because studies on mice
models have shown that in the intra-arterial delivery
route, micro-occlusions are created, whose number was
directly correlated with cell count [16]. Following in-
travenous injection, the presence of MMSCs or their
detritus in the pulmonary capillary network is not just
a temporary delay — macrophage phagocytosis occurs
there, and the MMSC detritus is then further carried
with blood to other organs [17]. One way to improve cell
diffusion homing is the preconditioning of target tissues.
For example, several studies have shown that adminis-
tration of a number of hormones, chemokines, growth
factors, and enzymes in experimental animals, as well
as exposure to physical factors (ultrasound, irradiation),
enhances MMSC migration to the injury site [8].

It should be noted that the injection procedure may
be complicated by resuspension of cells in solutions that
have low osmotic pressure, since mechanical stress can
destroy cell membranes and lead to a significant propor-
tion of the cell population dying [18].

It is established that the half-life of MMSCs after
systemic administration is about 12 hours. However,
as noted earlier, most of the cells are retained in the
lungs, where they are utilized or, from where they mig-
rate within 24 hours [2, 6, 8, 19]. After cells are injected
directly into tissues against the background of venous
blockade, detritus enters the bloodstream much later in
smaller amounts. The main part of implanted MMSCs
is found in other organs and tissues (liver, spleen, etc.)
within 7 days [2, 20]. There is evidence that MMSCs
can survive for 30 days after subcutaneous implantation
[2, 21], but after that, they are undetectable in the liver,
kidney and spleen [17]. After intravenous injection, cells
can be detected in the lungs for 150 days [20].

Administration of MMSCs by surgical implantation
or transendocardial injection has resulted in the reten-
tion of only 16% and 11% of MMSCs in the myocardi-
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um, respectively [5]. Intracoronary infusion also caused
retention of 11% of MMSCs. Overall, approximately
0.1-2.7% of injected stem cells actually reach the tar-
get tissues [22]. Other implanted MMSCs mainly exert
remote effects on regenerative processes via cytokines,
exosomes and microvesicles, and exhibit mainly anti-
inflammatory, immunomodulatory and anti-apoptotic
effects [23]. It should be mentioned that less than 1%
of cells are detected in the target organ in both animal
research and some clinical trials using MMSCs for the
therapy of osteogenesis imperfecta [15].

There are reports indicating that MMSCs, when de-
livered locally, mobilize progenitor cells to the injury
site, thereby enhancing regenerative activity [5, 20, 21].
In doing so, they improve wound healing and skin graft
survival. However, experimental studies have shown that
MMSCs do not stay long in the injection site — most of
them migrate into the surrounding tissues within 1 hour
and are no longer detected in the injection site after
2 days [2, 21].

In a comparative study of three different MMSC de-
livery routes (intraperitoneal, intravenous and anal) in
a mouse model of colitis, intraperitoneal delivery was
shown to provide a higher MMSC content in organs
and faster recovery of experimental animals [15]. The
efficacy of therapy was evaluated by histological index,
total body weight of animals and their survival rate.

Distribution and engraftment of MMSCs in organs
were analyzed and quantified through isolation of the
cells from green fluorescent protein (GFP+), as well as
using near-infrared fluorescence imaging. There is evi-
dence that intraperitoneally injected MMSCs aggregate
with macrophages and lymphocytes in the abdominal ca-
vity and secrete TSG-6 (tumor necrosis factor-inducible
gene 6 protein), which is likely the main anti-inflamm-
atory mechanism of MMSCs. Increased serum TSG-6
level was detected after MMSC transplantation, with
the highest levels detected after intraperitoneal delivery.

It should be noted that the abdominal cavity con-
tains many immune cells that can become components of
MMSC aggregates. Such close intercellular cross-linking
between MMSCs and immune cells may be another fac-
tor contributing to improved therapeutic effects [15].
It has also been observed that intraperitoneal injection
provided better mucosal repair and higher cell engraft-
ment in inflamed colon.

Intraperitoneal injection of MMSCs had a positive
effect on recovery of mice with experimental spinal cord
compression injury (SCI) [24]. The evaluation criterion
was the effect of MMSC transplantation on white matter
preservation. It was shown that experimental groups of
animals that received MMSCs at a dose of 8 x 10° cells/
mouse had a greater number of preserved fibers. In addi-
tion, these groups were characterized by higher levels of
trophic factors (brain-derived neurotrophic factor, nerve
growth factor, neurotrophin-3 and neurotrophin-4) in the
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spinal cord, which improved motor activity. So, intrape-
ritoneal or intravenous injections of MMSCs promoted
favorable outcomes as a treatment for SCI without a
significant statistical difference between the two. This
supports the idea that these cells do not replace damaged
spinal cord cells but act through local paracrine effects.

F. Yousefi et al. (2013) showed that intraperitoneal
injection of MMSCs can reduce the number of inflamm-
atory aggressor cells in the brain and improve clinical
parameters in mice with experimental autoimmune en-
cephalomyelitis [25].

There is evidence that intraperitoneal injection of
MMSCs can suppress peritoneal inflammation by resto-
ring the mesothelial layer and reducing complement ac-
tivation in fungal or yeast peritonitis in rats; it almost
completely prevents experimental autoimmune uveitis
in mice by suppressing Th1/Th7 immune responses, pro-
tecting the retina against immune-mediated injury [24].

Wang et al. (2016) showed that the best outcomes in
the treatment of experimental colitis were achieved by
intraperitoneal transplantation of MMSCs [15]. It was
found that GFP+ MMSCs migrated into inflamed colon
and even traveled through the entire intestinal wall, re-
aching the luminal side. This finding is consistent with
the results that show MMSCs injected intraperitoneally
migrate and take root in an inflammatory colon [26].
Although the precise processes underlying this pheno-
menon are still unknown, it can be hypothesized that
cytokines are involved in the process. It is known that
genetic modification of MMSCs to increase CXCR4
expression enhances cell migration into the intestine in
radiation enteritis, and consequently, improves condition.
Experimental studies by Yang et al. (2019) showed that
a single intraperitoneal injection of MMSCs (2 x 10°
cells/mouse) dramatically improved clinical parameters
of body weight and colon length, as well as ulcer size
and histologic parameters in mice with colitis compared
to those without [27].

Nevertheless, in some cases, intravenous injection has
been found to be more successful than intraperitoneal
injection [28]. This discrepancy may be due to diffe-
rent types of adipose tissue- and bone marrow-derived
MMSC:s that differ in proliferation rate, differentiation
ability, cytokine secretome and chemokine receptor ex-
pression, which may affect migration, engraftment and
even local function [29, 30]. There is evidence that bone
marrow MMSCs-based therapies demonstrate the high-
est osteogenic potential in bone regeneration compared
to MMSC:s derived from other tissues [8]. Furthermore,
the therapeutic effects of various MMSC sources and
delivery methods on lung and cardiovascular injuries
vary [31]. Therefore, while evaluating study findings
and making specific therapeutic application choices, it
is important to consider the biological differences bet-
ween MMSCs and other sources. Meanwhile, there is a
report that claims that because the immunophenotypes of

bone marrow and adipose tissue stem cells are more than
90% identical, it is impossible to determine which stem
cell source — adipose tissue or bone marrow — will yield
the best outcomes for cell therapy [9]. Besides, when
assessing efficacy, it is important to consider that MM-
SCs may exert their therapeutic effects distally through
modulatory cytokines [32].

