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КлиНичеСКАЯ 
трАНСПлАНтОлОГиЯ В рФ: 
От иННОВАЦиОННОЙ 
ФеНОМеНОлОГии 
К дОСтУПНОМУ ВидУ 
МедиЦиНСКОЙ ПОМОЩи
Глубокоуважаемые коллеги!
Трансплантация  органов  чело-

века является выдающимся дости-
жением медицинской науки и прак-
тики ХХ века, высшим проявлением 
гуманности в обществе, направлен-
ным на спасение жизни и здоровья 
пациентов с заболеваниями органов 
в терминальной стадии, когда иные 
способы лечения бессильны.
Вклад  советских  и  российских 

хирургов, ученых в развитие миро-
вой трансплантологии  неоценим. 
В.П. Демихов в эксперименте дока-
зал возможность проведения опера-
ций по пересадке органов. Первую в 
нашей стране успешную трансплан-
тацию почки от родственного до-
нора выполнил академик Б.В. Петровский 15 апреля 
1965 года; 12 марта 1987 года первую успешную 
трансплантацию сердца провел выдающийся хирург 
и  основатель  отечественной трансплантологии 
В.И. Шумаков; в 1990 году бригадой хирургов под 
руководством профессора А.К. Ерамишанцева вы-
полнена первая трансплантация печени.
К 2007 году, спустя 20 лет после первой успешной 

трансплантации сердца в стране, подобные опе-
рации выполнялась в трех городах – Москве, Ека-
теринбурге и Новосибирске,  общим количеством 
19 трансплантаций в год. Количество транспланта-
ций печени от посмертного донора было несколько 
больше, они выполнялись в Москве, Санкт-Петер-
бурге, Екатеринбурге и Белгороде. Наиболее часто 
в стране выполнялась трансплантация почки, но 
во всех видах трансплантации объем операций был 
недостаточным.
2022 год отмечен двумя значимыми датами в ис-

тории отечественной трансплантологии – 35 лет 
успешной трансплантации сердца и 25  лет род-
ственной трансплантации печени детям. Благо-
даря внедрению разработанных в последние годы 

clinical TranSPlanTOlOGY 
in The ruSSian federaTiOn: 

frOm innOvaTive 
PhenOmenOlOGY 

TO acceSSiBle 
medical care
Dear colleagues,

Human organ transplantation is an 
outstanding achievement of medical 
science and practice in the 20th cen-
tury. It is the highest manifestation of 
humanity  in society, aimed at saving 
the life and health of patients with end-
stage organ diseases, when other treat-
ment methods are powerless.
The  contribution  by  Soviet  and 

Russian surgeons and scientists to the 
development of world transplantology 
is  invaluable. Organ transplantation 
pioneer, Vladimir Demikhov, proved 
the feasibility of organ transplantati-
on operations in his experiment. The 
first successful kidney transplantation 
in Russia was performed on April 15, 

1965, by academician Boris Petrovsky. The first success-
ful heart transplantation was performed on March 12, 
1987, by Valery Shumakov, an outstanding surgeon and 
founder of Russian transplantology. In 1990, a surgical 
team, headed by Professor Alexander Yeramishantsev, 
carried out the first liver transplantation.

By 2007, 20 years after  the first  successful heart 
transplantation in the country, similar operations had 
been performed in three cities – Moscow, Yekaterinburg 
and Novosibirsk – with a total of 19 transplants per year. 
The number of deceased donor liver  transplants was 
somewhat higher, performed in Moscow, St. Petersburg, 
Yekaterinburg, and Belgorod. Kidney transplantation 
was the most common transplant operation in Russia, but 
in all types of transplantation, the volume of operations 
was insufficient.

The year 2022 is marked by two significant dates in 
the history of Russian transplantology: 35 years of suc-
cessful heart transplantation and 25 years of pediatric 
living related liver transplantation. Thanks to the imple-
mentation of scientific, technological, surgical, clinical 
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научно-технологических, хирургических, клинических 
и организационных решений удалось многократно 
увеличить число операций по трансплантации со-
лидных органов.
К настоящему времени в нашей стране создана и 

реализована высокоэффективная программа лечения 
больных с приобретенными и врожденными заболе-
ваниями органов в терминальной стадии, взрослых 
и детей, в том числе самого раннего возраста и с 
малой массой тела. В России сейчас выполняется 
в год около 2500 трансплантаций органов, из них 
порядка 300 пересадок органов детям. Благодаря 
организованной системе отпала необходимость в 
направлении за рубеж российских детей для выпол-
нения им трансплантации органов. Достигнута вы-
живаемость пациентов на уровне лучших мировых 
показателей.
Существенно расширена география трансплан-

тологической помощи: сейчас операции по транс-
плантации осуществляются в 62 учреждениях  в 
35 регионах РФ с населением 103,4 млн человек.
Создана система региональной координации до-

норства органов, разработаны нормативные доку-
менты по трансплантации печени, почки, сердца, 
легких.
Разработаны оригинальные высокоэффектив-

ные хирургические технологии. Мировой приоритет 
имеют операции по лапароскопическому изъятию 
фрагмента печени и почки у родственного донора, 
первая в мировой практике успешная транспланта-
ция печени и двух легких ребенку (от посмертного 
взрослого донора) и др. Разработаны технологии 
трансплантации печени детям от донора, не сов-
местимого по группе крови.
Успех  в  области  трансплантации  жизненно 

важных органов был бы невозможен без внедрения 
результатов научных исследований и разработок. 
Раскрыты  фундаментальные  основы  иммунной 
толерантности, иммуносупрессии, молекулярные 
механизмы взаимоотношения трансплантата с ор-
ганизмом реципиента. Научно обоснованы и успешно 
внедрены в клиническую практику новые методы 
персонализированной диагностики и лечения; выпол-
нены молекулярно-генетические, иммунологические 
исследования биомаркеров отторжения, фиброза 
трансплантированных почки, печени, сердца, легко-
го, кардинально изменившие принципы ведения и про-
гноз у реципиентов. Созданы и внедрены отечест-
венные системы вспомогательного кровообращения.
Все перечисленное позволило превратить транс-

плантологию в нашей стране из области престиж-
ной инновационной феноменологии в реальный, до-
ступный для населения вид медицинской помощи.

С уважением,
главный редактор
академик РАН С.В. Готье

and organizational solutions developed in recent years, 
the number of solid organ transplantation operations 
has increased manifold.

To date, a highly effective  treatment program has 
been created and implemented in our country for pa-
tients with acquired and congenital organ diseases in 
the terminal stage, adults and children, including very 
young age and low body weight. In Russia today, about 
2,500 organ transplants are performed annually, inclu-
ding about 300 pediatric organ transplants. Thanks to 
the organized system, there is no longer the need to send 
Russian children abroad for organ transplants. Patient 
survival has reached the world’s best levels.

The geographical  footprint of  transplant care has 
expanded considerably. Transplant operations are now 
carried out in 62 institutions spread across 35 regions of 
the Russian Federation with a population of 103.4 mil-
lion people.
A system of regional organ donation coordination 

has been created, regulatory documents on liver, kidney, 
heart and lung transplantation have been developed.

Original highly efficient surgical  techniques have 
been developed: laparoscopic liver and kidney resection 
from a related donor, etc. The world’s first successful 
transplantation of a liver and two lungs in a child (from 
a deceased adult donor) was performed in Russia. Tech-
nologies for pediatric liver transplantation from a blood 
group incompatible donor have been developed.

Success  in  the field of vital organ transplantation 
would not have been possible without implementation 
of research and development results. The fundamental 
bases of  immune tolerance,  immunosuppression, mo-
lecular mechanisms of  the relationship between graft 
and the recipient’s body were revealed. New methods of 
personalized diagnosis and treatment were scientifically 
justified and successfully introduced into clinical practi-
ce; molecular-genetic, immunologic studies of rejection 
biomarkers, kidney, liver, heart, lung transplant fibrosis 
were performed, which radically changed the principles 
of recipient management and prognosis. Russian-made 
circulatory support systems have been created and im-
plemented.

All of the above mentioned have made it possible to 
turn transplantology in our country from a field of pres-
tigious innovative phenomenology into a real medical 
care that is accessible to everyone.

Sincerely,

S.V. Gautier
Editor-in-Chief,

Member, Russian Academy of Sciences
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riSk facTOrS in deceaSed dOnOr liver TranSPlanTaTiOn: 
a SinGle cenTre eXPerience
S.I.  Zubenko1, A.R. Monakhov1, 2, M.A. Boldyrev1, V.R.  Salimov1, A.D.  Smolyaninova1, 
S.V. Gautier1, 2
1 Shumakov National Medical Research Center of Transplantology and Artificial Organs, Moscow, 
Russian Federation 
2 Sechenov University, Moscow, Russian Federation

Deceased brain-dead donor liver transplantation (LT) is a high-risk intervention. The outcome depends on a 
large number of modifiable and non-modifiable factors. Objective: to analyze our own experience and identify 
preoperative and perioperative prognostic factors for poor outcomes in LT. Materials and methods. The study 
included 301 liver transplants performed between January 2016 and December 2021. Donor and recipient cha-
racteristics, intraoperative data, perioperative characteristics including laboratory test data, and the nature and 
frequency of complications were used for the analysis. Results. The 1-, 3- and 5-year recipient survival rates 
were 91.8%, 85.1%, and 77.9%, respectively; graft survival rates were 90.4%, 83.7%, and 76.7%, respectively.  
The most significant predictors of poor outcome of LT on the recipient side were biliary stents (HR 7.203, p < 0.01), 
acutely decompensated cirrhosis (HR 2.52, p = 0.02); in the postoperative period, non-surgical infectious com-
plications (HR 4.592, p < 0.01) and number of reoperations (HR 4.063, p < 0.01). Donor creatinine level (HR 
1.004, p = 0.01, one factor analysis; HR 1.004, p = 0.016, multivariate analysis) was the only reliable prognostic 
negative factor. Conclusion. LT taking into account established risk factors will improve surgery outcomes and 
help personalize the therapy for each patient.
Keywords: liver transplantation, deceased donor, expanded criteria donor, risk factors. 

inTrOducTiOn
LT is a high-risk operation [1]. A large number of  

conditions accompanying the complicated course  
of liver cirrhosis determine a more severe initial status of  
a recipient with increased early and long-term mortality 
[2, 3]. With the emergence of better surgical techniques, 
surgical contraindications to LT, such as portal vein 
thrombosis, are decreasing in number [4]. Progressive 
development of transplantation oncology also brings a 
large number of patients, previously considered non-
transplantable, to the liver transplant waiting list [5]. Ex-
pansion of LT indications is increasing the disproportion 
between number of patients waiting for LT and number 
of donor organs available, and, as a consequence, incre-
asing waitlist mortality [2, 6]. In an effort to maximize 
the use of available donor organs, many centers go bey-
ond the traditional “ideal” donor and include expanded  
donor organ eligibility criteria [7]. The peculiarities  
of donor organs have an impact on both immediate and 
long-term outcomes of LT [8]. The above-mentioned 
peculiarities determine the continuing relevance of eva-
luation and reassessment of risk factors of adverse out-
comes of LT in order to stratify recipients and perform 
the operation with optimal results for each patient.

Allocation of organs, which takes into account both 
donor and recipient risk factors, helps to reduce the risk 
of graft loss and postoperative mortality [9, 10].

maTerialS and meThOdS
The study included deceased, brain-dead LT in adult 

recipients, performed at Shumakov National Medical 
Research Center of Transplantology and Artificial Or-
gans Moscow (Shumakov Center) from January 2016 
to December 2021.

The following recipient data were collected and 
analyzed: demographic characteristics, anthropometry, 
liver disease severity index (MELD), and concomitant 
characteristics affecting the severity of liver disease.  
In addition, we analyzed intraoperative data of LT per-
formed, the presence of postoperative complications, the 
dynamics of laboratory parameters in the postoperative 
period, as well as recipient and graft survival rates.

To assess the quality of graft received, we used do-
nors’ anthropometric and demographic indicators, la-
boratory data, amount of vasopressor support, type of 
graft obtained, and results of histological examination 
(microscopy of zero-hour biopsies).
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liver harvesting technique
Our center uses a modification of the rapid liver 

extraction method with exclusively arterial perfusion 
of the liver [11]. Graft suitability was assessed on the 
basis of a preliminary clinical assessment of the donor,  
a comprehensive abdominal ultrasound examination, and 
visual assessment of graft. The results of “time-zero” 
liver allograft biopsies were retrospectively considered.

Table 1
Characteristics of liver recipients (n = 301)

Indicator Median 
(min–max)

Age, years 43 (18–72)
Male, n (%) 148 (49.2)
BMI, kg/m2 24 (15–40)
Associated conditions, n (%)

Thrombophilia 7 (2.3)
Previous surgeries 29 (9.6)
TIPS 5 (1.7)
Biliary drains/stents 4 (1.3)

Severity of liver disease
MELD 18 (7–40)
Fulminant liver disease, n (%) 7 (2.3)
Acutely decompensated cirrhosis, n (%) 22 (7.3)
Hepatorenal syndrome, n (%) 88 (29.2)
Waiting time, months 5 (0–48)

Table 2
Characteristics of deceased liver donors (n = 301)

Indicator Median  
(min–max)

Male, n (%) 203 (67.4)
Age, years 48 (18–73)
BMI, kg/m2 26 (17–48)

Graft type, n (%)
Whole liver 284 (94.3)
Extended right lobe split 17 (5.6)

DRI 1.45 ± 0.28
Steatosis, n (%) (n = 229)

Mild 181 (79)
Moderate 19 (8.3)
Severe 29 (12.7)

Fibrosis, n (%) (n = 229)*
F = 0 152 (66.4)
F = 1 60 (26.2)
F = 2 17 (7.4)

Laboratory indicators
Alanine aminotransferase (ALT) 28 (1–436)
Aspartate aminotransferase (AST) 35 (8–1099)
Total bilirubin 11 (1–96)
Creatinine 101 (6–720)
Sodium 145 (124–176)

*, 229 biopsies were included in the analysis.

liver implantation technique
The peculiarities of the surgical technique adopted in 

our center during deceased donor liver transplant (DDLT) 
are described in detail in previous works [12, 13]. The 
choice of caval reconstruction technique was determi-
ned by intraoperative characteristics of the recipient’s 
hemodynamics [14].

In the postoperative period, immunosuppressive the-
rapy was prescribed according to accepted protocols, 
depending on the underlying disease [15]. Patients were 
followed up for 1 to 3 months by transplant surgeons, 
with subsequent transfer to a hepatologist for long-term 
follow-up.

Statistical analysis
Statistical analysis was performed using the IBM 

SPSS Statistics 23 package. Quantitative variables were 
expressed as median and range values, qualitative va-
riables as numbers and percentages. Patient and graft 
survival were determined by the Kaplan–Meier method. 
Multivariate Cox regression (proportional hazards mo-
del) was used to determine risk factors. Hazard Ratio 
(HR) with 95% confidence interval (CI) value was used 
to estimate the chances of graft loss/recipient death. 
The level of significance was considered significant at  
p < 0.05.

reSulTS
From January 2016 to December 2021, 304 DDLT 

in adult recipients were performed at Shumakov Center. 
Histological examination of explants in 3 cases verified 
tumor thrombosis of the portal vein in hepatocellular 
carcinoma (HCC). Patients who exceeded the UCSF 
criteria for LT in HCC were excluded from the study.

The general characteristics of recipients are shown 
in Table 1.

donor characteristics
The main parameters used in the evaluation of brain-

dead donors are shown in Table 2.
The relatively high Disease Risk Index (DRI) is no-

teworthy. According to the original article by Feng et al., 
the one-year survival of recipients with DRI from 1.4 to 
1.5 is 79.7% [16].

Perioperative parameters
The time characteristics of the surgery, blood loss 

volume, the need for blood transfusions, and laboratory 
values reflecting liver function on days 1, 5, and 30 of 
the postoperative period were analyzed. The data are 
summarized in Table 3.
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complications and survival
In order to determine negative prognostic events in 

the postoperative period, we performed a comprehen-

sive assessment of complications with calculation of 
the Comprehensive Complication Index. The data are 
summarized in Table 4.

The actuarial recipient and graft survival after 
transplantation was analyzed using the Kaplan–Meier  
method (Fig.).

identification of risk factors
Based on the data obtained, statistical analysis was 

performed using single-factor and multifactor Cox re-
gression analysis (Table 5, 6).

Table 3
Perioperative characteristics of recipients

Indicator Median (min–max)
Time, min 347 (185–805)
Cold ischemia, min 288 (105–744)
Warm ischemia, min 30 (12–80)
Biliary ischemia, min 31 (10–400)
Blood loss, ml 1000 (200–10000)
Fresh frozen plasma, doses 6 (1–28)
RBC mass, doses 2 (0–11)

Classic caval reconstruction, n (%) 283 (94)
Laboratory indicators
Day 1 after surgery

ALT 493 (23–6919)
AST 481 (28–21280)
Total bilirubin 46 (11–874)
Creatinine 81 (26–576)
International normalized ratio 
(INR) 2 (1–4)

Day 5 after surgery
ALT 195 (29–4260)
AST 88 (6–4435)
Total bilirubin 40 (6–477)
Creatinine 82 (28–382)
INR 1 (1–2)

Day 30 after surgery
ALT 30 (1–694)
AST 23 (3–809)
Total bilirubin 19 (2–292)
Creatinine 90 (34–537)
INR 1 (1–3)

Table 4
Postoperative complications

Indicator n (%)
Bleeding 25 (8.3)
Arterial complications

Obstruction 4 (1.32)
Stenosis 4 (1.32)
Thrombosis 7 (2.32)

Biliary complications
Early stricture 13 (4.3)
Late stricture 8 (2.7)
Fistula 4 (1.32)

Wound infection 26 (8.6)
Re-interventions 60 (19.9)
Rejection 24 (8)
Non-surgical infectious complications 42 (14)
CCI (median, min–max) 0 (0–100)
Bed-day (median, min–max) 17 (1–177)
Retransplantation 5 (1.7)

n = 301 Month 12 Month 36 Month 60
Graft survival, % (n) 90.4 (227) 83.7 (129) 76.7 (38)
Recipient survival, % (n) 91.8 (231) 85.1 (130) 77.9 (38)

Fig. Survival after liver transplantation. a, graft survival; 
b, recipient survival

а

b
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Male gender (HR 0.55; CI 0.3–0.98; p = 0.04) redu-
ced the risk of poor outcome. Carrying drains, intraductal 
stents, significantly increased recipient mortality (HR 
7.203; CI 1.699–30.534; p < 0.01). Acutely decompen-
sated cirrhosis more than doubled the risk (HR 2.52; CI 
1.128–5.631; p = 0.02). Creatinine level was the only one 
of the assessed donor criteria that significantly influenced 
transplant outcome.