Intramuscular injection of MMSCs has been propo-
sed as a better alternative to intravenous administration
[33]. Braid et al. (2018) report that while cells injec-
ted intravenously were undetectable as early as a few
days after injection, and cells delivered intraperitoneally
and subcutaneously were detectable within 3—4 weeks,
MMSCs injected intramuscularly survived in situ for
more than 5 months. Allogeneic single intramuscular
transplantation of umbilical cord-derived MMSCs to
rats with simulated hind limb ischemia promoted func-
tional and morphological recovery of ischemic skeletal
muscle tissue [34]. At the same time, the cells injected
into experimental animals stimulated angiogenesis in
the injury site.

In general, quite numerous experimental studies have
shown MMSC:s to improve functional recovery in ische-
mic stroke; this is attributed to the ability of MMSCs to
enhance the endogenous regenerative potential of ner-
vous tissue [35, 36]. This is due to the action of bioacti-
ve substances released by the cells, which activate and
stimulate other cell types [37]. The choice of an optimal
delivery route for MMSCs in cerebral ischemia depends
on the type of central nervous system (CNS) injury (focal
or multifocal). The peculiarities of focal CNS injury sug-
gest that the most appropriate way may be intracerebral
cell transplantation directly into the injury site, and in
case of multiple lesion areas — systemic intravascular or
endolumbar injection [37].

It has been shown that intraportal and intravenous
administration of MMSCs in experimental liver cirrhosis
promotes faster recovery of liver function. Moreover,
liver weight decreased the most with intraportal injection
of stem cells [38]. Administration of acridine orange-
labeled MMSC:s intravenously, intraperitoneally, into the
hepatic artery or portal vein at a dose of 4 x 10° cells/kg
body weight showed a significant increase in cell count
in the liver after its subtotal resection regardless of the
injection method [39]. At the same time, intraperitoneal
delivery was characterized as the least effective.

When correcting diabetes in an experiment, intrave-
nous injection of bone marrow-derived MMSC:s statisti-
cally significantly reduced glucose levels in mice of the
experimental group compared to the control group [40].

It was found that MMSC implantation promotes
neurological recovery in a rat model of traumatic brain
injury (TBI) [41]. Intravenous injection of cells into rats
reduced the number of microglia and other inflammato-
ry cells and production of proinflammatory cytokines.
It also stimulated the synthesis of anti-inflammatory
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cytokines leading to inhibition of inflammatory reactions
caused by TBI [42].

In clinical practice, the multipotent and secretory po-
tential of MMSCs finds application in the field of rege-
nerative medicine for restoration of tissue structures of
the body that were damaged by injuries or that developed
pathology (combustiology, traumatology, dentistry, etc.).
Here, introduction of stem cells in the patient is usually
done intravenously to provide a systemic effect on the
patient’s body [2, 23]. Direct comparison of delivery me-
thods is often absent here due to logistical problems [5].
An adequate dose of MMSCs administered once has been
shown to have a positive clinical effect in 3—6 months
(and beyond). In certain cases, however, a repeat course
of treatment in 1-2 weeks (4—6 months) is necessary to
reach the desired therapeutic outcome [2, 43—46].

The experience of intravenous injection of MMSCs
in patients with chronic heart failure (CHF) against the
background of ischemic heart disease is presented. It
was shown that intravenous administration of autologous
MMSCs at a dose of 50 x 10° cells in combination with
standard drug therapy improves basic hemodynamic pa-
rameters and reduces the level of biochemical markers of
CHEF [47]. In addition, there is evidence showing the suc-
cessful application of intracoronary and intramyocardial
delivery routes in the treatment of ischemic conditions
in clinical practice [48].

To date, 125 clinical trials have been conducted using
MMSCs in neurologic diseases [31], including the treat-
ment of TBI. Injection of autologous bone marrow-de-
rived MMSC:s in patients in the subacute phase of TBI
improved neurological function in 40% of patients [49,
50], promoted recovery of consciousness, motor and
cognitive functions [51]. Intravenous delivery is used for
TBI therapy, since MMSC delivery via the intracerebral
route is considered to be the most effective, but also the
most invasive [31].

The outcomes of clinical trials on cirrhosis therapy
using MMSCs are contradictory and occasionally in-
consistent with the results of experimental studies [52].
Nevertheless, uncontrolled clinical studies have demons-
trated that introduction of autologous MMSCs into the
hepatic arterial bed through endovascular surgery is safe,
well tolerated, and provides a positive effect in patients
with cirrhosis of various etiologies [53].

For the treatment of patients with knee joint con-
ditions, delivery of autologous MMSCs was via intra-
articular injection of cell culture isolated from different
sources [9, 54]. It was noted that long-term follow-up
parameters were significantly superior to those in the
control group receiving conventional treatment [54].

The use of intraperitoneal cell transplantation in cli-
nical practice has significant limitations due to possible
complications. These complications include catheter in-
fection and mechanical damage to intraperitoneal struc-
tures [15]. At the same time, it should be noted that high

peritoneal vascularization allows a greater number of
transplanted cells to simultaneously gain access to the
lymphatic and circulatory systems, which certainly pro-
motes engraftment in the injury and inflammation sites
[24]. It is obvious that the trend to expand the use of
intraperitoneal injections in cell therapy applications will
increase and will influence the intensification of innova-
tive developments aimed at preventing complications.

Another crucial factor influencing the therapeutic
efficacy of MMSC:s is the number of cells injected. The
quantity of cells that reach the damage site increases
with an increase in the initial dose of cells delivered.
Various MMSC dosages have been found to be effective
in experimental investigations. Doses from 3 x 10° cells/
mouse to 2 x 10° cells/mouse appear in the protocols of
experimental studies [15, 24, 25]. Sometimes, to observe
any effect, larger doses, up to 5 x 10° cells/mouse, are
used [37, 55]. However, the researchers conclude that
intravenous injection of MMSCs at a high dose (up to
1 x 107 cells/mouse) can increase mortality in mice due
to potential pulmonary embolism.

Usually, MMSC doses in the range of 5 x 10° to 5 x
10° cells/mouse are used to achieve therapeutic effect in
experimental rats [55, 56]. At the same time, cell sur-
vival after transplantation into recipient tissue depends
not only on dose, but also on duration and conditions of
cultivation, such as presence of serum or oxygen, me-
chanical stress during implantation or cell death due to
lack of fixation [56, 57]. There is an opinion that regional
injection (endolumbar, intraperitoneal, intramuscular)
results in a tenfold decrease in the therapeutic dose of
cells [2].

A significant challenge lies with translating the ex-
perimental dosage of the cell product for use in clinical
practice. As mentioned above, the commonly used cell
doseis 1 x 10° cells/mouse (body weight 30 g), which is
equivalent to 33 x 10° cells/kg or approximately 2.3 bil-
lion cells for a 70 kg adult [14]. Researchers have sug-
gested that high cell doses may increase the risks of
complications, including alloimmunization when using
allogeneic MMSCs, and may not have the proper effect
when injected both intravenously and topically [2, 22,
58]. Nonetheless, the concept of “optimal dose” of sys-
temically injected MMSCs in clinical practice does not
exist yet since there is no clear dose-effect correlation
[8]. Today, the standard dose is 1-2 million cells per kg
of weight [2, 58]. Moreover, compared to standard doses,
5-10 higher doses of cells are used during the cell thera-
py process for newborns — but usually just once [2, 43].

Using autologous MMSCs, experimental and clinical
simulations were used to examine the efficacy of various
cell delivery methods in the treatment of Parkinson’s
disease [59]. When compared to baseline data, an in-
travenous injection of 160,000 cells/kg weight (low
dose) resulted in a statistically significant decrease in
motor disorders. At the same time, transnasal injection
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in a similar dose in patients of the other group had a simi-
lar effect. These findings suggested that while designing
long-term maintenance therapy for Parkinson’s disease,
the efficacy of minimally invasive techniques for deli-
vering low-dose MMSCs should be taken into account.

CONCLUSION

Most preclinical and clinical studies have shown that
MMSC implantation is effective, safe and well tolerated.
Analysis of data from scholarly publications indicates
that there is ongoing research being done to find the
best cell delivery dosages and routes. It should be noted
that attempts are now being undertaken to develop the
option of using exosomes and extracellular vesicles as a
cell-free means to realize the features of MMSCs, with
the goal of removing any potential side effects. It is ob-
vious that application of a cellular product in practical
healthcare requires maximum adaptation to the type of
disease or injury in terms of the choice of implanta-
ble MMSC doses and their delivery routes given the
need to ground the therapeutic strategy with a clear and
thorough understanding of the disease mechanisms. In
general, research findings and the opinions of different
authors on this issue are far from being ambiguous and
sometimes contradictory. As such, a versatile study of
the therapeutic potential of MMSCs remains pertinent.

The authors declare no conflict of interest.
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Human posterior corneal epithelium (corneal endothelium) has limited proliferative activity both in vivo and
in vitro. Disease or dysfunction in these cells leads to impaired corneal transparency of varying degrees of severity,
up to blindness. Currently, the only effective standard treatment for corneal endothelial dysfunction is transplan-
tation of donor cornea that contains a pool of healthy and functionally active cells. However, there is a global
shortage of donor corneas, which has led to an unmet clinical need and the fact that only 1 patient out of 10 in
need receives surgical treatment. Therefore, creation of cellular constructs and artificial human corneas containing
healthy endothelium is a very urgent challenge facing modern ophthalmic transplantology. This review presents
the current state of affairs, challenges and prospects for obtaining cultured corneal endothelial cells (CECs)

in vitro for transplantation purposes.

Keywords: cornea, endothelium, posterior epithelium

, transplantation, cells.

INTRODUCTION

The human cornea is a transparent, avascular tissue
that is nourished primarily through the anterior chamber
moisture from corneal posterior epithelial cells (otherwi-
se known as the endothelium). The corneal endothelium
is amonolayer of hexagonal cells, lying on a specialized
basement membrane called Descemet’s membrane. Its
main function is to maintain the cornea in a transpa-
rent, relatively dehydrated state by an important layer
of metabolic pumps mediated through Na/K-ATPase [1],
as well as barrier function through ZO-1 tight contact
proteins [2].

It is known that human endothelial cell density is
approximately 6000 cells/mm? during the first month of
life, but gradually decreases with age, with an annual
loss of approximately 0.6% of the total cell population
per year [3]. In healthy individuals, this natural decrease
in density does not result in any clinically significant
impairment of corneal structure and function. In case
of more active endothelial cell loss, for example, due
to surgical interventions or ocular trauma, there may
be partial restoration of the functional integrity of the
endothelial layer due to cell migration and increased
area of healthy cells [3].

When the CEC density falls below the critical
threshold of approximately 500 cells per mm?, the en-
dothelium loses its ability to regulate corneal stromal
hydration, which leads to clouding and, consequently, to
reduced visual acuity [3]. According to the World Health

Organization, corneal diseases in 2020 were the cause of
reduced vision in 7% of the world’s population, and the
third leading cause of blindness and low vision [4]. Pe-
netrating keratoplasty was the gold standard for treating
corneal endothelial diseases for a long time. However, ta-
king the first place today are selective methods of lamel-
lar keratoplasty, namely posterior lamellar keratoplasty
(PLK), in which the donor graft includes a stromal layer
in addition to the endothelium and Descemet’s membra-
ne, and Descemet’s membrane endothelial keratoplasty
(DMEK), in which only the endothelium is transplanted
with the underlying Descemet’s membrane [5—7]. These
techniques today give good clinical and functional out-
comes, while surgical methods of obtaining grafts for la-
mellar keratoplasty continue to improve [8, 9]. However,
organizational and medical and legal problems related to
donation are still an issue in many countries around the
world, which explains the shortage of donor material. On
the other hand, postoperative endothelial cell loss after
PLK and DMEK reaches 35% or more per year [10]
and that leads to the need for repeat keratoplasty [11].
Repeat keratoplasty is the second leading indication for
corneal transplantation in some developed countries of
the world [12].

Thus, there is a real need to study alternative thera-
peutic pathways that would help to reduce dependence
on donor material in the treatment of corneal endothelial
diseases, as well as increase the viability of transplanted
endothelial cells, both donor and recipient.
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PREPARATION AND IN VITRO CULTIVATION
OF CORNEAL ENDOTHELIAL CELLS

One of the ways to solve the problem of corneal en-
dothelial dysfunction is the use of cell culture [13]. How-
ever, these cells proliferate weakly, due to their origin
from neural crest progenitor cells and contact inhibition
and expression of TGF-b factor in the anterior chamber
moisture, endothelial cells are overwhelmingly in the
G1 phase of the cell cycle [14].

Despite this, there is ongoing global effort to obtain
cultured CECs. Mannagh J. et al. published the first re-
port on a successful endothelium culture in 1965. They
suggested immersing isolated corneoscleral discs in
0.06% pronase, incubating them at 37 °C for 2 hours,
and then scraping the endothelium cells. Cultivation
was carried out in an Eagle medium with addition of
6 g/L glucose and 20% fetal bovine serum under stan-
dard conditions. Corneas of donors aged 28 and 70 ye-
ars were used in the experiment. The authors visualized
attached rounded conglomerates of cells after 48 hours,
which took on a characteristic epithelial morphology
after 72 hours. However, on day 10, the cells acquired
a mesenchyme-like morphology, which indicated an
epithelial-mesenchymal transition (EMT) [15].

It is important to note that there has never been a sin-
gle protocol for isolation and cultivation, nor a standard
formula for the nutrient medium and required additives.
This is because the criteria for choosing donor material
have been controversial since the first culture of endo-
thelial cells was obtained. In this review, we present
protocols that made it easier to produce CEC cultures
that did not undergo EMT at least up to passages 2.

DONOR CHARACTERISTICS

Joyce and Zhu conducted a comparative analysis of
the possibility of obtaining cultured CECs. They were
able to present the donor selection criteria (Table) [16].

In addition, exclusion criteria included the presence
of diabetes mellitus, glaucoma, generalized infection
(sepsis), and chemotherapy in the donor [17]. However,
according to several Russian authors, diabetes and cancer
(without the intoxication stage) are the preferred choice
of donor as they can drive endothelial cells to mitosis
[18, 19].

Table

Donor selection criteria for corneal endothelial cell
culture

Donor age
Endothelial cell density
Average time from death
to corneal preservation
Average time from death
to introduction into experiment

2-79 years
1,800-3,891 cells/mm?

<12 hours

<7 days

Parekh and Ahmad also showed that endothelial cell
culture could be obtained from donors with mean ages
greater than 75 years and mean endothelial cell densities
of 1943.75 + 222.02 kl/mm’. In order to force cell con-
glomerates to adhere to one another during cultivation,
the scientists employed Rho-associated kinase (ROCK)
inhibitors and viscoelastic [17].

CELL ISOLATION METHODS

All currently available corneal endothelium isolation
methods can be divided into 4 groups: mechanical, me-
chanical with the use of enzymes; enzymatic and based
on organ culturing.

In the first of these isolation methods, the endotheli-
um is mechanically separated from Descemet’s membra-
ne and then transferred to the culture surface. Obtaining
a uniform CEC culture is this method’s undeniable ad-
vantage. However, the culture obtained by this technique
has a very low cellular activity, and most of the obtained
cells express markers of early apoptosis [20].