Time characteristics of liver transplantation, mag-
nitude of blood loss, and greater need for transfusion 
media significantly reduced recipient and graft survi-
val. In the analysis of postoperative laboratory indices, 
reliability was determined for almost all of the studied 
values. Among the identified risk factors, the INR has the 

greatest influence on LT outcomes. A number of postope-
rative complications also increased the risk of graft loss. 
Biliary fistulas, non-surgical infectious complications, 
number of repeated operations, and graft artery throm-
bosis had the greatest negative prognostic significance.

Based on identified risk factors, a multivariate ana-
lysis was performed using the Cox regression model.

According to multivariate analysis, liver donor creati-
nine levels had a significant effect on LT outcomes (HR 
1.004; CI 1.002–1.007; p = 0.016).

diScuSSiOn
The association between gender and mortality 

was shown in a recent large study by Serrano et al.  

Table 5
Risk factors (univariate analysis)

Indicator HR 95% CI p
Recipient factors

Age 1.025 0.99–1.05 0.06
Male 0.55 0.3–0.98 0.04
BMI 0.96 0.89–1.04 0.37
Thrombophilia 1.631 0.223–11.938 0.63
Portal vein thrombosis 1.424 0.723–2.792 0.31
Disseminated portal vein 
thrombosis 1.448 0.519–4.039 0.48

Previous surgeries 1.379 0.617–3.083 0.43
TIPS 1.452 0.2–10.554 0.71
Biliary drains/stents 7.203 1.699–30.534 <0.01
MELD 1.027 0.992–1.063 0.13
Fulminant liver disease 0.917 0.126–6.65 0.93
Acutely decompensated 
cirrhosis 2.52 1.128–5.631 0.02

Hepatorenal syndrome 1.589 0.885–2.854 0.12
Waiting time 0.91 0.853–0.972 <0.01

Donor factors
Age 0.994 0.97–1.018 0.62
Male 0.873 0.467–1.632 0.67
BMI 1.004 0.952–1.06 0.88
Graft type 0.385 0.053–2.975 0.35
DRI 0.654 0.228–1.871 0.43
DRI >1.7 0.781 0.349–1.746 0.55
ALT 0.996 0.988–1.004 0.36
AST 1 0.997–1.003 0.91
Creatinine 1.004 1.002–1.006 0.01
Bilirubin 0.988 0.957–1.021 0.48
Sodium 1.002 0.971–1.034 0.91
Norepinephrine 1 1.0–1.001 0.16
Dopamine 0.941 0.788–1.123 0.5
Steatosis 0.939 0.56–1.573 0.81
Fibrosis 0.675 0.369–1.237 0.2

Intraoperative factors
Surgery duration 1.005 1.003–1.007 <0.01
Preservation time 1.002 1.0–1.005 0.06
Secondary warm ischemia 1.002 0.995–1.008 0.62
Biliary ischemia 1.009 1.004–1.013 <0.01

Indicator HR 95% CI p
Type of caval 
reconstruction 0.046 0–13.463 0.29

Blood loss 1 1.0–1.0 <0.01
Fresh frozen plasma 1.11 1.055–1.168 <0.01
RBC mass 1.28 1.164–1.409 <0.01

Postoperative indicators
Day 1

ALT 1 1.0–1.001 <0.01
AST 1 1.0–1.0 <0.01
Bilirubin 1.003 1.001–1.01 <0.01
Creatinine 1.004 1.001–1.007 0.03
INR 1.998 1.201–3.324 <0.01

Day 5
ALT 1 1.0–1.001 0.29
AST 1 0.999–1.001 0.9
Bilirubin 1.005 1.003–1.008 <0.01
Creatinine 1.005 1.001–1.009 0.01
INR 4.228 1.392–12.838 0.01

Day 30
ALT 1.001 0.999–1.004 0.28
AST 1.002 0.999–1.004 0.19
INR 4.196 1.564–11.255 <0.01
Creatinine 1.004 1.001–1.008 0.02
Bilirubin 1.012 1.008–1.017 <0.01

Complications
Re-operations 4.063 2.267–7.823 <0.01
Non-surgical infection 4.592 2.526–8.346 <0.01
Wound infection 1.722 0.838–3.538 0.14
Rejection 1.04 0.416–2.603 0.93
Bleeding 3.64 1.746–7.591 <0.01
Arterial complications 
(any) 1.967 0.705–5.489 0.2

Arterial graft thrombosis 3.682 1.136–11.93 0.03
Biliary complications (any) 2.57 1.199–5.508 0.015
Biliary stricture (any 
duration) 2.067 0.877–4.875 0.1

Biliary fistula 5.619 1.354–23.328 0.017
CCI 1.04 1.03–1.049 <0.01
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Male patients are characterized by lower early mortality 
with higher overall and long-term mortality [17]. Prolon-
ged wearing of conventionally sterile implants increases 
the risk of infectious complications [18]. Due to the high 
frequency of inpatient treatment, multiresistant hospital 
microflora predominate in such recipients [19], which, 
combined with post-transplant immunosuppressive the-
rapy, causes a high risk of infectious complications with 
potential generalization [20]. Acute decompensation of 
liver cirrhosis also increased the risk of recipient death 
>2.5-fold. Organ dysfunction against the background  
of existing chronic liver disease is characterized by sig-
nificant increase in patient mortality [21].

The association of donor creatinine with LT outcomes 
is reflected, in particular, in the SOFT prognostic scale 
[22]. However, the mechanism of this effect has not been 
reliably established. Creatinine level, according to Ro-
gers et al., may reflect the degree of secondary ischemic 

Table 6
Risk factors (multivariate analysis)
Indicator HR 95% CI p

Recipient factors
Male 1.665 0.821–3.376 0.157
Biliary stents/drains 0.923 0.318–2.682 0.88
Acutely decompensated 
cirrhosis 0.179 0.03–1.068 0.06

Donor factors
Donor creatinine 1.004 1.002–1.007 0.016

Intraoperative factors
Surgery duration 1.001 0.997–1.005 0.61
Biliary ischemia 1.001 0.993–1.008 0.89
Blood loss 1 1.0–1.0 0.53
Fresh frozen plasma 1.037 0.938–1.147 0.47
RBC mass 1.062 0.873–1.292 0.55

Postoperative indicators
Day 1

ALT 1 0.999–1.001 0.9
AST 1 1.0–1.0 0.23
Bilirubin 1.001 0.996–1.006 0.65
Creatinine 0.999 0.993–1.005 0.75
INR 1.623 0.756–3.484 0.21

Day 5
Bilirubin 1 0.994–1.007 0.95
Creatinine 1 0.992–1.008 0.94
INR 0.397 0.069–2.269 0.3

Day 30
Bilirubin 1.003 0.995–1.011 0.48
Creatinine 1.001 0.995–1.007 0.75
INR 0.589 0.109–3.186 0.54

Complications
Bleeding 2.067 0.715–5.972 0.18
Arterial graft thrombosis 0.522 0.112–2.429 0.41
Biliary complications (any) 0.62 0.228–1.69 0.35
Biliary fistula 2.762 0.373–20.457 0.32

damage to donor liver parenchyma. However, the authors 
caution against allocating organs taking into account 
this factor, emphasizing the need for further research 
[23]. The lack of influence of DRI on LT outcomes in 
our study is consistent with later works [24, 25]. Thus, 
it is possible to raise the question of switching to more 
modern scales for assessing the quality of organs from 
brain-dead donors for a more precise allocation depen-
ding on recipient’s characteristics [22].

Large amount of blood loss and a need for intraope-
rative blood transfusion are associated with a higher 
incidence of infectious complications, renal dysfunction 
and worse survival after LT [26].

The Rostved study showed the prognostic value of 
MELD in the early post-transplant period to determine 
the risk of liver graft loss during the first year [27]. The 
INR value largely reflects the severity of impairment 
of synthetic function of the graft, which is associated 
with higher postoperative mortality [28]. The severity of 
coagulopathy indirectly reflects the degree of multiple 
organ dysfunction, which is most relevant for patients 
with septic status [29, 30]. Thus, a higher INR level can 
serve as a negative prognostic criterion in LT [28, 31].

cOncluSiOn
We have identified prognostic risk factors for poor 

outcome of DDLT. Performing liver transplantation 
taking into account the data obtained would improve 
surgery outcomes and help personalize the treatment 
strategy for each patient.

The authors declare no conflict of interest.
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ivf PreGnancY afTer kidneY TranSPlanTaTiOn:  
clinical caSe and liTeraTure review
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Kidney transplantation (KT), the optimal treatment for stage 5 chronic kidney disease (CKD), restores impaired 
fertility in most women of reproductive age. However, infertility occurs in some patients after successful KT.  
We present our own experience of overcoming secondary tubal infertility by in vitro fertilization (IVF). The patient 
was a 36-year-old with a transplanted kidney, who had lost two pregnancies in the past due to severe preeclampsia 
(PE). After the second attempt on cryo-thawed embryo transfer against the background of hormone replacement 
therapy, one embryo was transferred into the uterus, resulting in pregnancy. Gestational diabetes mellitus (GDM) 
was diagnosed in the first trimester, and a diet was prescribed. Immunosuppression with tacrolimus, azathioprine 
and methylprednisolone, prophylaxis of PE with low molecular weight heparin and antiplatelet drugs were admi-
nistered during pregnancy. Elective cesarean section was performed at 37–38 weeks and a healthy boy was born, 
weighing 2760 g (25th percentile), 48 cm tall (36th percentile). A stay in the neonatal intensive care unit was not 
required. The baby is growing and developing normally, the mother’s renal graft function is satisfactory. So, IVF 
can be successfully used in post-KT patients with infertility issues, provided that the IVF program is carefully 
controlled, and the pregnancy is managed in a multidisciplinary manner.
Keywords:  kidney  transplantation,  infertility,  pregnancy,  assisted  reproductive  technology,  in  vitro 
fertilization.

Corresponding author: Elena Prokopenko. Address: 61/2, Shchepkina str., Moscow, 129110, Russian Federation.
Phone: (495) 681-55-85. E-mail: renalnephron@gmail.com

inTrOducTiOn
KT is the most effective treatment for stage 5 CKD. 

Maintaining a good reproductive function is one of 
the medical challenges that young women with kidney 
transplants face. Nowadays, post-KT pregnancy is firmly 
established in real clinical practice. Since 1958, when 
a woman with a transplanted kidney first carried a preg-
nancy and gave birth to a healthy child, thousands of 
pregnancies after KT have been reported. The outcomes 
of such pregnancies, despite the increased risk of obs-
tetric and perinatal complications, are generally favora-
ble – the rate of giving birth to live and viable children 
is over 70%, even taking into account fetal losses in the 
early gestational period [1, 2].

Our country Russia has also accumulated some ex-
perience in pregnancy management in women after KT, 
including those after simultaneous kidney-pancreas 
transplant [3–6]. The key points in planning and mana-
ging pregnancy in women with a transplanted kidney are 
pregravid preparation, modification of immunosuppres-
sion and other types of drug therapy during planning with 
exclusion of teratogenic and fetotoxic drugs (mycophe-
nolates and proliferative signal inhibitors, ACE inhibi-
tors, angiotensin receptor blockers, statins, allopurinol, 
warfarin and new oral anticoagulants), diagnosis at the 

pregravid stage of post-transplant diabetes (new-onset 
diabetes mellitus after transplantation, NODAT), careful 
monitoring of renal function and blood calcineurin inhi-
bitor concentrations during gestation, early detection and 
treatment of GDM, prevention of placenta-associated 
complications – PE and fetoplacental insufficiency, and 
preterm birth. This pregnancy should be managed by an 
interdisciplinary team of specialists with relevant experi-
ence: a nephrologist, obstetrician, gynecologist, in some 
cases, an endocrinologist, a rheumatologist, a urologist, 
and other specialists.

CKD is one of the causes of dysregulation in hypo-
thalamic-pituitary-gonadal system, leading to increased 
levels of follicle-stimulating hormone, luteinizing hor-
mone and prolactin, and as a result of these changes in 
hormonal background – to infertility [7]. After success-
ful KT, most women of reproductive age recover their 
regular menstrual cycle and ability to conceive within 
the first postoperative year due to elimination of uremic 
toxins and normalization of sex hormone levels. How-
ever, hormonal changes, pelvic inflammatory processes 
and other causes of female infertility may persist or occur 
de novo in the post-transplant period. The true incidence  
of infertility in this cohort of patients is difficult to esti-
mate. Apparently, due to anatomical and endocrine ab-
normalities, fertility disorders in women after KT occur 
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more frequently than in healthy women [8–10]. At the 
same time, such a modern method of overcoming infer-
tility as the use of assisted reproductive technologies 
in patients with a transplanted kidney is rarely used in 
clinical practice.

The methods used to treat infertility in renal trans-
plant recipients are generally the same as those used in 
the general population. The choice of method should be 
based on the nature of the diagnosed disorders and in-
clude ovulation induction or more advanced assisted re-
productive techniques, if necessary [11]. Indications for 
intrauterine insemination or in vitro fertilization (IVF) 
are determined by existing guidelines, and the goal of  
IVF is to achieve a singleton pregnancy and deliver  
a healthy baby at term.

Data are not available on the number of the entire co-
hort of post-KT women who have undergone IVF, as only 
those cases in which a pregnancy has occurred following 
an IVF are routinely published. The first successful case 
of an IVF pregnancy in a patient with a transplanted 
kidney was described by Lockwood et al. in 1995 [12]. 
In the following years, we were able to find 11 more pu-

blications in the literature describing individual clinical 
cases or their small series (Table) [9, 12–22].

As shown in the table, a total of 27 kidney transplant 
patients who underwent IVF had 31 pregnancies and 
30 live births, including 4 twins, i.e., 26 patients carried 
a pregnancy to the age of fetal viability. Development of 
PE has been described in 8 pregnancies out of 31 (26%), 
so the incidence of this complication is approximately 
8 times higher than in the population. Gestational and 
chronic hypertension were present in 6 (22%) pregnant 
women, a rate about 2-fold higher than in the general 
population. GDM occurred in only 3 cases out of 31 
(10%). Fetal growth restriction was observed in 8 cases 
(26%), which is about 5 times higher than the rate of this 
complication in the general population. Fifteen women 
(58%) delivered prematurely, with PE and impaired renal 
graft function being the main indications for preterm 
delivery. Only 3 of 26 pregnant women (11%) delivered 
through natural delivery routes; in the remaining cases,  
a C-section was performed. It should be noted that de-
spite elevated serum creatinine levels before delivery 
among a significant proportion of the patients, there were 

Table
Obstetric outcomes in IVF pregnancy in kidney recipients (based on 1995–2021 literature)

Authors, year of publication
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Lockwood G.M., Ledger W.L., 
Barlow D.H. 1995 [12] 1/1 2 (twins) 1 (100%) 0 0 1 

(100%) – Vaginal 
delivery

Furman B., Wiznitzer A., Hackmon R. 
et al. 1999 [13] 1/1 2 (twins) 1 (100%) 1 

(100%)
1 

(100%) – 1 
(100%) 1 (100%)

Khalaf Y., Elkington N., Anderson H. 
et al. 2000 [14] 1/1 2 (twins) 1 (100%) – – – – Vaginal 

delivery
Tamaki M., Ami M., Kimata N. et al. 
2003 [15] 1/1 1 1 (100%) 1 

(100%) – – – 1 (100%)

Rao N.N., Wilkinson C., Morton M. et al. 
2011 [16] 1/1 1 1 (100%) 1 

(100%) 0 0 1 
(100%) 1 (100%)

Nouri K., Bader Y., Helmy S. et al. 2011 
[17] 1/1 1 0 0 0 0 – 1 (100%)

Norrman E., Bergh C., Wennerholm U.B. 
2015 [18] 7/8 9 (one set 

of twins) 3 (42.9%) 2 (26%) 1 (13%) 1 (13%) – 8 (100%)

Pietrzak B., Mazanowska N., 
Kociszewska-Najman B. et al. 2015 [19] 1/1 1 1 (100%) 1 – 1 

(100%) – 1 (100%)

Warzecha D., Szymusik I., 
Grzechocińska B. et al. 2018 [20] 3/3 3 3 (100%) – 3 

(100%)
1 

(33.3%)
1 

(33.3%) 3 (100%)

Yaprak M., Dogru V., Sanhal C.Y. et al. 
2019 [9] 8/11 6 3/6 (50%) – 3/8 

(37.5%)
3/8 

(37.5%) – 6 (100%)

Kosoku A., Uchida J., Maeda K., 
Yoshikawa Y. et al. 2019 [21] 1/1 1 0 0 0 0 0 1 (100%)

Gastañaga-Holguera T., Calvo M., 
Gómez-Irwin L. et al. 2021 [22] 1/1 1 0 0 0 1 

(100%) 0 Vaginal 
delivery

Note. * PE, preeclampsia; ** FGR, fetal growth restriction; *** GDM, gestational diabetes mellitus.
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no cases of renal graft loss in the outcome of pregnancy 
in the presented observations.

Successful pregnancy outcomes after IVF in simul-
taneous pancreas-kidney transplantation has also been 
described [23]. However, such pregnancies should be 
considered separately because of the additional risks 
associated with diabetes, especially in patients with a 
long history of diabetes before pancreas transplantation 
(it is known that long-term complications of diabetes 
persist for a long time after successful transplantation 
and complete normalization of carbohydrate metabolism, 
and, in some cases, are unable to completely regress).