The enzymatic isolation method involves incubation
of the corneoscleral disc with collagenase, dispase, ethy-
lenediaminetetraacetic acid (EDTA) or trypsin solution,
which inevitably leads to a heterogeneous cell culture
containing corneal stromal fibroblast admixtures. Sub-
sequent application of selective culture media does not
yield the expected homogeneous CEC culture [21-23].

Combined use of mechanical and enzymatic methods
provides a gentler isolation of CECs, but the use of en-
zymes requires a long incubation time, which leads to
increased cellular injury [21-24].

Obtaining a heterogeneous cell culture due to the
presence of underlying stromal layers is one of the draw-
backs of the method of organ culture of Descemet’s
membrane with an adjacent endothelial layer. Further-
more, this technique yields a culture with incredibly low
mitotic activity [21].

COMPOSITION OF NUTRIENT MEDIUM

A comparative analysis of basic nutrient media for
obtaining cultured CECs was carried out by Peh G.
et al. [25]. Such nutrient media as DMEM [26], Op-
tiMEM [27], DMEM/F12 [28], and Ham’s F12/M199
[29] were investigated. It was shown that when DMEM
and DMEM/F12 were used, the cell culture lost mitotic
activity after the second passage, the cells became larger
and underwent apoptosis. In turn, the use of OptiMEM
and Ham’s F12/M 199 promoted culture maintenance up
to the third passage with preservation of mitotic activity
and expression of specific epithelial markers, such as
Z0-1 and Na/K ATP-ase. However, despite the presence
of a typical immunocytochemical pattern, the cells lost
their characteristic morphologic shape. According to Zhu
et al., these changes are caused by the presence of the
main fibroblast growth factor in the composition of the
nutrient media, which helps stimulate EMT [30].
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Today, the most effective CEC culture scheme in-
volves the step-by-step use of different nutrient media,
the so-called “two media method”. The first one is a
medium containing the basic serum-free endothelial
medium Human Endothelial SFM, which is necessary
for stabilization of the cell culture and maintenance of
the characteristic phenotype. To activate the prolifera-
tive activity of cells, the culture is placed in the second
medium, Ham’s F12/M199. The use of this approach
allows obtaining a more homogeneous cell culture with a
characteristic morphology and preventing the occurrence
of EMT [31]. Despite the advantages of this method, cur-
rently available preclinical and clinical trials are based on
the use of DMEM/F12 [32] and OptiMEM [33] media.

CULTURE ADDITIVES

In addition to the choice of the basic nutrient medium,
selection of factors that support CEC culture is highly
relevant. Factors such as bFGF [35], LIF [36], EGF [36],
NGF [37], endothelial cell growth supplement [38] and
L-Ascorbic acid 2-phosphate [39] have been reported to
promote endothelial growth. The use of LIF is thought
to delay contact inhibition and, together with bFGF in a
serum-free medium, promote endothelial cell proliferati-
on with preservation of the characteristic phenotype [35].

In scholarly publications, there are reports on the pro-
duction of a non-transformable CEC cell line brought to
passage 224 [39]. In this study, the cells were maintained
in a DMEM/F12-based nutrient medium supplemented
with 20% fetal bovine serum, antibiotics, basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF),
N-acetylglucosamine hydrochloride, glucosamine hydro-
chloride, chondroitin sulfate, oxidation and degradation
products of chondroitin sulfate, carboxymethyl chitosan,
bovine eye extract and culture supernatant of human
corneal stromal cells in logarithmic phase. The presented
result, as stated by the authors, was achieved due to the
use of conditioned medium. Zhu et al. reported that the
use of conditioned keratocyte medium in the logarithmic
growth phase stimulates CEC proliferation better than
the use of bone marrow-derived mesenchymal stem cells
[40]. The presented data possibly show the potential of
using conditioned media to stimulate CEC proliferation.

There is a known pharmacological approach to en-
dothelial repair using ROCK inhibitor Y-27632 [41].
The use of ROCK in culturing helps to regulate cell
shape and movement by affecting the cytoskeleton [42].
ROCK inhibitor Y-27632 has been shown to promote
better cell adhesion, inhibit apoptosis, is non-toxic and
does not alter the morphology of human corneal endo-
thelium [43, 44]. ROCK has been proposed as an active
agent for restoring endothelial cell loss in vivo in animal
models [8].

According to a number of publications, EMT can be
inhibited using low molecular weight inhibitors RhoA
and ROCK inhibitor Y-27632. EMT may be triggered by
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destruction of intercellular junctions during culture and
culture passing [40].

Consequently, further research into the peculiarities
of production and long-term cultivation of endothelial
cells are needed in order to optimize and standardize
conditions for their cultivation with confirmation of func-
tional properties and to further translate these studies
into clinical practice.

SEEDING DENSITY OF ENDOTHELIAL CELLS

A very important factor is the initial seeding density
of cells required to preserve their hexagonal morpholo-
gy and expression of all markers. It has been shown in
studies that such a density is 1 x 10* cells per cm? [45].

SUBSTRATE FOR CORNEAL ENDOTHELIAL CELLS
CULTURE

In addition to selecting the proper composition of the
nutrient medium, another unresolved issue is the choice
of an optimal culture surface [45]. Many research teams
use coatings such as type I collagen [46] and fibronec-
tin [16], type IV collagen [48], chondroitin sulfate and
laminin [49], matrigel [50], and FNC coating mix [27]
to obtain 2D cultured CECs. It is worth noting that the
use of type IV collagen as well as laminin-511 E8 [51],
as components of the corneal Descemet’s membrane,
seems to be the best solution to obtain homogeneous
CEC culture [40]. Silk fibroin is also well established.
It has been shown that its use can support CEC growth
with characteristic morphology and expression of spe-
cific markers [52].

3D CULTURE OF CORNEAL ENDOTHELIAL CELLS

Several authors use 3D cultured CECs because of
its undeniable advantage in terms of introducing cell
culture into the anterior chamber of the eye. The use of
3D spheroids has been shown to preserve expression of
Z0-1 and Na/K ATPase. This culturing option helps to
overcome EMT [53, 54].

CRYOPRESERVATION

It should be noted that cultured CECs are unique, and
their production is an expensive procedure. Therefore, it
is important to prevent the loss of valuable cell cultures
by cryopreservation. The possibility of using the fol-
lowing media for CEC cryopreservation has been shown:
Opti-MEM + 10% DMSO + 10% FBS; Cellbanker 2;
Bambanker; KM Banker; Stem-Cellbanker; Bambanker
hRM; ReproCryo DMSO Free RM. Among them, only
the use of Bambanker hRM, which does not contain
xeno additives, complies with the requirements of good
manufacturing practice (GMP) [55].

CELL CHARACTERIZATION

Cell characterization is one of the main points of cul-
turing. It involves both determination of the functional
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properties of the culture and confirmation of its authen-
ticity. Studying morphology is the simplest and most
obvious method of cell identification.

Peh et al. [45] proposed the use of the cell circularity
index to evaluate the shape of CECs in order to distin-
guish them from elongated fibroblasts.

Cell circularity = %

where a value approaching 1.0 indicates a circular pro-
file.

Currently, the main standard procedures for cell cul-
ture identification are techniques for studying their ge-
notype and the markers specific to the cells under study.

GENOTYPE OF CORNEAL ENDOTHELIAL CELLS

To assess the genotype of CECs obtained in vitro, re-
verse transcription-polymerase chain reaction (RT-PCR)
is used to study mRNA expression. It should be noted
that at present, there is no clear set of investigated genes
necessary to confirm endothelial cell species-specificity.
The most frequently investigated genes in primary hu-
man CEC culture are Na+/K+ ATPase (ATPA1), ZO-1
(TJP1), collagen type 8 (COLS) and transporter family
(SLC4). The study of the following genes is also spora-
dically reported: Vimentin, N-cadherin, CD166, Nestin,
OCT 3/4, Snail, p27, a-SMA, and Laminin [56-58].

PHENOTYPE OF CORNEAL ENDOTHELIAL CELLS

To study the phenotype of CECs obtained in vitro,
the immunocytochemical method of staining for the fol-
lowing markers — Na+/K+ ATP-ase, ZO-1, Ki67 — found
in almost all scientific reports, is mainly used. These
markers are accepted by many researchers as basic and
characteristic for human CECs [59]. In addition, N- and
E-cadherin, Actin, CD 166, CD44, CD77, nestin, vimen-
tin, type I'V and VIII collagen, cytokeratin 3, a-SMA, and
GFAP are also determined.

CLINICAL MARKERS FOR TESTING
THE HOMOGENEITY OF CULTURED CORNEAL
ENDOTHELIAL CELLS

The first clinical panel of CD markers was proposed
by Kinoshita et al[33]. In their study, it was shown that
endothelial cells expressing CD166+ and not expressing
CD44- CD133- CD105- CD24- CD26- have unaltered
genotype and phenotype and can be used for cell therapy.
The absence of CD44, CD24, and CD26 indicates the
exclusion of aneuploid cells, thus linking phenotypic
analysis to cellular karyotype [60, 61].

It is worth noting a number of studies that report that
functioning endothelial cells express CD166, CD200,
GPC4, HLA-ABC and PD-L1 [57, 62—64] and do not ex-
press a-SMA, CD9, CD24, CD24, CD26, CD44, CD73,
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CD90, CD105, CD133, SNAIL, ZEBI1 and vimentin
[64-66].

RUSSIAN INNOVATIONS IN OBTAINING
ENDOTHELIAL CELLS

Today the process of procurement and transplanta-
tion of posterior corneal epithelial cells in the Russian
Federation is limited by Federal Law No. 180 “On Bio-
medical Cell Products”. However, the use of suspension
of uncultured CECs is a legitimate method of using these
cells and does not conflict with the above Law. Accor-
ding to some reports, corneal endothelial transplantation
can be considered as a variant of selective endothelial
keratoplasty [24].

Up until now, a comparison of different methods of
endothelial cell isolation in an ex vivo experiment has
been carried out in Russia. It has been found that the
modified enzymatic approach of isolating endothelial
cells is more efficient and desirable than the modified
mechanical isolation method: a statistically significant
difference (p < 0.05) in the number of isolated cells and
particle size was found via analysis of flow cytometry
data. At the same time, there were no statistically sig-
nificant differences in the viability of endothelial cells
isolated using the modified enzymatic method compared
to the modified mechanical method. Development of
endothelial cell isolation protocols has fundamental and
clinical significance, as demonstrated by the authors of
this study [24].

APPLICATIONS OF IPS CELLS

In 2006, a group of scientists from Kyoto University
led by Takahashi and Yamanaka first obtained induced
pluripotent stem (iPS) cells, which were isolated from
fibroblasts by epigenetic reprogramming [67].

Currently, development of protocols for obtaining
corneal epithelial cells from iPS cells is still ongoing. For
instance, Martinez et al. investigated the optimal time to
start cultivating so that iPS cells may start differentiating
into the phenotypes of corneal epithelial precursors —
limbal epithelial stem cells [68]. Several methods for
producing CECs from iPS cells have been published so
far [69].

There are ongoing studies aimed at deriving kerato-
cytes from iPS cells. For instance, well-known protocols
outline a step-by-step keratocyte production scheme,
where it is suggested to synthesize keratocytes through
the stage of obtaining neural crest cells to prevent iPS
cells from transitioning into fibroblast-like cells [70].

It is established that iPS techniques can be used to
derive CECs from embryonic stem cells [21, 66, 71-73]
and umbilical cord blood stem cells [74].

ANIMAL TESTING MODELS

When modeling cultured CEC transplantation, the
choice of an animal model must be carefully considered.
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It is not possible to use animals belonging to the rodent
or hare groups since their corneal endothelium is capable
of regeneration and proliferation in contrast to human
CECs [75]. For effective evaluation of endothelial cell
transplantation, it is possible to use other animal models,
such as cats [76], pigs or primates [77], as there are si-
milar morphofunctional features between the endothelial
cells of these animals and humans. However, it should
be noted that these animals are expensive to maintain
and care for, obtaining all permits and ethical approvals
is not easy either.

CLINICAL APPLICATIONS

Today, there are two known studies on the clinical
application of cultured human CECs [32, 33]. It is worth
noting that in both studies, patients with bullous kerato-
pathy were treated. These works were confirmed by pre-
clinical studies in vivo, as well as on cadaveric eye in an
ex vivo model. In the work of Kinoshita et al., cells were
administered by injection in combination with ROCK
inhibitor at a 1 x 10° kL/mL concentration; Parikumar
et al. [32] used a nanocomposite gel in the form of a
sheet with cultured cells on its surface at 5 x 10° cl/mL.

However, the researchers did not evaluate the migra-
tion of the injected cells, which led to much debate about
the efficacy and precise role of cell culture in favorable
outcomes. It is also worth noting that neither group re-
ported side effects in patients. Kinoshita et al. stated the
theoretical possibility of the cell culture entering the
trabecular meshwork and the development of glaucoma,
but no patient was found to have this pathology during
a two-year follow-up [33].

Kinoshita et al. also published the results of a five-
year follow-up of 11 patients. Normal corneal transpa-
rency was restored in 10 out of 11 patients. In the study of
the final endothelial cell density after 5 years, 1000 cells
per mm® and 2000 cells per mm’ were obtained in 8 and
2 patients, respectively. Central corneal thickness re-
turned to normal in 10 of 11 patients (<630 um) within
5 years [78].

CONCLUSION

Transplanted cultured CEC has the potential to
quickly restore vision and lessen the requirement for
donor tissue, which could drastically alter how corneal
endothelial diseases are treated. Results from different re-
search groups show that CEC transplantation can be used
in the treatment of corneal endothelial disorders. Howe-
ver, there are a few challenges that must be resolved be-
fore this technology can be used in a clinical setting. One
of these issues is optimizing the CEC culture isolation
and cultivation protocols. In addition, it is necessary to
develop experimental methods that would allow tracking
and mapping transplanted cells to assess the success of
cell therapy. There is also a need to establish objective
methods for assessing corneal transparency. Currently,
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macrophotography using a slit lamp is accepted, but in-
terpretation of resulting images is subjective and varies
significantly from author to author.

The only work published to date on human endotheli-
al cell transplantation is by Kinoshita et al. (2018). It was
carried out with 8% fetal bovine serum used in endothe-
lial cell culturing. The existence of xenogeneic products,
however, poses a serious obstacle to the continued mass
use of cell products. It is important to note that, as of
right now, no data on the development of a protocol for
obtaining and culturing endothelial cells without the use
of xenogenic products have been published.

In our view, it is best to take into account progressive
techniques of using cell cultures, namely 3D spheroids,
since the introduction of cell suspension makes it dif-
ficult to trace the point cell engraftment and to assess
its efficiency. Because biocompatible substrate carriers
require a somewhat larger surgical incision than that
required for injecting a cell culture, they may technically
complicate surgery in the hospital due to the increased
traumatic nature of the intervention. In addition, using
various matrices may need their removal later on, which
could lead to side effects and complications. Thus, in
the aspect of the aforementioned, the complex of issues
surrounding endothelial keratoplasty is highly relevant,
although it has not been well investigated and calls for
more investigation.