In Russian literature, we were unable to find descrip-
tions of IVF in patients after KT. We present our own 
observation of successful IVF in a woman with a trans-
planted kidney.

clinical caSe
Patient A., born in 1985, was diagnosed with changes 

in urine tests as a child, but the medical records of that 
time were not preserved. In 2011–2012, routine check-up 
showed she had traces of protein in her urine, but she 
was not diagnosed with kidney disease. In 2013, her first 
pregnancy occurred spontaneously, a multiple pregnancy 
(twins). At 10 weeks of pregnancy, hypertension, pro-
teinuria 1.4 g/l, microhematuria, an increase in serum 
creatinine to 216 μmol/l with progressive increase were 
detected. Clinically (without morphological verification), 
the patient was diagnosed with chronic glomerulone-
phritis, stage 3b CKD. At 16–17 weeks of gestation, the 
pregnancy was terminated by a small C-section. After 
delivery, serum creatinine level was 214 μmol/l. Sub-
sequently, the patient received ACE inhibitor perindo-
pril  for nephroprotection, as well as a preparation of 
keto-analogues of amino acids. No kidney biopsy was 
performed.
The second pregnancy occurred spontaneously  in 

2017, the patient was taking oral iron (III) hydroxide po-
lymaltose, prenatal vitamins, dipyridamole, micronized 
progesterone, and dopegyt on her own from early terms. 
At the time of registration for pregnancy at 15–16 weeks, 
her blood pressure (BP) was elevated to 145/90 mmHg, 
hemoglobin  level was 97 g/l,  serum creatinine  level  
was 308 μmol/l, and urea was 17.8 mmol/l. Protein- 
uria was relatively low – 0.5–0.8 g/day.
The patient was explained the risks of pregnancy with 

CKD: risk of maternal mortality and fetal death, risk of 
worsening hypertension, development of early severe PE, 
fetal growth restriction, further deterioration in renal 
function during pregnancy up to the need for emergency 
hemodialysis, accelerated progression of CKD in the 
postpartum period. However, the woman strongly insis-
ted on prolonging the pregnancy.
Amlodipine (to correct elevated BP), low molecular 

weight heparin, and intravenous injection of iron pre-
parations were added to the treatment. At 19–20 weeks, 

renal replacement therapy (hemodialysis) had to be star-
ted due to a further increase in azotemia. Despite the 
treatment, the patient had a progressive increase in BP, 
an increase in proteinuria from 0.8 g/day to 15 g/day 
(her urine output remained intact after hemodialysis was 
initiated), platelet count decreased and was considered 
to be a manifestation of severe PE. At 22 weeks, a small 
C-section was performed due to the futility of pregnancy 
and high risk of maternal mortality. Subsequently, he-
modialysis was discontinued due to stabilization in glo-
merular filtration rate (GFR) at 16–18 ml/min/1.73 m2; 
the patient was put on the kidney transplant waiting list.
Deceased-donor KT was performed in April 2018, 

graft  function was immediate, serum creatinine levels 
decreased rapidly to 90–95 μmol/L. Immunosuppression 
was induced by basiliximab according to the standard 
scheme,  the patient received  long-acting  tacrolimus, 
mycophenolic acid and methylprednisolone orally as 
baseline immunosuppression. Prophylaxis for cytome-
galovirus infection with valganciclovir and prophylaxis 
of pneumocystis with  trimethoprim/sulfamethoxazole 
were given for 6 months after transplantation. In July 
2018, a urological complication – ureteral stricture and 
graft kidney hydronephrosis – was diagnosed. Immedi-
ate ureteral stenting was performed, and in November 
2018, reconstructive surgery – laparoscopic revision, 
Boari flap ureteroneocystostomy. In January 2019, the 
ureteral stent of the transplanted kidney was removed. 
A single episode of graft pyelonephritis was noted, no 
recurrent urinary infection thereafter. Ultrasound ima-
ges of the transplanted kidney after the reconstructive 
surgery confirmed the absence of urodynamic disorders.
In May 2019, the patient expressed a desire to get 

pregnant. There were no absolute contraindications to 
pregnancy: her graft function was satisfactory (serum 
creatinine 90 μmol/l, estimated GFR 69 ml/min/1.73 m2), 
daily proteinuria 0.15–0.18 g, BP was normal (120/80–
110/70 mm Hg) without taking antihypertensive drugs, 
no recurrent urinary infection, and no obesity – body 
weight 56 kg at height 165 cm (BMI 20.57). In order 
to prepare for pregnancy, the patient was successfully 
converted from mycophenolic acid, a drug prohibited for 
use during gestation, to azathioprine. In 2019, an endo-
metrial polyp was removed at her place of residence.
However,  the patient did not become pregnant for 

a year despite discontinuation of contraception. Hys-
terosalpingography revealed blocked fallopian tubes.  
In 2020, a case conference consisting of a nephrologist, 
transplantologist,  obstetrician/gynecologist  physici-
an, reproductive endocrinologist, and the head of the 
Moscow Regional Research Institute of Obstetrics and 
Gynecology, decided to use IVF in the patient with a 
well-functioning transplanted kidney and tubal infertility.
In October 2020, the IVF program was performed 

with mild stimulation according to a protocol with go-
nadotropin-releasing hormone antagonists, 14 oocytes 
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were obtained by  transvaginal  puncture,  3  embryos 
were cryopreserved on day 5 of cultivation. In Decem-
ber 2020, cryo-thawed embryo transfer was performed 
against the background of hormone replacement therapy, 
one embryo was transferred into the uterus, pregnancy 
did not occur. In January 2021, cryo-cycle IVF was re-
peated against the background of hormone replacement 
therapy, one embryo was transferred into the uterus, 
resulting in pregnancy.
Immunosuppressive  therapy during gestation was 

performed with long-acting tacrolimus with gradual dose 
escalation due to decreasing blood concentrations, a 
small dose of azathioprine 50 mg/day and oral methyl-
prednisolone 4 mg/day. The course of pregnancy from 
the first trimester was complicated by early GDM, which 
was compensated by diet, and gestational hypothyroi-
dism, for which the patient was prescribed levothyroxine 
under thyroid-stimulating hormone control  for conti-
nuous use. The woman had no clinical and laborato-
ry manifestations of secondary hyperparathyroidism.  
An endocrinologist was involved in the management of 
the pregnancy, monitoring the achievement of glycemic 
and thyroid hormone targets.
In the first trimester, high BP values were noted du-

ring outpatient visits. However, daily BP monitoring 
and analysis of self-monitoring diary showed that there 
was no evidence of hypertension, and that episodes of 
BP increase were due to the patient’s psycho-emotional 
lability. This allowed antihypertensive therapy to be dis-
continued. Since the first trimester, the patient received 
antiplatelet agents (dipyridamole) and low-molecular-
weight heparin in a prophylactic dose to prevent pla-
cental-associated and thromboembolic complications, 
as well as for nephroprotection. At 13 weeks of gesta-
tion, dipyridamole was replaced by acetylsalicylic acid 
150 mg/day, which was continued until week 36 accor-
ding to a preeclampsia prevention protocol. The patient 
was also given recommendations on physical activity 
(aerobic exercise – walking 25–50 minutes daily), which 
were followed.
The course of GDM against the background of diet 

was compensated, fetal size on routine ultrasound exa-
minations showed no abnormalities. BP in the second 
and third trimesters according to a self-monitoring diary 
remained normal, the values of the PE marker (angio-
genic factor sFlt-1/PlGF), which were monitored during 
pregnancy, did not exceed the reference values. Gestatio-
nal proteinuria was noted, which did not exceed 1 g/day 
in most studies. Bacteriuria was constantly monitored; 
fortunately,  there were no episodes of pyelonephritis, 
and a one-week course of oral cefixime was administered 
for a single episode of asymptomatic bacteriuria. Mild 
anemia was treated with oral iron supplements.
At 37 weeks of pregnancy,  the patient had her BP 

increasing to 145–155/90–100 mmHg, mostly against 
the background of psychoemotional stress (scheduled 

hospitalization at an obstetric hospital, preparation for 
delivery), which were regarded as moderate PE by doc-
tors at the obstetric department. At the same time, there 
was no increase in proteinuria over time, no significant 
increase in serum creatinine levels, the sFlt-1/PlGF in-
dicator was 10.0 (normal for this gestational age).
The patient delivered a baby in September 2021 at 

37–38 weeks, an elective C-section was performed due to 
uterine scar. The baby was born male, weighing 2760 g 
(25th percentile), height 48 cm (36th percentile), Apgar 
score 7–8. The baby’s condition after birth was satisfac-
tory; he was discharged home with his mother on day 5 
after surgery. Lactation in the mother was suppressed in  
order  to quickly  restore  immunosuppressive  therapy  
in full, with resumption of mycophenolate administra-
tion. Although, it  is currently believed that breastfee- 
ding in women receiving tacrolimus, small doses of cor-
ticosteroids, azathioprine, is possible [24]. The boy is 
growing and developing normally; renal graft function 
in the mother is satisfactory.

diScuSSiOn
The case we presented clearly illustrates that in young 

women, kidney disease can be diagnosed for the first 
time during pregnancy, although changes in urine tests 
had been noted earlier (A.’s first pregnancy), and that the 
course of pregnancy complicated by PE can significantly 
accelerate the progression of renal dysfunction and ra-
pidly lead to end-stage CKD (A.’s second pregnancy). 
It should be noted, however, that prior to KT, our patient 
had spontaneous pregnancies within a short period of 
time after discontinuation of contraception. After suc-
cessful KT, we encountered the problem of secondary 
infertility, which was related to the tubal factor. Repeated 
abdominal surgical interventions: two small cesarean 
sections, the Boari operation, which uses transperito-
neal access, might have been the cause of the blocked 
fallopian tubes. As in the general population, ovarian or 
tubal factors, as well as male factors may be the cause 
of infertility in renal transplant recipients [24].

Given the patient’s age (35 years), we decided not to 
postpone IVF since the effectiveness of this method of 
overcoming infertility decreases sharply with increasing 
age. In patients after organ transplantation, the most im-
portant goal of IVF is not only to achieve pregnancy, but 
also to prevent possible complications: IVF uses mild 
ovarian stimulation to reduce the risk of ovarian hyper-
stimulation syndrome (OHSS); one embryo is typically 
transferred, as multifetal gestation complications can 
negatively affect both the gestation outcome and the 
transplanted organ [13].

Khalaf et al. described a patient after kidney trans-
plantation who developed OHSS in an IVF cycle with 
worsening graft function – an increase in serum creatini-
ne to a maximum of 230 μmol/L [14]. In the pathogenesis 
of renal dysfunction in the described case, compression 
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of the renal graft by the enlarged ovary and hypoperfu-
sion of the transplanted kidney against the background 
of hypovolemia, typical for this complication, played 
a role. Conservative treatment of OHSS was effective, 
graft function normalized; three months later, she had 
two frozen–thawed embryos transferred that resulted 
in a twin pregnancy and subsequent birth of two living 
children. In the second published observation of OHSS 
in a patient after KT, the complication was also success-
fully managed, but embryo transfer was never performed 
subsequently [26].

In recent years, due to improvements in IVF pro-
tocols, the incidence of OHSS has been decreasing, 
resulting in a lower risk of IVF, including in patients 
with transplanted organs [27]. An important point when 
preparing for IVF is the withdrawal of mTOR inhibitors 
sirolimus and everolimus used for immunosuppression in 
some patients, which not only have teratogenic effects, 
but can also reduce the effectiveness of IVF due to their 
negative impact on oocyte maturation [28].

In our observation, the kidney disease was not he-
reditary, and IVF was used to overcome secondary 
infertility. But it should be remembered that assisted 
reproductive technology is used not only in infertility: 
IVF with preimplantation genetic testing and selection 
of healthy embryos can be successfully used in patients 
with monogenic renal diseases, including patients with a 
renal transplant, to obtain healthy offspring. This applies 
primarily to women with the most common monogenic 
renal diseases – autosomal dominant or autosomal re-
cessive polycystic kidney disease and Alport syndrome 
[29, 30].

In our patient, IVF resulted in a pregnancy, but early 
GDM was already detected in the first trimester, which 
manifested as clinically significant fasting hyperglyce-
mia. The true incidence of GDM in pregnant women 
after IVF with a transplanted kidney is not known; in our 
opinion, it should exceed the population rate by at least 
2–4 times, because both the IVF procedure (estrogens, 
ovulation induction) and the immunosuppression drugs 
have a strong diabetogenic potential. In the presented 
observation, early GDM, in whose pathogenesis the 
contra-insulin effect of placental hormones is minimal, 
developed.

However, the literature does not allow an objective 
assessment of GDM incidence in this group of pregnant 
women, since different countries and at different times 
used different diagnostic criteria. Nevertheless, modern 
studies have shown the high importance of achieving 
normoglycemia in pregnant women with GDM for a 
good perinatal outcome, including by reducing the in-
cidence of PE [31, 32]; so, identification and effective 
treatment of GDM in women with a transplanted kidney 
is very important.

The literature sources cited above (Table) shows  
a high incidence of PE, which, in this population of preg-

nant women, is one of the main causes of early delivery 
and can lead to deterioration of graft function. Effective 
PE prophylaxis can both reduce the incidence of PE and 
increase the gestational age at which PE manifests (if this 
complication is not completely prevented), which signi-
ficantly improves pregnancy outcomes for the fetus. For 
this reason, PE prophylaxis in renal transplant patients 
(especially after IVF) should be administered as early 
as possible. In our opinion, the use of aspirin alone to 
prevent PE is not enough for pregnant women after KT; 
a combination of low molecular weight heparin and anti-
platelet agents is necessary. It should be noted that none 
of the publications we cited mention any measures taken 
to prevent placental-associated complications. There are 
no studies on the effectiveness of PE prophylaxis in pa-
tients after KT. However, the results of our earlier study 
showed that a combined use of heparin and antiplatelet 
agents significantly increases the frequency of favora-
ble pregnancy outcomes in women with reduced renal 
function corresponding to stage 3 CKD [33]; renal graft 
function in most cases corresponds to CKD stage 2–3.

The feasibility of comprehensive PE prophylaxis is 
partly confirmed by the presented observation. Recall 
that the patient’s two previous pregnancies were com-
plicated by early severe PE, which resulted not only in  
termination of pregnancy due to vital signs, but also  
in accelerated progression of CKD. In the third pregnan-
cy, which occurred after KT and IVF, the patient received 
low molecular weight heparin and antiplatelet agents 
from the moment the pregnancy was established until it 
ended; as a result, symptoms that could be attributed to 
PE appeared only at full-term pregnancy, 2–3 days before 
delivery, and did not worsen the perinatal outcome. The 
diagnosis of PE in the case we presented is generally 
quite controversial because the patient had no proteinuria 
and the value of biomarker sFlt-1/PlGF remained normal.

Nephrologists, transplantologists, and obstetricians/
gynecologists may be wary of kidney transplant rejec-
tion during pregnancy and in the postpartum period. 
However, the risk of rejection in pregnancy is relatively 
low: according to a 2019 meta-analysis that included 
6,712 pregnancies in 4,174 kidney transplant recipients, 
the rejection rate was about 9%, which is not significantly 
different from this rate outside of pregnancy [1]. Appa-
rently, with adequate control of immunosuppression, 
IVF is not an additional factor that increases the risk of 
rejection.

In our case, the favorable outcome of the IVF preg-
nancy in the patient with a history of obstetric compli-
cations after KT was due to a thorough IVF and preg-
nancy risk assessment at the planning stage, prevention 
of placental-associated complications (PE, fetal growth 
restriction), early diagnosis of GDM and achievement of 
normoglycemia, control of immunosuppressive therapy, 
and a multidisciplinary approach to pregnancy manage-
ment.
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cOncluSiOn
Literature data and our observation suggest that in 

the absence of unambiguous contraindications to preg-
nancy, patients with infertility after KT can be success-
fully treated with IVF and give birth to healthy children 
without deterioration in graft function. However, such 
women have a high incidence of pregnancy complica-
tions, primarily PE, which requires prevention. Early 
detection and treatment of GDM, hypertension, urinary 
tract infection and anemia are also necessary. Observa-
tion by an interdisciplinary team of qualified specialists 
and optimal tactics for such a pregnancy, taking into 
account risk factors, can reduce the incidence of preterm 
birth and achieve satisfactory pregnancy outcomes for 
both mother and fetus.

The authors declare no conflict of interest.
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inTrOducTiOn
Organ transplantation is the method of choice in the 

treatment of patients with irreversible loss of vital organ 
function. Achieving the desired results is possible with 
optimal use and a deep understanding of IMT that is 
aimed at preventing acute and chronic allograft rejec-
tion. The beginning of widespread use of calcineurin 
inhibitors (CNIs) was an important milestone in the 
evolution of IMT, significantly reducing the incidence 
of acute rejection [1]. This review discusses advances 
and techniques in IMT that have emerged over the past 
50 years in the practice of clinical transplantology.  
The possibilities and limitations of these advances and 
how they affect current outcomes in post-transplant pa-
tients are also assessed.

i. immunOSuPPreSSanTS and renal 
funcTiOn in eXTrarenal OrGan 
TranSPlanTaTiOn

Prolonged survival of donor organ recipients has led 
to greater exposure to immunosuppressants and increa-
sed adverse events associated with their use. Today, the 
main causes of late post-transplant mortality are largely 
due to long-term use of immunosuppressants [2]. Since 
the beginning of the decade, more than two-thirds of 
post-liver transplant deaths are unrelated to liver graft 
function, which underlines the effectiveness of modern 
IMT regimens [3]. However, the good survival rate of 
liver recipients has demonstrated the role of adverse 
events associated with prolonged exposure to IMT on the 
recipient’s body. With better survival rates in solid organ 

recipients, reports on the detection of chronic kidney di-
sease (CKD) in child recipients of extrarenal transplants 
began to appear [4, 5]. The incidence of CKD in pediatric 
donor heart, lung, and liver recipients ranges from 8% to 
38%, depending on the definition and duration of post-
transplant follow-up [4–6].

Ruebner et al analyzed data from over 16,000 child-
ren who underwent extrarenal organ transplantation 
between 1990 and 2010. During a median follow-up of 
6.2 years, end-stage renal disease (ESRD) developed in 
3% (n = 426) [4]. Choudhry et al also studied the Scien-
tific Registry of Transplant Recipients (SRTR) and the 
United States Renal Data System (USRDS) databases 
and found that during a median follow-up of 11.8 years, 
ESRD developed in 4% of heart recipients [7]. The actu-
arial risk of developing ESRD after heart transplantation 
was 3% at 10 years and 16% at 20 years.