This work was supported by a grant (No. 22-25-
00356) from the Russian Science Foundation.
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Objective: to create 2-mm diameter multilayer porous tubular scaffolds (PTS) with characteristics that resemble
small-diameter native blood vessels in terms of characteristics. Materials and methods. PTS made of polyca-
prolactone (PCL, MM 80000) with a PCL-made sealing coat/layer with gelatin addition (PCL-gelatin) with a
diameter of 2 mm were created by electrospinning (NANON-01A). Bioactive coating was applied to the PTS
surface by sequential incubation in solutions of bovine serum albumin, heparin (Hp), and platelet lysate (PL).
Cytotoxicity was investigated under conditions of direct contact of PTS with a monolayer of NIH/3T3 mouse
fibroblasts. Viability of human umbilical vein endothelial cells (EA.hy926) was evaluated using Live/Dead” Via-
bility/Cytotoxicity Kit. Permeability and blood flow parameters of the PTS implanted in the infrarenal section of
the rat aorta were recorded using Doppler imaging. Results. A three-layer PTS construct with an inner diameter
of 2 mm was developed. Its inner and outer layers were formed from 0.2 mL of PCL solution, and the middle
sealing coat/layer was from 0.5 mL of PCL with addition of 30% (by weight of polymer) gelatin. Introduction
of the sealing coat/layer reduced surgical porosity (SP) from 56.2 + 8.7 mL/(cm*-min) for a single-layer PTS
made of pure PCL to 8.9 = 2.6 mL/(cm?-min) for a three-layer PTS. The resulting PTS demonstrated physicome-
chanical characteristics similar to those of native blood vessels; it also showed no cytotoxicity. Application of a
bioactive coating of Hp and PL allowed for increased in vitro adhesion and proliferation of endothelial cells. The
technique of implantation of 10 mm long fragments of three-layer PTS into the infrarenal section of a rat aorta
was corrected, thus minimizing blood loss and narrowing the anastomosis site. In an acute experiment, it was
proven that the prostheses were patent and that blood flow parameters (systolic and diastolic velocity, resistivity
index) were close to the corresponding indicators of native rat aorta. Conclusion. The developed three-layer PTS
constructs have low SP and physicomechanical properties close to those of native blood vessels. Bioactive coating
improves the in vitro matrix properties of PTS relative to human endothelial cells. At short-term implantation into
the aorta of experimental animals, PTS showed no early thrombosis, while blood flow parameters were close to
those of native rat aorta. Thus, three-layer PTS with bioactive coating can be used as a scaffold for creation of in
situ tissue-engineered construct of a small-diameter blood vessel.

Keywords: vascular prosthesis, electrospinning, tubular porous scaffold, polycaprolactone, gelatin, heparin,
platelet lysate, endothelial cells, cytotoxicity, implantation, rat aorta.

by the presence of pores with a pore size large enough
to allow tissue sprouting due to cell migration into the
BVP, and low surgical porosity (SP), which is a criterion
for blood loss through the walls of the vascular prosthe-
sis after its incorporation into the bloodstream. A water
permeability of BVPs of more than 50 mL/(cm?* min) at
a pressure of 120 mmHg is a criterion that determines
the need for additional efforts to reduce SP [3, 4].

A study on textile BVPs made of polyethylene te-

INTRODUCTION

Biomimetic materials, which are biocompatible
composite materials that mimic the structure and basic
characteristics of various human tissues and/or organs,
are widely used in regenerative medicine [1]. Recently,
prostheses — biomimetic vascular grafts, including those
with a diameter of less than 5 mm — have been quite often
developed using additive technologies, mainly electro-
spinning and bioprinting [2].

When developing blood vessel prostheses (BVPs),
it is necessary to maintain a certain balance between
sufficiently high biological porosity, which is provided

rephthalate showed that regardless of pore size (20 um
to 100 pum), there is a correlation (R* > 0.9) between
water permeability and blood loss, with blood loss being
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about 10 times less than water permeability because of
the higher viscosity and presence of formed elements [5].

Hydrogel coatings made of collagen or gelatin [6, 7],
chondroitin sulfate [8], silk fibroin [9], sodium alginate
[10], dextran derivatives [11], chitosan [12] and a num-
ber of others are actively used to reduce SP.

One of the significant problems of the sealing coat/
layer for hydrogel-based vascular grafts is the insuf-
ficiently long functional life amidst contact with body
media, which makes it necessary to apply additional
crosslinking [13—15]. The crosslinking agents used in
this approach, which belong to the class of aldehydes,
epoxy compounds, isocyanates, etc. are toxic substances
that are difficult to remove entirely from the coating vo-
lume. Their unpredictable behavior in the body makes it
undesirable for them to enter the bloodstream.

In addition, a comparative study of BVPs fabricated
using different techniques has shown that applying a
coating that allows reducing SP is associated with un-
desirable changes in the physicomechanical properties
of vascular grafts, in particular, an increase in Young’s
modulus [16].

Multilayer BVPs with highly porous outer and inner
layers and a sealing layer located between them can be
an alternative to hydrogel coatings. To form the sealing
coat, they were dipped in aqueous solutions of gelatin
[17] or a mixture of albumin and alginate [18]. The midd-
le layer was also formed from densely packed fibers by
electrospinning [19, 20].

Using the electrospinning method, we had previously
developed a biocompatible highly porous scaffold made
of polycaprolactone (PCL) in the form of tubes, with a
diameter of 3 mm, which has physicomechanical pro-
perties that comparable to those of natural blood vessels
[21]. Nonetheless, the minimal surgical porosity that was
attained was close to the maximum permissible.

The aim of this work was to develop 2 mm diameter
multilayer porous tubular scaffolds (PTSs) that would
resemble small natural blood arteries in terms of cha-
racteristics.

MATERIALS AND METHODS

Fabrication of samples of porous tubular
scaffolds

PTSs were obtained using a NANON-01A electro-
spinning machine (MECC CO, Japan) at 25 kV. The
distance between the 18 G needle and the 2 mm diameter
cylindrical electrode was 10 cm, the rod was rotated at
1000 rpm, and solutions were applied at a rate of 4 mL/h.
The outer and inner PTS layers were formed with 0.2 mL
of a 10% PCL solution (MM 80000, Sigma-Aldrich,

USA) in methylene chloride (JSC ECOS-1, Russia), and
the middle sealing coat/layer was formed with 0.5 mL of
a 5% PCL-gelatin solution. The obtained scaffolds were
dried at 37 °C for 2 hours and vacuumized at 20 mmHg
and 37 °C for 24 hours.

Application of modifying coating

The PTS sample was sequentially treated with aque-
ous solutions of bovine serum albumin (1 mg/mL, 1.5—
2 hours at 37 °C), heparin (Hp, 1 mg/mL, 1.5-2 hours
at 37 °C), glutaraldehyde (1%, 18 hours at room tempe-
rature), then again with heparin (1 mg/mL, 1.5-2 hours,
37 °C). Between stages and at the end of coating, the PTS
was washed three times in 100 mL of distilled water.
The heparinized scaffold (PTS-Hp) was dried at 37 °C,
vacuumized (10-20 mmHg at room temperature), and
sterilized by gamma radiation at a 1.5 MRad dose.

Human platelet lysate (PL) solution was obtained by
diluting a lyophilized preparation (Renam, Russia) with
Hanks’ Balanced Salt Solution (HBSS) containing no
Ca® and Mg*" ions (HBSS, Gibco® by Life Technolo-
gies™, SC) in the ratio of 1:9 followed by sterilization by
filtration through a filter with a pore diameter of 0.22 um.

Sterile PTS-Hp samples were treated with PL solution
under aseptic conditions for 1 hour at 37 °C (PTS-PL)
immediately before the experiment.