In a retrospective cohort study, Menon et al. assessed 
the risk of acute kidney injury (AKI) and CKD in so-
lid organ recipients. The study included patients under 
21 years of age who underwent liver (n = 112) or heart 
transplantation (n = 109) between July 1, 2009, and De-
cember 31, 2016. Pediatric AKI was seen in 63% (n = 
69) after heart and 43% (n = 43) after liver transplant. 
Cumulative incidence (95% CI) of CKD stages 3–5 at 
60 months post-heart transplant was 40.9% (27.9–57.1%) 
in patients with AKI vs 35.8% (17.1–64.8%) in those 
without (P = NS). Post-liver transplant, the cumulative 
incidence of CKD stages 3–5 at 60 months was 0% in  
those without perioperative AKI vs 10% (3.2–29.3%)  
in those with (P = 0.01). Patients with perioperative AKI 
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had lower estimated glomerular filtration (eGFR) at last 
follow-up [8].

Kidneys in recipients of extrarenal organs often 
begin to suffer at the pre-transplant stage. The use of 
calcineurin inhibitors (as a component of maintenance 
immunosuppression) and baseline renal dysfunction are 
traditionally considered risk factors for CKD [4, 5, 7]. 
Other provoking factors are infection, arterial hyperten-
sion and other nephrotoxic drugs [5, 8]. Kidney injury is 
a common event after extrarenal organ transplantation in 
adults [10–12]. Studies show that in adults after extrare-
nal organ transplantation, the decline in renal function is 
most pronounced in the first six months after transplan-
tation, and renal dysfunction progresses more slowly 
or even stabilizes thereafter [13]. Even a single episode 
of AKI developing in the first three months after trans-
plantation is associated with a threefold increased risk 
of CKD [5]. Renal failure persisting one month after 
liver transplantation is associated with increased risk 
of CKD [14]. CKD and ESRD are reported in 70% and 
8.5% of patients, respectively, in the long term after liver 
transplantation [15]. Although kidney injury in non-renal 
transplant recipients is caused by multifactorial mecha-
nisms, calcineurin inhibitor-induced renal arteriole va-
soconstriction plays a leading role [16, 17]. Due to the 
high significance of kidney injury in clinical practice, a 
nephroprotection strategy is being developed, which is 
conventionally divided into early and late.

Early nephroprotection strategy includes induc-
tion immunosuppression with delayed administration 
of low-dose CNIs in combination with non-nephrotoxic 
immunosuppressants to safely minimize CNIs.

Induction IMT in liver transplantation is used less 
frequently than in other organ transplantation because 
of the lower risk of rejection and the often-severe cli-
nical condition of patients with cirrhosis at the time of 
transplantation. In the United States, only 20–25% of 
liver recipients receive induction immunosuppression. 
Nevertheless, induction with rabbit antithymocyte glo-
bulin (rATG) appears to be reasonable in liver recipients 
with impaired renal function [18].

A United Network for Organ Sharing registry stu-
dy [19] showed that lymphocyte-depleting agents like 
alemtuzumab and rATG, especially in combination with 
steroids, appear to be more effective in preventing renal 
dysfunction than agents that do not affect on liver recipi-
ents’ lymphocyte counts (basiliximab and daclizumab).

Because of the existing data on the correlation bet-
ween CNI levels, early renal dysfunction, and mortali-
ty, many induction immunosuppression protocols have 
been studied as part of a strategy to minimize CNIs in 
order to preserve renal function. The use of anti-CD-25 
monoclonal antibodies for induction allows minimal st-
arting doses of CNIs to be administered or delayed in 
liver recipients with acute kidney injury. This approach 
leads to a more rapid recovery of renal function with a 

comparable or even lower rejection rate [20]. In a more 
recent study by Pratima Sharma et al, the results were 
not as clear-cut. In a group of liver recipients with severe 
renal dysfunction, delayed tacrolimus (TAC) initiation 
combined with basiliximab induction therapy had no 
durable effect on long-term post-transplant outcome [21].

Standard residual tacrolimus trough levels (TAC C0) 
in randomized controlled trials ranged from 10 to 15 ng/
mL. Combination with mycophenolate mofetil (MMF) 
can safely reduce TAC C0 levels to 7–10 ng/ml, with 
a similar incidence of acute rejection with better renal 
function, metabolic and cardiovascular profile [22]. 
The possibility of using mammalian target of rapamy-
cin (mTOR) inhibitors, at one time caused considerable 
interest, due to the better safety profile in terms of renal 
function and high immunosuppressive efficacy. Unfor-
tunately, the combination of TAC with rapamycin (RAP) 
in de novo transplanted patients showed an increased 
risk of hepatic artery thrombosis and acute graft rejec-
tion compared to the group on the standard IMT regi-
men, which required early termination of the study [23].  
In another study comparing the combination of RAP with 
MMF versus TAC with MMF, there was a significant 
improvement in renal function four weeks after liver 
transplantation, but an increased rate of rejection in the 
RAP group [24]. A randomized controlled trial H2304 
compared a combination of everolimus (EVE) with low-
dose TAC, EVE without TAC, and a conventional TAC 
regimen. At month 12, 24 and 36, renal function was 
better in the EVE group with low-dose TAC, and the stu-
dy in the EVE group without TAC was terminated early 
because of the high rate of acute rejection there [25].

Similar results were obtained in the PROTECT stu-
dy, which compared the combination of EVE with a 
reduction in CNIs 8–16 weeks after liver transplantation 
with standard CNI doses. Better kidney function in the 
group of patients receiving EVE was observed for 5 ye-
ars [26]. One meta-analysis of randomized controlled 
trials of adult recipients after de novo liver transplanta-
tion who received EVE in combination with low-dose 
TAC, or without TAC, found that they were associated 
with improved renal function at 12 months with similar 
efficacy in terms of rejection or mortality [27]. A num-
ber of centers have suggested the use of a combination 
of mTOR inhibitors with low-dose TAC starting in the 
immediate postoperative period. Unfortunately, there 
is no convincing evidence to support the effectiveness 
of this strategy [28]. It should be noted that IMT regi-
mens without CNIs have also been proposed as options 
for therapy after induction immunosuppression with a 
combination of monoclonal and polyclonal antibodies. 
A high rejection rate has been reported for this proto-
col [29]. An attempt to replace nephrotoxic CNIs with 
belatacept (BEL), a costimulation blocker, showed an 
improvement in renal function one year after transplan-
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tation. However, the study was prematurely terminated 
due to an unexplained increase in deaths in the group of 
patients receiving BEL [30].

nephroprotection strategy  
in the late post-transplant period

Late conversion, 1 year or more after transplantation, 
from CNIs to RAP, showed no significant effect on renal 
function, with a high rate of rejection and side effects of 
RAP necessitating a return to CNIs [31]. Two large, but 
relatively old, randomized controlled trials of conversion 
from CNIs to a combination of EVE with low-dose TAC 
at one to five years showed a comparable probability of 
developing acute rejection with no significant effect on 
renal function [32, 33].

Another retrospective study examined the efficacy 
of conversion to EVE, in patients with impaired renal 
function following liver transplantation. Improvement in 
renal function at 12 months was achieved in the group 
of patients in whom conversion was performed no later 
than 1 year after liver transplantation [34]. The strategy 
of conversion to MMF monotherapy or their combination 
with low-dose CNIs resulted in better renal function if 
performed no later than 2 years after transplantation.  
A systematic review that summarized the switch to MMF 
concluded that it demonstrated beneficial effects on renal 
function, with an increased risk of developing rejection 
[35]. On the other hand, there is evidence that even with 
complete withdrawal of immunosuppression in liver re-
cipients, which has been achieved in some cases [36, 37, 
38], no studies have reported beneficial effects of such 
withdrawal in terms of renal function, hypertension, di-
abetes or hyperlipidemia [2].

ii. maJOr immunOSuPPreSSanTS
a. Glucocorticoids (Gcs)

Glucocorticoids (GCs) were used as first-line drugs in 
organ transplantation even before the advent of azathio-
prine (AZA) and cyclosporine (CsA). They were used as 
immunosuppressive agents as well as maintenance thera-
py to prevent acute rejection. GCs are anti-inflammatory 
agents, and their immunosuppressive effect results from 
several mechanisms. They act through glucocorticoid 
receptor (GCR) [39]. The genomic effects of GCs are 
realized within a few hours of drug administration [40]. 
GCs also produce immediate effects occurring within 
seconds or minutes and are referred to as nongenomic 
glucocorticoid effect [41]. Collectively, GCs disrupt 
or inhibit various cellular activities such as migration, 
phagocytosis, and release of inflammatory chemokines 
and cytokines from various cells. GCs also accelerate 
lymphocyte apoptosis and interrupt immune responses 
to foreign antigens. Clinically, these effects of GCs are 
associated with increased risk of bacterial, viral and 
fungal infections in the recipient. GCs are an integral 

component of induction IMT, but their use as a com-
ponent of maintenance IMT is not as straightforward. 
Adverse effects of GCs include mineral-bone disorders, 
infectious complications [42], cataracts, hyperlipide-
mia, aseptic necrosis of the femoral head, osteoporosis, 
mood changes and a Cushingoid appearance; long-term 
use of GCs in children leads to growth retardation [43].  
The frequency of arterial hypertension associated with 
the use of GCs is about 15%, and in almost 10% of cases, 
GCs are the cause of impaired glucose tolerance i.e., the 
so-called post-transplant diabetes mellitus (PTDM) [44]. 
Hence, minimizing the use of GCs may improve graft 
and patient survival [45].

A meta-analysis of seven studies evaluating the ef-
fects of CsA-based, steroid-free IMT protocols on graft 
and patient survival and incidence of acute graft rejec-
tion demonstrated that absence or withdrawal of GCs 
increased the risks of acute rejection but had no adverse 
effect on patient or graft survival. Since only one stu-
dy evaluated patient and graft survival two years after 
transplantation, no reliable long-term conclusions on 
the risk of chronic rejection or graft loss could be drawn 
[46]. A meta-analysis of ten other studies demonstrated 
an increased risk of acute cellular rejection (ACR) in 
groups of patients in whom GCs were abolished, along 
with increased relative risk of graft dysfunction [47]. 
Because of the inconsistency of the findings and the use 
of AZA as a component of maintenance IMT in these 
studies, a third meta-analysis included only randomized 
controlled trials of patients receiving CNIs and MMF. 
This study concluded that late withdrawal of GCs was 
associated with a higher incidence of ACR but had no 
adverse effect on graft survival in the medium term [48]. 
Since most transplant centers today use induction IMT 
followed by TAC and MMF maintenance therapy, many 
protocols provide for either rapid withdrawal of GCs or 
complete rejection of their use [49].

The Kidney Disease: Improving Global Outcomes 
(KDIGO) guidelines state that in patients who are at 
low immunological risk and who receive induction IMT 
with lymphocyte-depleting antibodies, GCs can be dis-
continued within the first week of transplantation [47, 
50]. These recommendations are supported by a meta-
analysis of 9 studies, in 5 of which maintenance IMT 
was based on TAC administration, and in 4 – on CsA, 
in one study mTOR inhibitor was used [51]. Mortality 
and graft loss were similar in both patients receiving GCs 
and patients on steroid-free protocols [52]. These data are 
consistent with the observation from an analysis of US 
registry data showing that de novo immunosuppression 
without GCs did not increase the risk of adverse clinical 
outcomes in the medium term [53].
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B. antiproliferative drugs: azathioprine 
and mycophenolate mofetil
1. Azathioprine

AZA belongs to the class of antimetabolites, an imi-
dazoline derivative of 6-mercaptopurine. AZA is a struc-
tural equivalent of adenine, hypoxanthine and guanine, 
which are part of nucleic acids [54]. Inhibition of purine 
synthesis de novo blocks lymphocyte proliferation [55]. 
6-mercaptopurine is metabolized to 6-thioguanosine-5’-
monophosphate, which is further metabolized by a series 
of kinases and reductases to form deoxy-6-thioguanosi-
ne-5’-triphosphate. Cell cycle arrest and apoptosis are 
triggered by incorporation of deoxy-6-thioguanosine-
5’-triphosphate into the cell DNA [56]. AZA was found 
to block the CD28 costimulation pathway, thereby inhi-
biting the proliferation of activated lymphocytes [57]. 
AZA, along with GCs and CsA, was the immunosuppres-
sant of choice after organ transplantation, until several 
randomized trials comparing it to MMF demonstrated 
significant advantages of the latter. [58].

2. Mycophenolate mofetil
MMF is the 2-morpholinoethyl ester of mycophenolic 

acid (MFA). MMF is a potent selective noncompetitive 
and reversible inhibitor of inosine monophosphate de-
hydrogenase, which inhibits de novo synthesis of gua-
nosine nucleotides in T and B cells [59, 60]. Moreover, 
MMF predominantly inhibits inosine monophosphate 
dehydrogenase 2, whose activity is increased in acti-
vated lymphocytes, and, consequently, MMF has the 
greatest effect on proliferation of activated lymphocytes 
and reduces cytokine and antibody production induced 
by allergens and mitogens [61]. This selective effect is 
a factor that provides a better safety profile of MMF 
compared to azathiprine or cyclophosphamide [62].  
In addition to the antiproliferative effect on lymphocytes, 
MPA has other mechanisms of action: due to depletion 
of guanosine triphosphate reserves, fucosylation and sur-
face expression of lymphocyte and monocyte adhesion 
molecules are impaired [63]. MMF inhibits the surface 
expression of antigens responsible for differentiation and 
efficient presentation of allergens by dendritic cells, thus 
suppressing adaptive immune response [64]. Another 
advantage of MPA is its nephroprotective effect observed 
in patients with chronic graft nephropathy [65]. A review 
of 19 studies comparing the effectiveness of MMF and 
AZA in combination with CNIs demonstrated that the use 
of MMF provides a positive clinical effect by reducing 
the absolute risk of acute rejection or graft loss [66].

С. calcineurin inhibitors
Introduction of CNIs into clinical practice has resul-

ted in increased graft survival without rejection. Howe-
ver, the use of CsA or TAC requires frequent monitoring 

of blood levels because of their very narrow therapeutic 
index. Narrow therapeutic index, high individual varia-
bility, and poorly predictable and variable oral bioavai-
lability put these drugs at risk for serious adverse ef-
fects [67]. The best-known side effect is nephrotoxicity, 
which has been detected almost since the beginning of 
clinical use [68]. Another undesirable effect of CNIs is  
the development of insulin resistance. Although TAC  
is considered less nephrotoxic than CsA, it is up to 
5 times more diabetogenic, which provokes the deve-
lopment of PTDM. In the long term, PTDM is associa-
ted with impaired renal function and worsened patient 
survival [69]. Another problem with the use of CNIs 
is neurotoxicity, which can occur at both therapeutic 
and toxic levels of the drug. The main manifestation of 
neurotoxicity is the posterior reversible encephalopathy 
syndrome, whose radiological sign is a change in signal 
intensity reflecting vasogenic cerebral edema, localized 
mainly in the posterior parieto-occipital regions of the 
brain [70]. Today, TAC is considered to be the preferred 
CNI in all types of solid organ transplantation because 
of its ability to better control the risks of acute rejection 
reaction and potentially less nephrotoxicity [67].

The Efficacy Limiting Toxicity Elimination (ELITE)– 
Symphony study compared four groups of patients after 
kidney transplantation: group 1, those who received stan-
dard-dose CsA with a minimum concentration (C0) of 
200–300 ng/mL; group 2, those who received low-dose 
CsA with C0 equal to 100–200 ng/mL; group 3, those 
who received low-dose TAC with C0 equal to 4–7 ng/
mL; group 4, those who received low-dose sirolimus 
(SRL) with C0 4–8 ng/mL. All patients received induc-
tion IMT with daclizumab and received MMF and GCs 
as maintenance therapy. Incidence of acute rejection was 
lower in group 3 patients. Allograft survival differed sig-
nificantly among the four groups and was highest in the 
low-dose TAC group. At the same time, serious adverse 
events were more common in the low-dose SRL group 
[71]. These trends were observed over a 3-year period 
[72]. This study provided reliable evidence of the effec-
tiveness of maintenance IMT based on a TAC + MMF + 
and + GCs combination for renal transplant recipients.

d. mammalian target of rapamycin 
inhibitors: Sirolimus and everolimus

SRL or RAP, a secondary metabolite produced by S. 
hygroscopicus, was obtained in the 1970s [73]. EVE is 
a derivative of RAP, characterized by increased bioavai-
lability when ingested and a shorter half-life [74]. mTor 
inhibitors significantly inhibit IL-2-stimulated T-cell 
proliferation and also affect B cells by inhibiting their 
antigen- and cytokine-dependent proliferation [75]. RAP 
has been shown to inhibit cytokine-dependent (IL-2, 
IL-6) differentiation of B cells into plasma cells, thus 
suppressing immunoglobulin synthesis [76]. The side 
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effects of mTOR inhibitors include hyperlipidemia, 
thrombocytopenia, mucositis, edema, and proteinuria 
[77]. No nephrotoxicity has been found for mTOR inhi-
bitors [78]. The premise of using mTOR inhibitors was to 
avoid adverse effects – chronic nephrotoxicity inherent 
to CNIs. A combination of RAP or EVE with a standard-
dose CsA has been associated with increased risk of 
nephrotoxicity [79]. Therefore, attempts have been made 
to use RAP instead of CNIs. A study of a combination of 
RAP with MPA in renal transplant recipients demonstra-
ted increased risk of rejection [80]. Subsequent studies 
have explored the potential of RAP, either as a salvage 
therapy to replace CNIs early after transplantation [81], 
or in patients with a “problematic” kidney transplant 
[82]. Also, mTOR inhibitors were studied as a means of 
preserving renal function in recipients of other organs 
with elevated creatinine levels on the background of CsA 
or TAC treatment [83–85].

The potential of EVE has inspired cautious hope in 
heart transplantation, and its combination with TAC ap-
pears to be a safe alternative to TAC- and MMF-based 
maintenance therapy [86]. In heart recipients without 
proteinuria, EVE can be used to minimize the CsA dose. 
Since up to 20% of liver transplant recipients develop 
end-stage CKD, administration of EVE in combination 
with low-dose CNIs has been studied in liver transplant 
recipients [87]. Data from a 3-year randomized trial de-
monstrate long-term preservation of kidney function in 
liver recipients with no loss of efficacy when CNIs are 
withdrawn early, and EVE continued [88]. The advanta-
ges of mTOR inhibitors also include their ability to block 
endothelial proliferation, the ability to suppress viral 
replication and some types of tumor cells. In this regard, 
RAP and EVE are used instead of CNIs for secondary 
prevention of neoplasia such as skin cancer, Kaposi’s sar-
coma and hepatocellular carcinoma, and post-transplant 
lymphoproliferative disorders [89].

e. Belatacept
BEL is based on abatacept (CTLA-4 Ig), a recom-

binant immunoglobulin that consists of the extracellular 
part of the CTLA-4 molecule and the constant IgG do-
main [90]. It is approved for prevention of graft rejection 
and it excludes CNI-related nephrotoxicity after kidney 
transplantation [91, 92]. Studies such as BENEFIT and 
BENEFIT-EXT have found that the use of BEL instead of 
CsA preserves kidney function [93]. There was increased 
ACR incidence in patients who received BEL compa-
red to those who received CsA. However, this did not 
affect graft function at year 3 and 5 of follow-up. This 
is due to the fact that BEL is less effective than CsA in 
preventing early, but not late rejection [94]. In addition, 
only a small fraction of patients on BEL-based mainte-
nance therapy form donor-specific antibodies (3% versus 
8% on CsA). Besides, BEL-based maintenance therapy, 

compared with CsA, provides a better cardiovascular 
and metabolic risk profile, and is also associated with a 
lower risk of PTDM [95]. In a meta-analysis in which 
BEL was compared with CsA, an indirect assessment of 
the effectiveness of BEL, CsA, and TAC on graft and 
patient survival, acute rejection rates, and renal func-
tion was attempted [94, 96]. The study concluded that 
all three drugs provided comparable graft and patient 
survival. In addition, BEL was associated with signifi-
cantly better GFR compared with CsA. Compared with 
TAC, this difference was clinically but not statistically 
significant. [97]. BEL is not used in transplantation of 
organs other than the kidney, except for a phase II study 
in liver transplantation that was terminated early due to 
increased risk of death and graft loss [30].

iii. inducTiOn immunOSuPPreSSive TheraPY
Based on the idea that during donor conditioning, or-

gan removal, warm and cold ischemia, there is increased 
activation of immunogenic complexes, the concept of 
induction IMT began to be implemented. Another justifi-
cation for the use of induction immunosuppression is the 
fact that the risk of acute rejection reactions is maximal 
in the first weeks and months after transplantation [98].  
To date, two different categories of immunological agents 
used for induction IMT are available. The first includes 
lymphocyte-depleting antibodies: for example, polyclo-
nal antibodies such as equine and rabbit antithymocyte 
immunoglobulin (rATG) [107], the second includes ge-
netically engineered humanized IgG1 kappa monoclonal 
anti-CD52 antibodies [99]. As of 2008, 82% of kidney 
recipients received induction IMT drugs. In recipients 
of other organs, induction immunosuppression was used 
less frequently: 57% in lung transplantation, 47% in heart 
and 26% in liver transplantation. In transplantation of 
extrarenal organs, as a rule, non-lymphocyte depleting 
agents were used [100]. In 2020, immunosuppression 
induction was already used in 91% of kidney recipients, 
1% less than in 2019. The main decrease in the use of 
lymphocyte-depleting agents occurred at the beginning 
of the COVID-19 pandemic [101].

А. rabbit antithymocyte globulin  
(raTG, thymoglobulin)

rATG is a polyclonal antibody produced by rabbits 
after immunization with infantile human thymus tissue. 
rATG contains antibodies not only to T cells but also to 
many other antigens expressed in human thymus tissues 
[103]. It has been shown that rATG in vitro leads to an 
increase in regulatory CD4+CD25+FOXP3+ T cells that 
suppress the immune response to allergen and participate 
in tolerance induction [104, 105], and also suppresses 
genes involved in NF-κB regulation, costimulation, apo-
ptosis, chemoattraction and dendritic cell function [106, 
107]. A number of patients produce antibodies against 
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rabbit immunoglobulin. Antibodies are detected in more 
than 50% of patients after rATG administration, but their 
presence does not affect the efficacy of the drug [108]. 
Induction IMT with thymoglobulin compared to basili-
ximab in kidney recipients from a postmortem donor 
with a high risk of delayed function or acute rejection 
significantly reduced the probability of developing re-
jection, but did not affect the duration of graft dysfunc-
tion. Patient and graft survival were comparable in both 
groups [109].

B. Basiliximab  
(anti-cd-25 monoclonal antibody)

Basiliximab is a chimeric non-lymphocyte-destroy-
ing mouse/human monoclonal antibody targeted against 
the α-chain of IL-2R (also known as CD25 or IL-2Rα) 
[99, 110]. Acting as an IL-2Rα antagonist, basiliximab 
competitively inhibits lymphocyte activation. The main 
advantage when using anti-CD25 monoclonal antibo-
dies is its specificity and the absence of leukopenia and 
thrombocytopenia, which are often observed when using 
lymphocytopenic antibodies.

Numerous randomized controlled trials have shown 
that basiliximab significantly reduces the risk of acute 
rejection compared with placebo in renal transplant re-
cipients receiving double (CNIs and GCs) or triple IMT 
(CNIs, GCs and AZA or MMF). However, graft and 
patient survival rates at 12 months were comparable 
[111–113]. The effects of basiliximab appear to be even 
less pronounced when used as the main component of 
maintenance IMT using TAC. This may be due to the 
lack of large studies or to the more pronounced immu-
nosuppressive effect of TAC compared to CsA [112]. 
At the same time, there is little information on the long-
term effects of basiliximab. As for the safety profile of 
basiliximab, according to this study, it is an independent 
risk factor for PTDM [115].

c. alemtuzumab (campath-1h)
Alemtuzumab is a humanized rat monoclonal anti-

body originally designed to treat chronic lymphocytic 
leukemia (rat IgG2b); it is an antibody that targets the 
lymphocyte-specific surface marker CD52. The CD52 
antigen is present on the surface of T cells, B cells, natu-
ral killer cells, macrophages, and monocytes [114, 116]. 
Even small doses of the drug cause persistent profound 
lymphopenia, and it may take considerable time to res-
tore the number of lymphocytes. Alemtuzumab was first 
used for the purpose of induction IMT by Calne et al. in 
1998 [117]. They suggested that the achieved profound 
depletion of lymphocyte level would minimize the dose 
of GCs, CNIs and even contribute to the development 
of immune system tolerance to the transplanted kidney. 
However, all patients developed reversible acute graft 
rejection within the first month [118]. Other studies have 

evaluated the efficacy and safety of alemtuzumab on 
maintenance therapy with CNIs or its combination with 
MMF [119]. In one study in patients at low immunologi-
cal risk, biopsy-confirmed acute graft rejection within the 
first year was less common with alemtuzumab compared 
to standard induction IMT with basiliximab or rATG, 
while in high immunological risk the effectiveness of 
all three drugs was comparable [119]. Another review, 
which included 1,687 kidney transplants to adult recipi-
ents performed between January 1, 2002, and December 
31, 2007, compared outcomes in patients who received 
alemtuzumab (n = 632), basiliximab (n = 690), or thy-
moglobulin (n = 125) as IMT inducers. Cumulative 1, 
3, and 5-year survival rates were significantly lower in 
the alemtuzumab group, and the incidence of antibody-
mediated rejection was higher. Alemtuzumab was found 
to be an independent risk factor for allograft loss (P = 
0.004), opportunistic infections (P = 0.01), cytomega-
lovirus infections (P = 0.001) and antibody-mediated 
rejection (P = 0.002) [120]. An analysis of the elderly 
population showed that alemtuzumab appeared to be 
associated with increased risk of death and graft loss in 
this group [121]. A combination of induction alemtu-
zumab with RAP monotherapy was another attractive 
hypothesis and was tested on 29 patients. Eight patients 
required treatment for acute rejection and one patient 
had graft loss [122]. Other researchers have found that 
a combination of RAP with MMF after induction alem-
tuzumab was associated with a high rate of rejection and 
complications in the form of leukopenia and respiratory 
distress syndrome [123].

d. Other agents
Rituximab is an antitumor and immunomodulatory 

agent. It is a chimeric mouse/human monoclonal anti-
body that binds specifically to the CD20 transmembrane 
antigen [124]. Over the past 15 years, it has mainly been 
used in ABO-incompatible kidney transplants and has 
been used with varying degrees of success in protocols 
for desensitization of kidney transplant recipients and 
treatment of antibody-mediated rejection [125–127]. 
Data on the use of rituximab as an IMT inducer are still 
limited. Its efficacy has been evaluated in a prospecti-
ve double-blind, randomized, placebo-controlled study 
[128]. The incidence of acute rejection as well as kidney 
function did not differ significantly between the ritu-
ximab group and placebo group. Another randomized 
controlled trial comparing rituximab with daclizumab 
was terminated early due to increased incidence of ACR 
in the rituximab group [129].

cOncluSiOn
Since the mere fact of taking immunosuppressants 

has a negative effect, the goal of treatment is to prescribe 
the least immunosuppressive regimen that can reliably 
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prevent graft rejection. However, this simple concept pre-
sents many challenges when adapted to clinical practice. 
There are major differences in IMT regimens between 
different centers, between physicians at the same center, 
and even between physicians treating the same patient, 
but at different time periods. Moreover, reduction of 
immunosuppression regimen is based on surrogate mar-
kers (i.e., trough blood levels) and clinical events (i.e., 
rejection episodes, infectious complications). Because 
clinical practice lacks a reliable mechanism for assessing 
the adequacy of immunosuppression, it is very difficult 
to determine the minimum level of IMT that is sufficient 
for each individual patient at any given time. In addition, 
there are relatively few up-to-date studies describing 
IMT strategies in the available literature, and the average 
period of publications cited in current reviews dates back 
to 2011. All this determines the relevance of the search 
for new principles and modes of IMT, ensuring long-term 
survival of solid organ recipients, with minimal negative 
effects. The absence of new molecules preventing the 
development of rejection leaves clinicians with only the 
possibility to search for optimal combinations of existing 
immunosuppressants, used both at the induction stage 
and in further maintenance regimen.
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In recent years, cardiologists and cardiovascular sur-
geons are increasingly encountering radiation-induced 
heart disease (RIHD) in their practice. This complica-
tion is described in literature but is poorly understood 
and clinically challenging. Radiation therapy (RT) is 
widely used in the treatment of many cancers. Despite 
the considerable risk of complications, this method is 
used in 20–55% of cancer patients. Its basic principle 
consists of inhibiting proliferation or inducing apoptosis 
of cancer cells [4].

When using high doses of mediastinal irradiation, 
almost any component of the heart – myocardium, peri-
cardium, valves, coronaries or conduction system – can 
be damaged. Basically, the cardiotoxic effect is caused 
by irradiation in such diseases as mediastinal lymphoma, 
esophageal cancer, thymoma, lung cancer (especially 
left-sided), and breast cancer (especially left-sided). The 
cumulative dose of mediastinal irradiation is a major risk 
factor for subsequent heart disease. Although complica-
tions can occur at any dose, there is a linear increase in 
the risk of valvular disorders at doses above 30 Gy/m2 
[1]. Radiation-induced cardiotoxicity is delayed, usually 
occurring 10 to 30 years after treatment. For example, in 
patients with a history of Hodgkin’s lymphoma who have 
undergone RT, the average time from diagnosis of malig-
nancy to onset of cardiac complications is about 19 years 
[2]. Hodgkin’s lymphoma is one of the most common 
cancers in young adults, with an estimated incidence of 3 
cases per 100,000 population. The cumulative long-term 
incidence of RIHD is nearly 60% in Hodgkin’s lympho-
ma survivors 40 years after exposure with a relative risk 
of 3.2 times that of the general population, and 51.4% of 
patients develop 2 or more cardiovascular events [13]. 
Many studies have confirmed that cardiovascular risk 

factors such as hypertension, diabetes mellitus, dyslipi-
demia, and obesity significantly increase the risk of heart 
disease and related complications of RT [3]. Risks also 
increase after chemotherapy and/or when two or more 
cardiovascular risk factors are present.

Mediastinal irradiation significantly increases the risk 
of non-ischemic cardiomyopathy; these include direct 
myocardial fibrosis, myocardial hypertrophy secondary 
to valvular disorders, and diastolic dysfunction due to 
constrictive pericarditis. Reviews of the problem estima-
te the prevalence of radiation-induced cardiomyopathy 
at >10%. Therefore, it is important to understand the 
pathophysiology of RIHD, to consider risk factors asso-
ciated with radiation injury, and to diagnose the condition 
early enough.

The walls of the heart are composed of three layers: 
endocardium, myocardium and epicardium. The myo-
cardium is a highly vascularized tissue with capillary 
density approaching 2,800 capillaries per square milli-
meter. In comparison, the capillary density of skeletal 
muscle is much lower, approximately 350 capillaries per 
square millimeter. The myocardial subunit consists of 
cardiac myocytes, capillaries, and stromal tissue. Each 
myocardial subunit has a network of capillaries and de-
pends on diffusion for nutrient metabolism because there 
are no arterioles in the tissue. Capillaries completely 
surround individual myocytes and are normally always 
open to perfusion. Myocardial blood supply is crucial 
for cardiac muscle function and depends on the degree 
of development of the capillary system.

Radiation injury is characterized by both acute and 
chronic changes in cardiac tissue [11]. Within minutes 
after exposure to ionizing radiation, cellular damage cau-
ses vasodilation and increased vascular permeability. 
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Cardiomyocytes themselves are known to be resistant 
to radiation. However, when combined radiation/che-
motherapy treatment is used, the risk of complications 
increases significantly. According to Suter and Ewer 
classification, all cytostatics are divided according  
to the nature of their damaging effect on the cardiovascu-
lar system. There are two types of cardiotoxicity: type I 
cardiotoxicity (irreversible myocardial dysfunction due to  
cardiomyocyte death; anthracyclines have such an effect; 
the degree of myocardial damage in this case depends on 
the cumulative dose) and type II cardiotoxicity (reversi-
ble cardiomyocyte dysfunction due to mitochondrial and 
protein damage; this type is most typical for trastuzumab 
and does not depend on the cumulative dose). High cu-
mulative dose, intravenous bolus administration of drug, 
high single dose, co-administration of other cardiotoxic 
drugs (cyclophosphamide, trastuzumab, paclitaxel, etc.), 
previous RT, female gender, <15 years old and >65 ye-
ars old, existing heart disease (especially hypertension 
and coronary heart disease), obesity, elevated biomarker 
levels (troponin) during or after anthracycline treatment 
are all risk factors for type I cardiotoxicity. Risk factors 
for type II cardiotoxicity are previous or concurrent an-
thracycline therapy, left ventricular (LV) ejection frac-
tion <55%, existing cardiovascular disease (especially 
hypertension and ischemic heart disease), >50 years old, 
and body mass index >25 kg/m2.

One of the most understood pathophysiological me-
chanisms of radiation exposure is macrovascular dama-
ge. Radiation burn of coronary artery endothelium causes 
an inflammatory response in the vessel wall, resulting in 
the release of a large number of cytokines responsible 
for macrophage activation and, consequently, lipoprotein 
deposition. Plaques may crack and cause thrombosis. 
This process reduces the arterial lumen to varying de-
grees, leading to the clinical manifestations of coronary 
heart disease: stable and unstable angina, myocardial 
infarction. The mechanism is essentially similar to the 
formation of atherosclerotic plaques, which we observe 
in traditional coronary heart disease, but with radiation 
damage the event occurs at an accelerated rate.

From 1998 to 2001, 114 patients were enrolled onto 
an IRB-approved prospective clinical study to assess 
changes in regional and global cardiac function after 
RT for left-sided breast cancer. Perfusion imaging by 
technetium-99m myocardial scintigraphy were perfor-
med before and after RT. The incidence of new perfusion 
defects 6, 12, 18, and 24 months after RT was 27%, 29%, 
38%, and 42%, respectively. There was also a signifi-
cant difference in myocardial perfusion between patients 
whose LV radiation lesion volume was less or more than 
5%. New defects occurred in approximately 10% to 20% 
and 50% to 60% of patients with less than 5%, and gre-
ater than 5%, of their left ventricle included within the 
RT fields, respectively. The rates of wall motion abnor-

malities in patients with and without perfusion defects 
were 12% to 40% versus 0% to 9%, respectively [5].

In addition to large vessel damage, microvascular 
myocardial damage occurs. Radiation-induced endo-
thelial cell damage is considered the primary and major 
cause of myocardial damage [8]. It is characterized by 
both acute and chronic changes in cardiac tissue. Within 
minutes of exposure to ionizing radiation, cell damage 
causes vasodilation and increased vascular permeability. 
Damaged endothelial cells trigger an acute inflammatory 
response. Inflammatory cytokines include monocyte che-
motactic factor, tumor necrosis factor and interleukins 
including IL-1, IL-6 and IL-8. The predominant cells in 
the acute phase are neutrophils, which appear in all layers 
of the heart in areas exposed to RT. There is proliferation, 
damage, edema and degeneration of capillaries, and their 
number is significantly reduced. Although endothelial 
cells can regenerate, capillary network damage is irrever-
sible, and this naturally leads to a significant reduction 
in myocardial blood supply.

Radiation exposure to the heart not only causes endo-
thelial cell damage and reduction of capillaries, but also 
alters coagulation function and platelet activity, leading 
to immediate fibrin deposition. Deposition and release 
of von Willebrand factor in endothelial cells increases. 
This eventually leads to increased platelet adhesion and 
capillary thrombosis [9]. The acute phase takes place 
within a few days after RT. After this acute infiltration, 
there is a quiescent period when there are no obvious 
microscopic changes in the tissue. The acute proinflamm-
atory environment is a powerful initiator of fibrosis [10]. 
Fibroblasts are recruited from a variety of sources: from 
mesenchymal cells, from bone marrow, or from transiti-
onal epithelial-mesenchymal cells.