Surface morphology of blood vessel
prostheses

A scanning electron microscope (SEM) JSM-6360LA
(JEOL, Japan) was used to analyze the surface morpho-
logy of PTSs. The accelerating voltage was 5 kV. The
conductive coating on the surface of the studied samples
was formed by gold sputtering on the JFC-1600 unit
(JEOL, Japan) for 40 seconds at a constant current of
5-7 mA.

Physicomechanical properties of blood
vessel prostheses

To investigate the physical and mechanical proper-
ties of PTSs, tensile tester Shimadzu EZ Test EZ-SX
(Shimadzu Corporation, Japan) was used at a tensile
speed of 5 mm/min. The results obtained were processed
in the TrapeziumX program, version 1.2.6, which allows
calculating the elongation at break (%), tensile strength
(N) and Young’s modulus (MPa).

Cytotoxicity study

The cytotoxic effect of laboratory PTS samples was
evaluated in accordance with the requirements of the
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interstate standard GOST ISO 10993-5-2023 “Studies
on cytotoxicity” [22].

Mouse fibroblast cell line NIH3T3 (American Type
Culture Collection) was cultured in a CO, incubator at
37 °C, in a humidified atmosphere containing (5 + 1) %
CO, in culture vials (CELLSTAR® Greiner Bio-One,
Germany) with complete growth medium DMEM contai-
ning high glucose (PanEco, Russia) and 10% fetal bovine
serum (Biosera, Germany), antibiotic and antimycotic
Anti-Anti (Gibco® by Life Technologies™, USA) and
2 mM glutamine (PanEco, Russia). Cells were suspended
using TrypLE™ Express Enzyme dissociation reagent
(Gibco® by Life Technologies™, UK). Cell count in the
suspension was determined using a Goryaev chamber
(MiniMed®, Russia). Fibroblasts were then seeded into
flat-bottomed 24-well culture plates (CELLSTAR® Grei-
ner Bio-One, Germany) at a seeding density of 7-12 x
10* cells per well and incubated for 24 hours at 37 °C in
a humidified atmosphere containing (5 + 1) % CO, until
formation of (80 = 10) % monolayer. The test PTS sam-
ples were placed directly on the surface of the fibroblast
monolayer. At the end of incubation, the test samples
were removed from the wells, washed with phosphate
buffered saline (PBS), and 0.1% trypan blue solution
(PanEco, Russia), which stains lysed cells and cells with
damaged cell membranes, was added for 1-2 minutes.
After removal of the dye and washing with PBS, the
culture was assessed for morphological changes and
decreased cell density using a fluorescence microscope.

To analyze the results, the following scale of the de-
gree of cell reaction to direct contact with PTS was used:

0 means no lysis (no reaction);

1 means <20% of cells lysed (minor reaction);

2 means <50% of cells lysed (mild reaction);

3 means <70% of cells lysed (moderate reaction);

4 means >70% of cells lysed (strong reaction).

A non-cytotoxic material should have a reaction grade
of “0”.

Study of PTS interaction with endothelial cells

Immortalized human umbilical vein cell line,
EA.hy926 (ATCC®CRL-2922™), from the American
Type Culture Collection (ATCC), which have similarity
with primary cultures [23, 24], were selected for in vitro
study.

Sterile samples of unmodified and modified PTSs
were placed on the bottom of a flat-bottomed 24-well
culture plate (CELLSTAR® Greiner Bio-One, Germany),
human endothelial cells (ECs) were plated at a seeding
density of 5 x 10* cells/cm* under aseptic conditions and
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cultured in a CO, incubator under standard conditions
for a selected time interval.

Human EC viability was assessed using Live/Dead®
Viability/Cytotoxicity Kit (Molecular Probes® by Life
Technologies™, USA): Dulbecco’s PBS containing
2 uM calcein AM and 4 uM EthD-1 was added to the
wells of the plate after 15 minutes. The staining results
were visualized using a Nikon Eclipse TS100 inverted
fluorescence microscope (Japan), equipped with a Digital
Sight DS-Vil digital camera (Nikon, Japan).

Metabolic activity of human ECs on the surface of
PTS was evaluated using PrestoBlue™ HS Cell Viabi-
lity Reagent (Invitrogen™ by Thermo Fisher Scientific,
USA): 10% PrestoBlue™ Cell Viability Reagent was
added to wells with the test samples and control (cell-free
medium), after which the plate was incubated for 3 hours
at 37 °C in a humidified atmosphere containing (5+ 1) %
CO,. Changes in absorbance of the medium were recor-
ded using a microplate reader as previously described
at 570 nm and 600 nm wavelengths. The percentage of
reduced PrestoBlue™ was calculated using formula (1):

117,216 - As79 samp — 80,586 - Agoo samp
155,677 - A'gpo — 14,652 - A's7g

where 117,216 and 80,586 are the molar extinction co-
efficients for the oxidized form of PrestoBlue™ Vital
Reagent at A = 600 nm and A = 570 nm, respectively;
155,677 and 14,652 are the molar extinction coefficients
for the reduced form of the reagent at A = 600 nm and
A =570 nm, respectively; As7g gamp and Aggg gamp are
the absorbance of the test sample at A = 600 nm and
A =570 nm, respectively; A's;, and A'g are the absor-
bance of the cell-free control sample at A = 600 nm and
A =570 nm, respectively.

Human EC count on the PTS surface was estima-
ted using a calibration curve, linear in semi-logarithmic
coordinates up to a concentration of human ECs of
0.8 x 10°.

x 100%, (1)

Implantation of a PTS fragment
into the infrarenal aorta of a rat

Three-layer PTS with a diameter of 2 mm and length
of 10 mm were implanted into the abdominal aorta of rats
using the end-to-end technique. The anesthetized animal
was fixed on the operating table in the supine position.
Hair was removed from the anterior abdominal wall with
a razor, the surgical field was treated with an antiseptic.
Access to the abdominal aorta was performed by midline
laparotomy. Next, the infrarenal aorta was isolated and
the proximal part of the vessel was clamped below the
renal arteries. The distal part was clamped above the
trifurcation of the abdominal aorta. After clamping, the
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infrarenal aorta was resected, proximal and then distal
anastomoses with PTS were formed using atraumatic
polypropylene suture 8-0. After initiating blood flow,
hemostasis was monitored. At the final stage, layer-by-
layer suturing of the surgical wound was performed with
subsequent treatment of the sutures with antiseptic agent
and anesthetic solution. After the surgery, the animals
were kept in vivarium conditions with free access to
food and water.

To confirm the patency of the implanted PTS, the
study was performed on a Vivid E9 ultrasound machine
(General Electric, USA) with WindowBlinds™ software
(M OCX® Stardock) using sector (1.5-5 mHz) and linear
(2.5-12 mHz) transducers and conductive gel Mediagel
(Geltek, Russia). Zoletil (Virbac Sante Animale, France)
was used for sedation of the test animals before dopplero-
metry, followed by shaving of the abdominal region with
a veterinary trimmer. Aortic lumen diameter or PTS (d,
cm), peak systolic velocity (Vps, m/s) and maximum end
diastolic velocity (Ved, m/s) were measured, after which
resistivity index was calculated according to formula (2).

RI = (Vps — Ved)/Vps 2)

Statistical processing

Quantitative and statistical processing of data obtai-
ned was performed using Microsoft Excel 2007 applica-
tion. All results are presented as mean value + standard
deviation. Differences were considered significant at p <
0.05 when the number of samples (n) ranged from 3 to 5.

RESULTS AND DISCUSSION

The lowest water permeability of our previously de-
veloped 3 mm diameter PCL-based PTS was quite high
at 30.4 £ 1.5 mL/(cm?* min) [20], which was still below
the maximum permissible value of 50 mL/(cm? min).
When switching to 2 mm diameter PTS, the water per-
meability of PCL-based PTS could not be reduced to
satisfactory values, which determined the need for addi-
tional efforts to reduce SP. To address this problem, we
proposed to form multilayer PTSs incorporating an inner
sealing coat/layer made of PCL with gelatin addition.

Fig. 1 summarizes the results of the study of the effect
of gelatin concentration in the sealing coat/layer on the
water permeability of a 2 mm diameter three-layer PTS.

As can be seen from Fig. 1, water permeability de-
creased with increasing gelatin concentration, reaching
values less than 10 mL/(cm? -min) at 30% protein con-
centration. Attempts to increase the gelatin level above
30% resulted in a jump in the risk of delamination of the
multilayer structure upon contact with water. As a result,
a gelatin level of 30% (by weight relative to PCL) was
chosen as the optimal concentration for formation of the
sealing coat/layer.

Both surfaces of the triple-layer PTS exhibit a highly
porous structure formed by fibers, several micrometers in
diameter, with pores large enough to allow cell migration
into the matrix (Fig. 2).

Table summarizes the physicomechanical characteri-
zation of small-diameter three-layer PTS with bioactive
coating.

60 f
_ 50
c !
= [
N -
5 40 |
3 [
E |
g 30 b— -
i) [
g [
5 20 F— I
o L l
5 | T
<
= 10 l I |
[ Il
o
0 5 10 15 20 30
Gelatin level (%)

Fig. 1. Effect of gelatin levels in the sealing coat/layer on the water permeability of a 2 mm diameter three-layer PTS. Inner
and outer layers are made from 0.2 mL of PCL, the middle sealing coat/layer is made from 0.5 mL of PCL-gelatin solution
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As can be seen from Table, the three-layer PTS has
physicomechanical properties comparable to the me-
chanical properties of blood vessels of similar diameter.

In the cytotoxicity test, a three-layer PTS with bioac-
tive coating showed a level of “0” — no cytotoxicity.

Fig. 3 shows photographs of human EC culture of the
EA hy926 line 24 hours and 168 hours after seeding on
the surface of culture plastic (CP) and the inner surface
of PTS without modifying coating, modified with heparin
only (PTS-Hp), and with bioactive coating from Hp and
PL (PTS-PL). The CP surface was used to control the
morphology and adequate growth of the investigated
cell cultures.

At 24 hours after seeding, the inner surface of PTS-
PL samples showed the highest number of adhered and
spread ECs, compared to samples from unmodified PCL
and PTS-Hp, which had substantially less number of ad-
hered endothelial cells. It is important to note that a large
number of non-spread and dead cells was observed on
the inner surface of unmodified PTS; this finding appears
to be connected to PCL’s hydrophobic nature [13, 25,
26]. After 168 hours of culturing, an EC monolayer was

Inner surface

formed on the CP surface and on the PTS-PL sample. In
contrast, no EC monolayer was formed on the surface of
either the heparinized sample or the unmodified control,
no proliferation occurred, and there was a significant
number of non-viable cells. Note that, despite hydro-
philization of the surface of PCL-based PTS under the
conditions of this experiment, heparin modification does
not promote scaffold endothelialization in vitro.

Fig. 4 presents the results of the quantitative study
of EC proliferation on the inner surface of the original
and modified PTS.

As shown in Fig. 4, after 24 hours, EC count on the
inner surface of the original, modified scaffolds differs
slightly (10.1 = 1.3 x 10° kL, 13.2 + 1.4 x 10’ kL, and
16.7 = 1.1 x 10° kL for PCL, PCL-Hp, and PCL-PL,
respectively). After 96 hours of cultivation, cell count on
each scaffold variant uniformly increased approximate-
ly 2-fold. By the end of the period, PCL-PL increases
3.6-fold (to 60.4 = 1.8 x 10° kL), while EC count on
the outer surface of the original and PCL-Hp increases
2.9-fold (t0 29.1 £ 1.9 x 10° kL and 32.0 + 1.4 x 10° kL,
respectively). The difference in cell count on the inner

S8

Outer surface

Fig. 2. Surface microstructure of a three-layer PTS. Inner and outer layers are made from 0.2 mL of PCL, the middle sealing

coat/layer is from 0.5 mL of PCL-gelatin solution

Table

Physicomechanical characteristics of three-layer scaffolds

Young’s modulus (MPa)

Tensile strength (N)

Elongation at break (%)

PTS, diameter 2 mm

6.6 0.3

126 £3.2

412 + 30

Rat aorta, diameter 2 mm

85+£22

2.0+0.3

93+ 16
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surface of unmodified PCL and PCL-Hp is insignificant
despite hydrophilization of the surface due to heparin
immobilization.

Thus, the presence of PL in the modifying coating
under the in vitro conditions of the experiment is a key
factor in promoting adhesion, spreading and stimula-
ting proliferation of endothelial cells (EA.hy926) on the

24 hours

70}
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=
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inner surface of the scaffolds, increasing their matrix
properties.

An in vivo study of the functional properties of small-
diameter vascular grafts was conducted by prosthetizing
the infrarenal section of the rat abdominal aorta with
three-layer PTS that had a 2 mm inner diameter and a
10 mm length.

168 hours

Fig. 3. Endothelial cell growth on the inner surface of PTS. Seeding density of 5 x 10 cells/cm®. Live/Dead”® Viability/Cyto-

toxicity Kit staining. Magnification 20%. Scale bar: 100 um
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The implantation technique was corrected. Initially,
the artery was transected after clamping, and 68 inter-
rupted sutures were used to produce direct anastomoses
with the PTS. In order to minimize blood loss and narrow
the anastomosis area, we tried to create oblique slices of
the proximal and distal ends of the aorta with the forma-
tion of anastomoses by continuous locking sutures. As a
result, we were able to optimize hemostasis and maintain
ideal anastomosis diameter.

Doppler ultrasound was carried out to confirm PTS
patency shortly after implantation (Fig. 5).

Fig. 6 shows Doppler ultrasound results for the im-
planted PTS. Implanted modified and unmodified PTS

demonstrated similar blood flow parameters that were
no different from those obtained for rat aorta.

Future in vivo studies are to be continued for up to
1 year with a detailed study of the neointima formation
process involving histologic methods.

CONCLUSION

The three-layer PCL-based PTS constructs that were
created, with a PCL-gelatin sealing coat/layer, have low
SP and demonstrate physicomechanical properties that
are close to those of native blood vessels. Application of
bioactive coating based on Hp and PL improves the in
vitro interaction of PTS with ECs. When implanted into
the aorta of an experimental animal, PTS demonstrated

70
60 F
50 b
s
% 40 f
2 o PTS
% 30 F I O PTS-Hp
o - @ PTSHp-PL
20
10 b1
0 il L
24 96 168 Time (hours)

Fig. 4. Endothelial cell proliferation in the inner surface of PTS. Seeding density 5 x 10* cells/cm?

kA e 1'“‘1;41"{;.'. .:‘,a”-_{r_.-'n*nu_ -

Unoperated rat (control)

VTARARAARARY

PTS, 4 weeks after implantation

Fig. 5. Doppler ultrasound of implanted coated PTS 4 weeks after implantation (typical measurement)
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Fig. 6. Peak systolic velocity (Vps), diastolic velocity (Ved) and resistive index (RI) 4 weeks after PTS implantation (n = 6)

no early thrombosis, while blood flow parameters were
close to those of the rat aorta. Thus, three-layer PTS with
bioactive coating can be used as a scaffold to produce
in situ tissue-engineered constructs of small-diameter
blood vessels.

The authors are grateful to V.A. Surguchenko for
participation in experiments with cell cultures, and to
V.A. Ryzhikova for assistance in conducting Doppler
ultrasound.
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