However, radiation alters the biology of pro-fibrotic 
cells. It turned out that ionizing radiation induces prema-
ture differentiation of fibroblasts. Normal fibroblast dif-
ferentiation requires 25–35 cell division cycles. After io-
nizing radiation, progenitor fibroblasts differentiate into 
post-mitotic fibroblasts within 2–3 weeks, which is only 
3–4 cell cycles. The lifespan of these terminally diffe-
rentiated radiation-induced fibrocytes is nearly 40–45% 
shorter than that of naturally differentiated cells. These 
post-mitotic cells are shown to be five to eight times 
more active in the production of interstitial collagens I, 
III, and IV compared to progenitor fibroblasts. Myofib-
roblasts are permanently activated in these tissues [12]. 
Chronic deposition of collagen and other components 
of other extracellular matrix components can produce a 
fibrotic scar, reducing the functionality of the affected 
tissue. Pathologic examination of these lesions show 
elevated inflammatory cells, fibroblasts, and excessive 
extracellular matrix, such as collagens, proteoglycans, 
and fibronectin. Extracellular matrix deposition by fib-
roblasts results in late pathologic dysfunction of myo-
cytes, vascular endothelial cells, and the pericardium 
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[11]. Progressive myocardial fibrosis eventually leads 
to decreased tissue elasticity and extensibility.

The cardiovascular system responds differently to 
RT-related myocardial damage compared with ischemia-
related heart failure. In RT-unrelated myocardial dama-
ge, the body activates the sympathetic nervous system 
continuously, while simultaneously down-regulating 
β-adrenergic receptors. In contrast, RT-related myocardi-
al damage results in no augmentation of the sympathetic 
nervous system in the adrenal glands, but β-receptors 
initially are upregulated in the heart. This upregulation 
of the receptors may allow the heart to stabilize cardiac 
output despite damage. Eventually, as damage progres-
ses, further reductions in cardiac output occur near the 
onset of congestive heart failure [11].

Restrictive cardiomyopathy is a late stage of myo-
cardial damage due to fibrosis with severe diastolic dys-
function and symptoms of heart failure. Most radiation-
induced myocardial lesions have no clinical symptoms 
for a long time; therefore, the rate of early diagnosis of 
the disease is low, only about 10% [6]. Transthoracic 
echocardiography is the optimal imaging modality for 
the diagnosis of LV systolic and diastolic dysfunction. 
The most common echocardiographic features are regi-
onal wall motion abnormalities (usually lower LV wall), 
moderate LV hypertrophy, and diastolic dysfunction, 
which can manifest as severe congestive heart failure [7].

In a study by Paul A Heidenreich et al. [14], the preva-
lence of LV wall motion abnormalities was 13% (12/89) 
for individuals with a latency period of 2 to 10 years, 
18% (24/132) for a latency period of 11 to 20 years, 
and 29% (21/73) for a latency period greater than 20 
years post-RT (at least 35 Gy) for mediastinal Hodgkin 
lymphoma. Regional wall motion abnormalities were 
independently associated with a greater biologically 
equivalent dose (odds ratio 1.07 per one-unit increase, 
95% CI 1.02–1.13) and older age (odds ratio 1.7 per 
10-year increase, 95% CI 1.2–2.4) in addition to time 
following irradiation.

The authors investigated the effect of irradiation on 
LV myocardial mass. The LV mass was lower for irra-
diated patients than for those of similar sex and age in 
the general population (Framingham Heart study [15]). 
LV hypertrophy (defined as more than 163 g/m for men 
and 121 g/m for women) was present in 6% (7/121) of 
female and 2% (2/104) of male patients compared with 
19% of women and 16% of men in the Framingham 
Heart Study. The difference in myocardial mass was due 
to lower LV diastolic volume in patients after irradiation, 
as systolic volume and wall thickness were similar to the 
Framingham cohort.

It was also found that the age-adjusted ventricular 
mass remained constant or slightly decreased over time 
following irradiation. This is in contrast to the usual 
increase in LV myocardial mass that occurs with aging 
[16]. When the authors stratified changes in LV myocar-

dial mass by age, there was a clear trend toward lower 
mass with greater latency period . In multivariate ana-
lysis, ventricular mass decreased by 0.6 g/m (p = 0.001) 
for each year following exposure, but increased by 0.8 
g/m (p < 0.0001) for each year increase in age. Similar 
findings were observed for interventricular septal and LV 
posterior wall thickness, which decreased by 0.05 mm 
(p = 0.08) for each year following irradiation but increa-
sed by 0.1 mm (p < 0.001) for each year increase in age.

Modern imaging techniques for examining myocardi-
al deformation have shown that they may be more sensi-
tive to detect early subclinical LV dysfunction than stan-
dard measures such as ejection fraction measurement. 
Strain is a dimensionless value reflecting the change 
in length relative to the initial state [17]. Longitudinal 
strain reflects the change in length of a section of myo-
cardium along the long axis. Short-axis circular strain 
shows the contraction of circularly arranged myocardial 
fibers. Transverse (radial) strain describes the processes 
of thickening/thinning of myocardial fibers in different 
phases of the cycle, which occurs due to the principle of 
incompressibility of cardiac muscle.

Global longitudinal strain (GLS) and strain rate as-
sessed using automated 2D spectral echocardiography 
reveal minimal changes in LV systolic function. The 
prospective BACCARAT study was designed to exami-
ne the association between cardiac radiation doses and 
subclinical LV dysfunction based on reduced GLS. The 
study included 79 breast cancer (BC) patients (64 left-
sided BC, 15 right-sided BC) treated with RT without 
chemotherapy. Echocardiographic parameters including 
GLS were measured before RT and 6 months after.

The association between subclinical LV dysfunc-
tion, defined as GLS decrease >10%, and cardiac ra-
diation doses, was performed using logistic regression. 
Non-radiation associated with subclinical LV dysfunc-
tion included age, body mass index, hypertension, hy-
percholesterolemia, and endocrine pathology. These  
were also considered in the multivariate analysis  
but were found not to be significant. The authors con-
clude that subclinical LV dysfunction can be detected 
early after RT for BC with GLS measurement based on 
2D speckle-tracking echocardiography.

Reduction in longitudinal deformity in a period of a 
few days to 14 months after RT has also been observed 
by other authors in patients with left-sided BC [18, 20]. 
Suvi Sirkku Tuohinen et al. also draw attention to RT-
induced regional changes. The study showed that the 
changes corresponded to the RT fields. Patients with 
left-sided BC showed apical changes, whereas patients 
with right-sided BC showed basal changes in the anterior 
and anteroposterior regions, which corresponds to the 
area most vulnerable to RT [18].

AF Yu et al. also conducted a study to determine whe-
ther RT leads to early changes in LV function. The study 
was based on 2D echocardiographic assessment of such 
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parameters as LV ejection fraction, myocardial strain 
indicators including longitudinal (GLS), radial (GRS) 
and circular deformation (GCS), LV diastolic indices 
and high-sensitivity troponin. There appeared to be no 
predictors of changes in LV ejection fraction or changes 
in longitudinal strain indicators during the immediate pe-
riod of RT. Similarly, age, hypertension, baseline systolic 
blood pressure, and intake of cardiac medications were 
not predictors of changes in LV function [19].

Electrocardiography rarely has specific changes [14]. 
However, resting heart rate is higher in patients with 
longer latency after RT (70 ± 13 beats/min for a period 
≤10 years, 74 ± 12 for 11 to 20 years, and 81 ± 10 for 
>20 years). In multivariate analyses controlling for age, 
gender, diabetes, hypertension, and dose of irradiation, 
a 10-year increase in latency period was independent-
ly predictive of a higher resting heart rate (increase of 
3.7 beats/min, 95% CI 1.3 to 6.1), right bundle branch 
block (odds ratio 7.3, 95% CI 1.2 to 45), and abnormal 
Q-waves (odds ratio 4.9, 95% CI 1.7 to 14).

Magnetic resonance imaging of the heart, detecting 
both functional and structural changes simultaneous-
ly, allows the diagnosis of radiation-induced coronary, 
valve, myocardial, and pericardial disease. Features of 
the method include myocardial tissue characterization 
based on various tissue relaxation properties such as fat, 
muscle, and areas of inflammation. The use of gadolini-
um has significantly improved the diagnosis of altered 
myocardium of non-ischemic genesis. Images obtained 
5–20 minutes after gadolinium injection at a dose of 
0.1–0.2 mmol/kg allow to describe nonischemic cardi-
omyopathic processes and provide valuable diagnostic 
and pathophysiological information with unprecedented 
resolution and highly specific images of fibrosis and 
myocardial scarring [21].

Development of modern imaging methods allows 
for early identification of patients with potential risk of 
cardiotoxicity who require further cardiovascular moni-
toring or cardioprotective therapy. Evaluation of para-
meters using echocardiography and magnetic resonance 
imaging over time can contribute to early diagnosis of 
heart damage before overt heart failure develops.

Evaluation and early treatment of traditional cardio-
vascular risk factors is the first step towards preventing 
cardiotoxicity. Finally, in patients with high-risk heart 
disease, primary prophylaxis, including cardioprotectors 
and/or drugs commonly used to treat cardiovascular di-
sease, should be used. According to recent studies [22], 
early initiation of ACE inhibitors and β-blockers and 
modification of anti-cancer therapy can prevent cardiac 
fibrosis and decrease in LV ejection fraction in the ter-
minal stage of a disease. However, further multicenter 
studies are needed to establish prevention and treatment 
protocols.

Due to the direct toxic effects of RT, myocardial fi-
brosis and vasculopathy lead to ventricular remodeling, 

which, in turn, may increase the risk of developing valvu-
lar dysfunction [23]. Although the precise pathophysio-
logic mechanisms of radiation-induced valvulopathy are 
not completely understood, irradiation is thought to have 
a direct effect on the pathologic fibrosis and calcification 
of the valvular apparatus. Due to the avascular nature of 
valve tissue, the mechanism of injury is believed to be di-
stinct from radiation-induced damage to the myocardium 
and vasculature. There is a lack of histological markers 
of chronic inflammation or neovascularization on tissue 
specimens removed during surgery [24]. Interestingly, 
there are histopathological differences noted in the af-
fected valves. Thus, patients who have undergone RT 
for BC show a degenerative calcific process as opposed 
to a predominantly fibrotic process in lymphoma pati-
ents who have received RT. This difference is probably 
due to the young age at which irradiation for Hodgkin’s 
lymphoma was performed.

Risk stratification of surgical treatment for valvular 
pathology using modern scales does not take into account 
side effects and complications associated with previous 
RT and may underestimate the true risk. A retrospective 
analysis by Wu et al. [25] on the surgical outcomes of 
173 patients (75% women; age, 63 ± 14 years, mean 
EuroSCORE 7.8 ± 3) with RIHD, compared with 305 
operated patients matched on the basis of age, sex, and 
procedure type, revealed a higher mortality rate in the 
RIHD group than in the comparison group (55% vs 28%; 
p < 0.001) over a mean follow-up of 7.6 ± 3 years, de-
spite comparable EuroSCORE scores. Analysis of the 
results of surgical treatment of valvular pathology in 
60 patients with previous RT in the Handa et al study 
showed an increased rate of early mortality in patients 
with constrictive pericarditis (40% vs. 6%, p = 0.011).  
In the same cohort, lower preoperative LV ejection frac-
tion and longer aortic constriction time were also asso-
ciated with early mortality [26].

Among 230 patients in a study by Chang ASY et al. 
[27] who underwent cardiac surgery after thoracic irra-
diation, the proportion of perioperative complications, 
in-hospital and long-term mortality was significantly 
higher in patients who received extensive radiation ex-
posure. Therefore, an understanding of the nature of 
radiation exposure to the heart and its structure is pri-
marily necessary to determine the degree of surgical 
risk prior to cardiothoracic surgery, which will determi-
ne the most appropriate treatment tactics, emphasizing 
the need for interdisciplinary collaboration between the 
radiation oncologist, cardiologist, cardiac surgeon, and 
other specialists.
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inTrOducTiOn
Venous blood drainage is used in most surgical pro-

cedures [1, 2]. It was not generally used until the recent 
development of invasive cardiac surgery, along with the 
spread of open-heart surgeries that do not require blood 
transfusion [3]. Patients undergoing cardiac surgery with 
cardiopulmonary bypass (CPB) require large quantities 
of donor red blood cells [4]. Considerable evidence sug-
gests that transfusions during cardiac surgery increase 
infectious and noninfectious risks [5–7]. Venous drainage 
is an acceptable method for patients to preserve their 
own blood. During the procedure, blood is aspirated 
from the wound cavities using a suction cannula connec-
ted to a blood suction system (roller or vacuum pump).  
In turn, the blood further enters the recirculation system 
represented by the collection reservoir and connecting 
tubes (Fig. 1).

According to experts, blood aspiration is the main 
factor traumatizing the blood and, along with the effect 
of air microbubbles getting into the blood circulation 
circuit, increases the patient’s rehabilitation time after 
surgical intervention. In reviewing literature sources, 
it was noted that 79% (n = 15) of the authors believe 
that the vacuum drainage technique benefits the assis-
ted circulation procedure and/or the patient. Reducing 
the number of transfusions helps to prevent blood bank 
overload [8–14]. The reduction is due to improved bio-
chemical parameters and, therefore, there is no need to 
increase the volume of the venous reservoir to maintain 
the level of protection against air ingress into the system.

Reduced use of blood products helps to reduce post-
operative complications, and the technique provides a 
reduction in total blood count, reducing hemodilution 
[3, 8–15] and maintaining hematocrit and hemoglobin 
at acceptable levels.

However, along with increased use of venous drai-
nage, specific side effects of the procedure have been 
reported. Willcox et al., LaPietra et al., Davila et al., 
Burch and Locke have separately reported cases in in 
vitro studies where the venous drainage system returns 
air-laden blood to the patient [16–19]. This results in 
systematic microemboli. Microemboli often cause sig-
nificant cerebral morbidity, usually manifesting as post-
operative cognitive deficit or stroke [16].

Air embolism has been reported in other studies [10, 
11, 20, 21]. It has been shown that venous vacuum drai-
nage caused almost 10 times more embolisms in the 
arterial line compared to passive drainage, despite the 
use of appropriate equipment. The above-mentioned 
embolism is a consequence of microbubble formation 
in the liquid due to turbulence caused by high-pressure 
passage through a narrow tube. The same studies show 
that just by comparing the lengths of the vacuum and 
gravity methods, in the situation of air supply to the ve-
nous circuit through the venous line, the vacuum allows 
more air to enter the system.

There has been disagreement about the presence of 
high levels of hemolysis when using a vacuum. Most 
authors believe that hemolysis caused by negative pres-
sure procedures was similar to hemolysis with passive 
drainage [3, 10, 11, 22]. However, comparing vacuum 
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Fig. 1. Vacuum-assisted venous drainage. LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle

drainage with centrifugal pump drainage, Cirri et al. [23] 
showed that vacuum drainage causes a higher degree of 
hemolysis, which were also confirmed by Gregoretti et 
al. [24]. However, Lau et al. disagree, showing similar 
levels of hemolysis [25].

In the last decade, the efforts of many specialists 
working in the field of artificial blood circulation were 
aimed at developing new pumps, membrane oxygena-
tors, which would reduce blood trauma during such 
operations. Nevertheless, despite certain successes in 
this direction, blood trauma is still a great danger, and 

this is mainly due to the traumatic effect of the blood 
aspiration system. This problem has become especially 
urgent recently when the age of patients undergoing open 
cavity surgery has significantly changed and the length 
of rehabilitation has increased. As a result, efficiency 
of blood drainage systems is an important part of the 
surgical process.

maTerialS and meThOdS
The main causes of blood injury when using the exis-

ting blood aspiration systems include:

Fig. 2. Schematic representation of the modified separation 
cannula

– massive mixing of blood with air in the cannula, con-
necting tubes, and pump;

– high vacuum produced by the pump.
To reduce the influence of the above factors, an er-

gonomic and practical DBAS was developed. The ap-
pearance of the modified cannula is shown in Fig. 2. 
The system includes a mixture intake tube bearing a 
special nozzle and a cannula separation unit.

The separation unit, shown in Fig. 3, has a narrow 
part A, in which the mixture feed tube 1 is located. The 
wide part C, follows the narrow part through a smooth 
transition B. From the blood sampling nozzle through 
the tube, a liquid-air mixture enters the inlet tube of the 
separation unit, which is an extension of it. The mixture 
feed channel is directed to the thickened part C, in which 
a conical cavity 2, an air filtration zone 3 and two tubes 
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Fig. 3. Schematic representation of the separation unit

of blood and air fraction withdrawal 4 and 5, located 
inside the handle of cannula D, are cut out.

One of the tubes 4 is a continuation of the conical 
part, and the liquid phase is discharged through it with a 
minimal air residue. The second tube 5 is parallel to the 
first one, but is connected to the filtration zone, which 
is vertically above the conical part. Through this tube, 
the air separated during flow through the conical part is 
removed. A bio-inert exchangeable sponge is installed 
in the filtration zone to optimize the separation process. 
The sponge is replaced by opening the top cover.

The conical part is located vertically with a narro-
wing downwards. With respect to the cross section of 
the cone, the inlet channel to it is located at an angle. 

At the junction, the inlet channel is positioned such that 
the flow enters the conical part in a tangential line at 
the maximum radius of the cone cross section at the in-
let. The wide section transitions into a handle designed 
to hold the system comfortably. The handle has slotted 
channels for the liquid and gas phases mentioned earlier. 
The channels end with outlet fittings, and are connected 
to a vacuum generation system. A sketch of the complete 
DBAS is shown in Fig. 4. Since the separation of blood 
and air must be performed as close to the wound as pos-
sible, the working chamber of the device is built into the 
handle of the drainage cannula (Fig. 3, D). Thus, after the 
separation process, blood is collected at the lower end of 
the working cyclone chamber and aspirated through a se-
parate channel (Fig. 3, 5) using a roller pump (Fig. 4, 4).

In turn, air is collected in the upper part of the cham-
ber and aspirated through another channel (Fig. 3, 4) by 
a vacuum roller pump (Fig. 4, 5). Blood and air are then 
fed separately into the cardiotomy tank (6).

how the device works
The blood-air mixture, under vacuum, is captured 

through the tip of the cannula from the wound and flows 
through the channel (Fig. 4). The mixture then enters the 
inlet of the cyclonic conical chamber at an angle to  
the vertical axis (Fig. 3). Rotation of the blood-air mix-
ture is achieved, which is maintained by the conical ex-
pansion of the cyclone chamber. Blood is collected in 
the lower part of the nozzle, while air, due to centrifugal 
and Archimedes forces, is collected in the center of the 
rotating flow and rushes to the highest point. The forces 
acting on the air bubble can be considered in the coor-
dinate system as shown in Fig. 5.

It can be seen from the figure that when an air bubble 
enters the cyclone chamber, its motion in the vertical 
direction along the axis is due to the applied vacuum P1 

Fig. 4. Schematic representation of the dynamic blood aspiration system. 1, suction cannula; 2, liquid-air mixture supply tube; 
3, separator; 4, roller blood pump; 5, roller air pump; 6, cardiotomy tank
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Fig. 5. The position of forces acting on air bubble

Fig. 6. An example of simulation of fraction flow in a 20 mm 
Hg vacuum with 4 mm air bubble diameter

from the liquid channel, the vacuum from the air channel 
P2, the Archimedes force FA, and viscous friction force 
FТ. It was decided to neglect the weight of the bubble due 
to the weak influence of this parameter in these condi-
tions. Since the mixture intake channel enters the cyclone 
chamber at a tangent and vertical angle α, the vacuum 
in the xy plane can be considered as the projection of 
the flow force FP on the y axis. In the xy plane, viscous 
friction force FTу will act on the bubble as a counterba-
lance to the motion of the bubble. We obtain the basic 
steady-state equation of bubble rising (1):

 FA – FPy – FTy + F2 = 0. (1)

In the case of absence or weak influence of vacuum 
P2 and a decrease in force F2, a solution of the system 
of equations gives the bubble ascent velocity and initial 
rotation velocity in the cyclone chamber (2):

 , (2)

where υу is the air bubble rising velocity, ρ is blood den-
sity, g is free fall acceleration, η is blood viscosity, α is 
the angle of blood intake channel entry into the cyclone 
chamber, L is the blood intake channel length, Db is the 
diameter of the air bubble under study, and Q is the blood 
flow rate.

The rising rate, as follows from analysis of the equa-
tion, depends to a greater extent on the amount of blood 
flow that the pump produces and the angle α. Evaluating 
the relationship between vacuum and separation effici-
ency is part of the initial DBAS design process.

computer model of the device
We developed a three-dimensional DBAS mathema-

tical model of viscous liquid flow with the presence of 
liquid bubbles of different diameters using the COMSOL 
Multiphysics software. As a result of the studies, a pic-
ture of liquid and gas fraction motion was obtained, an 
example of which is shown in Fig. 6. The calculation 
boundary conditions included a vacuum value of up to 
50 mm Hg. We applied a multiphase modeling mode of 
blood and air flow.

The criterion of amount of air fraction separated from 
liquid after flowing in the cyclone chamber was introdu-
ced as the required parameter. Convergence criterion 10–4 
by pressure was defined as the convergence criterion.  
A k-ε turbulence model was used to simulate the flow 
field. A sufficiently fine grid consisting of tetrahedral 
cells consisting of 80,000 elements, was obtained.

The calculation example shows the mechanics of 
fraction movement, assuming a 0.5 l/min liquid flow 
rate. One can observe blue lines of trajectories of air 
bubbles up to 4 mm in diameter in the blood flow, shown 
by red lines. Calculation is made under the condition that 
air volume in the blood is equal to 10% of the total flow.

Most of the air flow with some amount of blood (not 
more than 0.05 l/min) is separated into the air channel. 
Volumetric flow was created under a 20 mm Hg vacuum 
condition. Thus, air and vacuum reduce the influence on 
further blood advancement into the cardiotomy tank. 
In the air channel, the blood is strongly affected by all 
thrombosis factors, but the volume of this fraction is 
reduced to a minimum.

hydrodynamic bench
Initially, the efficiency of DBAS was assessed vi-

sually on a hydrodynamic bench by the nature of the 
air-bubble concentration zone and by the change in the 
composition of the air-liquid mixture after the intake tube 
(Fig. 7). However, in practice, due to the impossibility 
to observe air bubbles in a fairly wide range of chan-
ges, electronic microbubble counting devices were used.  
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was measured using transducers (Edwards Lifesciences, 
USA) (7). To record hemodynamic parameters, we used 
multichannel module ANGIOTON (Biosoft-M, Russia) 
with recording on a personal computer using the Pumpax 
software program (Biosoft-M, Russia). Initially, water 
was used as the working fluid.

Standard 3/8′′ silicone tubing was used to connect 
the various elements of the bench. During the study, 
the roller pump was operated on standard configura-
tions for clinical use, to achieve flow rates ranging  
from 0 to 1 L/min.

reSulTS
The amount of vacuum required to drain the gas-

liquid mixture was determined on the bench under pump 
flow conditions up to 1 L/min. Vacuum was measured 

The vacuum system is represented by two pumps – a 
roller pump, capable of developing the required vacuum 
for liquid and gas outlet channels, and a vacuum suction 
system.

The bench includes a roller pump (9), which sets 
the vacuum required for study and the liquid flow rate, 
measured by a flow sensor (6). Air is withdrawn into the 
vacuum suction tank (8) through a channel (3), and blood 
outlet through a channel (4). Bubbles of different diame-
ters are injected into the cardiotomy tank (2) through a 
syringe (5) connected to the injection device, on which 
the volume of the supplied gas fraction is regulated.  
A cannula (1) is placed in the reservoir, which simulates 
the patient’s wound.

Flow rate was measured using an ultrasonic flow 
sensor (Transonic Systems Inc., USA) (6), and pressure 

Fig. 7. Hydrodynamic bench. 1, cannula; 2, cardiotomy tank; 3, air channel; 4, liquid channel; 5, air supply device; 6, flow 
measurement / microbubble counting sensor; 7, vacuum measurement sensor; 8, vacuum suction tank; 9, roller pump

Fig. 8. A graph of flow rate versus applied vacuum
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Fig. 9. Separation efficiency

at the inlet of the roller pump. In this case, the variable 
was the percentage of air in the mixture from 0 to 50%. 
Fig. 8 shows the dependence of the required vacuum for 
drainage of various blood flow rates (at a constant roller 
pump flow rate).

As can be seen from Fig. 8, the vacuum changes from 
a weakly negative pressure, determined by the diffe-
rence of the differential between the suction point and the 
pump inlet to a value of –29 mm Hg at a flow rate of 1 L/
min. The picture of bubble separation at the calculated 
vacuum is shown in Fig. 9.

The obtained results confirm that in the process of 
gas-liquid mixture separation, efficiency simultaneously 
decreases both with increasing vacuum, which is known 
to significantly affect the injury by blood-forming ele-
ments, and with increasing volume of supplied air. The 
operating flow rate range used in surgical operations is 
up to 0.5 L/min with separation efficiency averaging 
more than 50% and under vacuum conditions not more 
than 10–15 mm Hg.

Given that blood viscosity (even in conditions of di-
lution during extracorporeal circulation) is 2–3 times 
higher than water (µ = 4.2 × 10–3 kg/(m·s) and density 
ρ = 1054 kg/m3), the required vacuum should be higher 
than in our measurements.

In the developed blood drainage device with pre-se-
paration, it is necessary to choose capacities in blood and 
air suction lines. In basic drainage mode, the amount of 
air can be several times higher than the amount of blood. 
In this case, some of the air will enter the blood channel, 
flowing into the rotary pump, which constitutes the most 
dangerous mode in terms of hemolysis. To address the 
consequences of this mode, the air channel capacity can 
be increased several times relative to the blood suction 
channel capacity. Under airless blood drainage, blood 
will be drained through both channels. Under drainage 
with simple cannula use, air will also be drained through 
both channels.

cOncluSiOn
We have proposed an alternative method that is based 

on the physical principles of centrifugal influence and 
Archimedes forces on air microbubbles for their effective 
removal from the blood suction system in surgical ope-
rations involving users of heart–lung machines. A dyna-
mic blood aspiration system was developed to minimize 
gas fraction for blood return systems in the heart–lung 
machine circuit.

The authors declare no conflict of interest.
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Objective: to investigate the effectiveness of a new mechanized lymphatic drainage method in acute decompen-
sated heart failure (ADHF) modeling through local reduction in venous pressure in the site of lymphatic drainage 
from the thoracic duct. Materials and methods. Main components of the device are a catheter with built-in inlet 
and outlet mechanical valves designed for insertion into the left brachiocephalic vein through the left internal 
jugular vein. It comes with an extracorporeal drive system made as a valveless pulsator pump with a 10 ml shock 
discharge and a controller ensuring preset frequency and pressure/rarefaction duty cycle. The operating principle 
of the device is based on local reduction of venous pressure in the site of lymphatic drainage from the thoracic 
duct (in the junction of the left internal jugular and subclavian veins). Results. When modeling hydrodynamics 
under ADHF conditions on a hydrodynamic test bench, the upper venous flow through the left brachiocephalic 
vein was 0.4 l/min, the pressure in the site of lymphatic drainage from the thoracic duct, was decreased from 
20–25 mmHg to 0–5 mmHg due to operation of the mechanized drainage device with suction/injection phase 
duration ratio 0.2/0.8 and pulsator pump operating frequency from 30 to 60 beats/min.
Keywords:  lymphatic  system,  thoracic  duct,  heart  failure,  local  decrease  in  venous pressure,  catheter, 
pulsator  pump.
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inTrOducTiOn
As we know, ADHF remains the most common cause 

of emergency hospitalization requiring intensive care and 
is accompanied by high patient mortality. Approximate-
ly half of patients with ADHF are discharged from the 
hospital not fully recovered and about 25% of patients 
require rehospitalization within one month, and over 
50% are rehospitalized after 6 months and almost 66% 
of the total number die [1–4].

One of the main symptoms of ADHF disease is the 
phenomena of organ and tissue edema associated with 
difficulties in the lymph discharges into the venous sys-
tem due to increased central venous pressure (CVP) [5–
10]. At the same time, pharmacotherapeutic agents based 
on loop diuretics have limited progress in improving 
the condition of these patients, many of whom become 
resistant to such therapy [11–14].

It is known that under physiological normal condi-
tions, 3/4 of the lymph drains into the left subclavian 
vein through the left thoracic duct (TD) and 1/4 of the 
lymph flows through the right lymphatic duct into the 
right subclavian vein. In ADHF, increased CVP makes 
it difficult for lymph to drain into the venous system. 
Lack of progress in pharmacotherapy of patients with 

ADHF, based on the use of loop diuretics, have limited 
progress in improving the condition of these patients, 
with resistance to their administration in many cases [15, 
16]. This has stimulated the development of a number 
of new methods aimed at normalizing lymph circulation 
in these patients. In separate early works, it was shown 
that in patients with ADHF, external TD decompression 
can improve such symptoms of the disease as dyspnea, 
orthopnea, and anorexia [17]. External TD drainage can 
lead to significant metabolic, immunological and fluid 
imbalance. TD shunting into the pulmonary vein has 
also been described, but it requires complex surgical 
procedures [18, 19]. Therefore, the problem of creating 
conditions for local reduction in venous pressure in the 
site of lymphatic drainage from the TD, remains rather 
acute.

One of the first developments of such system propo-
sed by WhiteSwell is based on the use of an axial pump 
built into an intravenous venous catheter inserted into the 
left internal jugular vein with blood intake from the site 
of lymphatic drainage from the TD, and blood discharge 
into the left brachiocephalic vein (Fig. 1) [20, 21].

The device for local reduction of venous pressure in 
the site of lymphatic drainage from the thoracic duct is 
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Fig. 1. Schematic diagram of the device for local reduction 
of venous pressure in the site of lymphatic drainage from the 
thoracic duct. WhiteSwell. 1, intravenous catheter; 2, axial 
pump; 3, external pump drive; 4, inflatable balloon catheter; 
5, internal jugular vein; 6, brachiocephalic vein; 7, thoracic 
duct; 8, distal suction branch pipe; 9, left subclavian vein

Fig. 2. A new method and device for local reduction of ve-
nous pressure in the site of lymphatic drainage from the TD. 
1, intravenous catheter; 2, valveless pump; 3, external drive 
of the valveless pump; 4, inflatable balloon catheter; 5, left 
internal jugular vein; 6, left brachiocephalic vein; 7, thoracic 
duct; 8, inlet valve; 9, outlet valve

based on the use of an intravenous catheter (1) with a 
mechanically driven axial pump (2) installed in it using 
a shaft from an external drive (3). The catheter (1) is 
inserted into the left internal jugular vein (5) before en-
tering the left brachiocephalic vein (6), with heparin 
continuously injected between the pump drive cable and 
the catheter to reduce the possibility of thrombosis [22], 
potentially causing bleeding during this procedure.

Local reduction of venous pressure in the site of lym-
phatic drainage from the thoracic duct (7), is performed 
by drawing blood through the drainage orifice (8) loca-
ted in the area of confluence of the left internal jugular 
(5) and subclavian (9) veins, and releasing blood into 
the brachiocephalic vein (6) at the axial pump outlet 
(2). To increase the efficiency of the system, there is 
an inflatable balloon (4) at the exit of the catheter (1) 
partially or completely blocking blood flow through the 
left brachiocephalic vein.

More than 20 patents were obtained for this system 
from 2016 to 2021. However, to date, there have been 
no publications on the implementation of these projects 
in experiment and clinical practice. Preliminary calcu-
lations show that for effective local reduction of venous 
pressure in the site of lymphatic drainage from the TD, in 
such a system, it is necessary to create a 0.8–1 l/min flow. 
As simple calculations show, in ADHF conditions with 
50% reduction in cardiac output, the total venous flow in 
the upper parts of the circulatory system also decreases 
by 50% and is 0.8 l/min (0.4 l/min each for the left and 
right parts). Therefore, the flow of 0.8–1 l/min required 
to reduce local pressure in the site of lymphatic drainage 
from the TD, may result in venous stasis in the right up-
per veins. To solve this problem, we proposed a method 
and device based on pulse blood flow formation in the 
site of lymphatic drainage from the TD (Fig. 2) [23].

The device contains a catheter (1) introduced through 
the left internal jugular vein (5), connected to a valveless 
pump (2) with a pneumatic drive (3). Thus, reduction 
of local pressure in the lymphatic drainage site (7) is 
realized by displacement of blood volume from a given 
space through inlet valve (8) in the venous catheter into 
the chamber of the valveless pump (2). Thus, conditions 
of local pressure reduction in the site of lymphatic drai-
nage from the TD (by analogy with WhiteSwell system 
operation mode) are created during the suction phase. 
During the injection phase of the valveless pump (2), 
blood volume returns to the venous circulation system 
through the exit valve (9) of the catheter. Thus, the ave-
rage flow through the left brachiocephalic vein is main-
tained at the initial flow level (0.4 l/min).

maTerialS and meThOdS
A hydrodynamic test bench (HTB) simulating up-

per left brachial venous system (Fig. 3) was developed 

to assess the effective performance of the mechanized 
lymphatic drainage system. The HTB includes: Rotaflow 
pump (Maquet Inc., Germany) (1) providing venous cir-
culation under ADHF conditions at 0.4 l/min, venous 
reservoir (2) simulating right atrium entrance at 20–
25 mmHg CVP, left superior venous system including 
left internal jugular vein simulator (3), left subclavian 
vein (4), and left brachiocephalic vein (7) with a thoracic 
duct simulator (5).

A catheter (6) with 5 mm internal diameter was in-
serted into the internal jugular vein simulator (3) up to 
the entrance to the left brachiocephalic vein (7) with an 
inlet valve (8) located at the level of the confluence of 
the left internal jugular vein (3) and left subclavian vein 
(4) (i.e., in the site of lymphatic drainage from the TD 
(5)) and an outlet mechanical valve (9) at the distal end 
of the catheter. The catheter is hermetically connected to  
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Fig. 3. Schematic diagram of hydrodynamic test bench. 1, 
Rotaflow centrifugal pump; 2, venous reservoir; 3, left in-
ternal jugular vein; 4, left subclavian vein; 5, thoracic duct; 
6, intravenous catheter; 7, brachiocephalic vein; 8, inlet ca-
theter valve; 9, outlet catheter valve; 10, valveless pump; 
11, valveless pump drive; 12, inflatable balloon catheter; 13, 
balloon filling catheter; 14, fluid flow sensors in the left sub-
clavian vein; 15, fluid flow sensors in the circuit; 16, pressure 
sensor located in the thoracic duct site; 17, pressure sensor in 
right atrium site

Fig. 4. Circulatory hemodynamics obtained in ADHF simulation conditions (a) and during operation of the mechanized lym-
phatic drainage device (b) (PTD, pressure in the site of lymphatic drainage from the thoracic duct; PPN, pneumatic pressure of 
the valveless pump drive; QLB, flow in the left brachiocephalic vein simulator)

а b

external valveless pump (10) with a flexible 20 ml dia-
phragm, driven by a pneumatic drive Sinus IS (MZEMA, 
Russia) (11) with a given frequency and pressure/rarefac-
tion duty cycle. To increase the efficiency of the device, 
there is an inflatable balloon (12) behind the inlet valve 
(8) on the outer wall of the catheter, connected through 
a port to a separate channel (13) of the catheter to fill 
the balloon (12) with gas or liquid, providing partial/full 
blockage of the lumen between the left brachiocephalic 
vein (7) and the outer diameter of the balloon.

Fluid flow rate was recorded using a TS420 ultra-
sonic sensor (Transonic Systems, Inc, USA) (14, 15).  

The pressure in the system was set at 20 ± 5 mmHg and 
recorded using pressure transducers (Edwards, USA) 
(16, 17) with the Angioton (Biosoft-M, Russia) multi-
channel hydrodynamic measurement module with data 
output to a personal computer for data recording and 
processing.

The system operation is determined by frequency of 
valveless pump and ratio of suction/injection phase du-
rations. In the mode of fluid suctioning by the valveless 
pump (10) through catheter inlet valve (8), the pressure in 
the area of the junction of the left internal jugular and left 
subclavian veins will decrease, creating conditions for 
lymph drainage from TD into the venous system. In the 
injection mode, the valveless pump (10) ejects the with-
drawn blood through the exit valve (9) of the catheter (6) 
into the left brachiocephalic vein (7). To maintain a given 
average blood flow through the left brachiocephalic vein 
at 0.4 L/min (in accordance with the conditions of venous 
circulation in ADHF), in this work, we chose 50 beats/
min as the frequency of the valveless pump at a suction/
injection phase duration ratio of 0.2/0.8.

reSulTS
A mechanized lymphatic drainage device with its 

valveless pump having changing frequency parameters, 
was tested on a hydrodynamic test bench. Based on the 
obtained data, a specialist can set the appropriate ope-
rating mode for the device for the greatest unloading 
(reduction of venous pressure in the site of lymphatic 
drainage from the thoracic duct). The data obtained are 
summarized in Table.

The effect of the mechanized lymphatic drainage 
device is shown in Fig. 4, which shows the dynamics 
of venous pressure obtained on the hydrodynamic test 
bench in ADHF (a) and in the operation of the device (b) 
in the site of lymphatic drainage from the thoracic duct.
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As a result of the valveless pump operation at a 10 ml 
shock discharge in the suction phase, the venous pres-
sure decreased from 20 ± 5 mmHg to 0 ± 3 mmHg with 
30 beats/min pump frequency and a suction/injection 
duty cycle of 0.2/0.8. Thus, conditions are created during 
the longer period of the work cycle of the mechanized 
lymphatic drainage device to ensure normalization of 
lymph drainage from the thoracic duct. Average blood 
flow through the left brachiocephalic vein is maintai-
ned – 0.4 ± 0.1 L/min.

cOncluSiOn
This study presents the design and preliminary cha-

racteristics of a proposed mechanized lymphatic drainage 
device designed to alleviate the symptoms of lymphe-
dema in patients with ADHF. Tests on a hydrodynamic 
bench confirm the possibility of using this device to nor-
malize lymphatic circulation from the thoracic duct to 
the venous bed by locally reducing the venous pressure 
to 0 mmHg in ADHF conditions within the general target 
criteria. This device can be considered as one of the op-
tions to restore lymph circulation in patients with ADHF 
to effectively treat a sufficiently large group of patients 
with ADHF with minimal drug therapy using diuretics or 
hemodialysis and relieve symptoms of organ and tissue 
edema to normal levels with minimal antithrombotic 
therapy. In addition, this device can be further used to 
normalize lymphatic circulation in the pulmonary circuit 
to relieve pulmonary edema symptoms [24].

The authors declare no conflict of interest.
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Objective: to study the effectiveness of correcting the morphofunctional characteristics of the liver in an experi-
mental model of chronic liver disease (CLD), using implanted cell-engineered constructs (CECs). Materials and 
methods. Experiments were carried out on male Wistar rats (n = 80) aged 6–8 months with an initial weight of 
230–250 g. CLD was modeled by inoculating the rats with 60% CCl4 oil solution for 42 days based on a modified 
scheme. Microgel based on recombinant spidroin rS1/9 was used as a matrix for CECs fabrication. Allogeneic 
liver cells (LCs) and multipotent bone marrow-derived mesenchymal stem cells (BM-MSCs) from a healthy do-
nor were used as the cellular component of the CECs. The effectiveness of the corrective effect of the implanted 
CECs was assessed in an experimental CLD model (n = 60) in two groups of rats: Group 1 (control, n = 20, 1 mL 
of saline solution was injected into the damaged liver parenchyma) and Group 2 (experimental, n = 40, CECs 
containing allogenic LCs and BM-MSCs in a 5 : 1 ratio in a volume of 1 mL were implanted into the damaged 
liver parenchyma). For long-term monitoring of the CEC state, the CECs were labeled by additional inclusion 
in Cytodex-3. The effectiveness of the regulatory effect of CECs on regenerative processes in the liver was eva-
luated using biochemical, morphological and morphometric techniques, as well as by flow cytometry at 90 days 
after implantation. Results. In the control group, the mortality rate in CLD was 25%. There was no death in the 
experimental group with CLD after CEC implantation. The CECs were found to have a corrective effect on the 
biochemical and morphological parameters of the liver in CLD during 90 days of follow-up, with concomitant 
preservation of structural cellular homeostasis in the implanted CECs. Conclusion. Implantation of CECs in the 
liver facilitates effective correction of CLD by activating regenerative processes in the damaged liver, which is 
due to long-term preservation of structural cellular homeostasis in the CECs.
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inTrOducTiOn
Over the past decades, Russia and the world at large 

have witnessed a significant increase in the number of 
severe chronic liver disease (CLD), leading to decom-
pensated CLD. The disease is progressive in nature, 
which requires continuous corrective actions. Among 
the treatment options, liver transplantation is the most 
effective and the only radical treatment for end-stage 
CLD with respect to long-term survival of patients [1, 2].

The main goal of the current stage of transplantology 
is to ensure that all patients in need have access to organ 

transplantation. The need for liver transplantation is 20 
per million population [1]. However, the progressively 
growing shortage of donor organs limits the use of this 
high-tech form of care, so the number of patients on the 
waiting list continues to grow steadily [2–5]. The steady 
growth of chronic liver diseases [3], leading to irreversi-
ble damage, requires new effective methods of treatment.

Analysis of works carried out in the field of trans-
plantology and artificial organs testifies to the emergence 
of a fundamentally new approach to the regenerative 
treatment of damaged vital organs, based on tissue en-
gineering and regenerative medicine (TERM) [6].
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In connection with the above, developing biomedical 
technologies to support liver functions in patients with 
decompensated CLD and especially in patients on the 
liver transplant waitlist, is an urgent task for modern 
medicine [5].

One of the leading directions of TERM is the deve-
lopment of techniques for correction of affected liver 
functions in CLD by creating a new functionally active 
liver tissue that is capable of eliminating the deficiency 
in damaged liver functions for a certain period of time, 
especially in the pre-transplant period.

To date, a number of studies on the use of CECs, 
which included biopolymer-based scaffolds, LCs and 
multipotent BM-MSCs have been conducted [7, 8]. 
However, we did not find any studies on the application 
of recombinant spidroin microgel for the production of 
CECs for CLD correction and treatment.

Recombinant spidroin rS1/9 used in this work was 
created based on a protein whose gene was previously 
developed, synthesized and cloned in the Saccharomyces 
cerevisiae yeast cells [9]. rS1/9 is an analog of natural 
spidroin 1, one of the two proteins of dragline silk of 
the orb weaver spider Nephila clavipes, and characte-
rized by molecular weight of 94 kDa and isoelectric 
point of pI = 10.3, i.e. it is positively charged at all pH 
values. In in vitro and in vivo experiments, rS1/9-based 
2D and 3D materials/products have been shown to be 
characterized by absence of toxicity and allergenicity, 
slow resorption in the animal body, and ability to support 
adhesion and proliferation of different cell types [10]. 
A hydrogel was formed from a solution of recombinant 
spidroin rS1/9, from which a microgel was obtained by 
mechanical crushing, which is a suspension of microgel 
particles ranging from 100 to 300 μm in size, having a 
pronounced regenerative effect [11].

Objective: to, on an experimental CLD model, inves-
tigate the possibility of long-term correction and resto-
ration of liver function by implantation of a CEC that is 
based on rS1/9 microgel containing allogenic LCs and 
BM-MSCs.

maTerialS and meThOdS
To solve the tasks, experimental studies were carried 

out on male Wistar rats (n = 80) aged 6–8 months with 
an initial weight of 230–250 g. The animals were kept 
in a vivarium at a temperature of 18–20 °C on a mixed 
diet with free access to water. Experiments on animals 
were carried out from 9 am to 7 pm at room temperature 
(t = 22–24 °C), which excluded daily fluctuations in the 
mitotic activity in the liver cells; the relative humidity 
was 50–65%, the lighting cycle was twelve hours, and 
the change in room air volume per hour was tenfold. 
The diet at the vivarium for rats was standard: animals 
were fed a combined diet for laboratory animals (micro-
biological status complied with GOST R 51849-2001 
“Veterinary and sanitary standards and requirements 

for the quality of feed for nonproductive 55 animals”),  
ad libitum filtered tap water was delivered in standard 
drinking bottles (microbiological status of water com-
plied with SanPiN 2.1.4.1074-01 “Hygienic require-
ments for water quality in centralized drinking water 
supply systems”). Experiments and all manipulations 
with animals were performed according to the rules ad-
opted in the European Convention for the Protection of 
Vertebrate Animals Used for Experimental and other 
Scientific Purposes (ETS 123), Strasbourg, 1986).

CLD was simulated by prolonged inoculation of male 
Wistar rats with carbon tetrachloride for 42 days accor-
ding to the modified scheme [8].

The donors of allogenic LCs and BM-MSCs were 
male Wistar rats aged 5–6 months, weighing 150–230 g.

The cells were isolated and cultured in accordance 
with the general principles of culture studies. BM-MSCs 
were prepared according to the generally accepted pro-
cedure [8].

LCs were also prepared and used according to  
a known technique [12].

In the manufacture of CECs, isolated LCs (2.5–4.0 × 
106 cells/cm3) and BM-MSCs (0.5–0.8 × 106 cells/cm3) 
were first co-cultured for 3 days using a certain ratio 
of these cells (LCs : BM-MSCs = 5 : 1). An additional 
150 μL of rS1/9-based microgel suspension was added 
to the culture of co-cultured cells for their adhesion, 
and Cytodex-3 (150 μl volume) was added to enable 
assessment of the status of the cellular material in the 
CEC composition for long periods after implantation 
into the liver.

On day 7 after inoculation, the rats that survived CLD 
modeling (n = 60) were divided into 2 groups. Group 1 
(control, n = 20, saline (CLD + 1.0 mL of saline soluti-
on) saline was injected into liver parenchyma). Group 
2 (experimental, n = 40, CECs consisting of rS1/9 mi-
crogel, allogeneic LCs and BM-MSCs = 5 : 1, and 1 ml 
Cytodex-3 were injected into the liver parenchyma by 
chipping.

Yeast cultivation, isolation and purification of recom-
binant rS1/9 spidroin, preparation of hydrogel and micro-
gel based on it were performed as previously described 
in accordance with a previously published protocol [11].

The morphology of the hydrogel surface was analy-
zed using a CamscanS2 microscope (Cambridge Instru-
ments, UK). Images were obtained using MicroCapture 
software (SMA, Russia).

Adequacy control of the created CLD models and 
efficacy of correction of morphofunctional disorders in 
the liver using CECs was estimated according to mor-
tality and survival of animals, morphological and mor-
phometric characteristics of the liver, as well as CECs 
themselves. The functional efficacy of CECs was as-
sessed based on biochemical blood parameters. After 
modeling CLD and the therapy used, the surviving ani-
mals were removed from the experiment at day 90 by 
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intraperitoneal injection of sodium thiopental in a dose 
causing respiratory arrest. At autopsy, liver biopsies were 
subjected to morphological and morphometric studies. 
Immunosuppression was not used.

Live blood sampling from rats for biochemical stu-
dies was performed under ether anesthesia by notching 
the tip of the tail. Liver function – alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkali-
ne phosphatase (ALP) – was studied on a Reflotron™ 
biochemical analyzer (Roche, Switzerland) using special 
Reflotron test strips.

For morphological studies, we used liver from groups 
1 and 2 animals. We studied the state of regenerative 
processes in the liver both inside and outside the CEC 
implantation areas. We evaluated light microscopy data 
by staining the sections with hematoxylin and eosin, 
Mallory and Van Gieson (Leica DM 6000 B microscope 
with Leica LTDCH 9435 camera, Germany).

Morphometric analysis was performed using morpho-
metric software ImageScopeM (Systems for microscopy 
and analysis, Russia) using a Leica DM 1000 microscope 
and a Leica LTDCH 9435 DFC 295 camera (LeicaCame-
ra AG, Germany). We determined morphometrically the 
following: the presence of cirrhosis (counting the number 
of false lobules); specific area of connective tissue (in 
% of the total area of liver section) [13, 14]; we coun-
ted the number of binuclear hepatocytes (per 10 fields  
of view at 400× magnification), hepatocytes with signs of 
fatty A distinctly positive trend in the recovery of hepatic 
parenchyma was noted. Liver architectonics was almost 
completely restored, regression in fatty degeneration and 
its transition to a fine-droopy form was noted; liver lobu-
le structure was restored. Preserved hepatocytes without 
signs of dystrophy around the veins appeared; beam ar-
chitectonics was restored, formation of false lobules was 
not determined (Fig. 3, g), whereas in the control, there 
were appearance of false lobules and expressed protein 
degeneration of hepatocytes, sclerosis and fibrosis of 
liver parenchyma, hepatocytes with degenerating nuclei 
and intranuclear lipid inclusions; area of blood vessels 
and bile ducts (in ‰).

For verification and structural analysis of liver tissue 
slices, images were processed using artificial intelligence 
(AI) analysis. This method is an effective way to analyze 
and present results obtained [15, 16] and allows to clearly 
differentiate structures in the tissue based on tinctorial 
properties.

MATLAB program (MATLAB Corporation, USA) 
was used to transform images of liver histological sec-
tions into three-dimensional space. The following types 
of structures were distinguished: “oxyphilic hepatocyte 
cytoplasm”, “basophilic hepatocyte nuclei”, “fibrous 
connective tissue”, “intercellular substance” and “em-
pty spaces (vascular lumen, adipocytes)”. The initial 
image was converted to grayscale. After that, a 3D model 
was built taking into account the added constants for 

each grayscale image. Constructed models and pseudo-
coloring were individualized for each image [17].

Methylene blue staining was used for assessing cell 
viability in the primary culture [18].

The blood levels of CD4+CD25+Foxp3+ Tregs, 
which reflects the degree of immune tolerance to allo-
geneic cells in CECs, was also measured using flow cyto-
metry (BeckmanCoulter, USA). For this purpose, blood 
lymphocytes were labeled with rat CD4+CD25+Foxp3+ 
antibodies from eBioscience (USA).

Results obtained were statistically processed using 
the computer statistical package Biostat; the significance 
of differences was assessed by Student’s t-test with Bon-
ferroni correction taken into account. Differences were 
considered significant at p < 0.05 (statistical package 
recommended by WHO, EpiInfo 5.0). Actuarial survival 
of animals within one year after CLD modeling (control) 
and against its correction by CECs implantation was 
calculated according to Kaplan–Meier using statistical 
software package Statistica for Windows, v.12.

reSulTS
The viability of the primary culture of BM-MSCs 

was 94 ± 2%. Cell suspension prepared from donor liver 
contained ~95–98% hepatocytes and ~5–2% non-paren-
chymal cells; they had 76 ± 4% viability. The cells were 
not separated into parenchymal and non-parenchymal.

The structure of the microgel surface was analyzed 
by scanning electron microscopy (SEM). The microgel 
represents microparticles with an average size of 100 
to 300 μm and a pronounced relief surface; the surface 
elements of the hydrogel include nanostructures of 100 to 
300 nm in diameter and microstructures of 10 to 30 μm 
in size (Fig. 1).

After obtaining the primary cell culture, we conside-
red it necessary to pre-culture them to eliminate stress 
damage during isolation and activate their cellular func-
tions. For this purpose, BM-MSCs were cultured for 
7 days and then co-cultured with LCs introduced into the 
culture for subsequent 3 days. The cells were co-cultured 
not only in a stationary mode but also in a rotational 
mode (1.5–2.0 rpm) to simulate mass exchange provided 
by blood circulation, because only under these conditions 
can there be long-term viability and proliferative activity 
of LCs when co-cultured with BM-MSCs. To determine 
the suitability of rS1/9 for LCs adhesion, studies were 
performed that confirmed active LCs adhesion on the 
rS1/9 surface.

Mortality was 25% during CLD modeling. Further, 
after inoculation in the control group (group 1), animals 
continued to die: 5 rats died out of 20 (25%), which, in 
our opinion, confirms the adequacy of the chosen CLD 
model. In the experimental group (group 2), there was no 
mortality at this time point (day 90). Actuarial survival 
at the inoculation stage and during treatment is shown 
in Fig. 2, a and b.
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Fig. 2. Actuarial survival (according to Kaplan–Meier estimate): a, during CLD modeling: Gehan’s Wilcoxon Test (Spreads-
heet1) WW = –1,000 Sum = 670.00 Var = 76.32 Test statistic = –0.037655 p = 0.96996, and b, during CLD treatment: Gehan’s 
Wilcoxon Test (Spreadsheet1) WW = –11.00 Sum = 238.00 Var = 62.632 Test statistic = –1.32676 p = 0.18459

а b

Fig. 1. Structure of rS1/9-based microgel: a, SEM image of microgel particle (scale bar = 30 μm); b and c, enlarged image of 
the area in a white frame (scale bar = 3 μm); d, Co-cultivation of LCs and BM-MSCs on rS1/9, phase contrast microscopy 
images (400× magnification); e, Staining for specific hepatocyte nuclear antigen 4 (HNF-4), fluorescence microscopy + phase 
contrast (200× magnification)
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At the initial stage of the study, the normal structure 
of the liver tissue was studied. Homogeneous liver pa-
renchyma formed by hepatic cord of hepatocytes (D), 
with sinusoidal capillaries located between them in the 
form of slit-like spaces was revealed; the presence of 
endothelium and capillary and vein lumen was detected 
(Fig. 3, а–c).

After inoculation (42 days), on day 7 the following 
was revealed: changes in the beam structure of liver lo-
bules, pronounced polymorphism of parenchymal cells, 
fatty degeneration in hepatocytes, karyorrhexis, karyo-
lisis, hepatocyte necrosis. Massive fatty degeneration in 
hepatocytes and formation of false lobules were detected 
(Fig. 3, d–f).

By day 90 after CLD modeling, the control group wit-
nessed subtotal restructuring of liver histoarchitectonics 
with replacement of normal parenchyma by false lobules. 
Sclerotic changes (fibrosis) were manifested by the for- 
mation of collagen fibers along the portal tracts and  
formation of porto-portal and porto-central septa with  
the formation of false lobules. Focal hepatocyte necroses, 
enlargement and plethora of sinusoids and plethora of 
central veins were revealed. Rare lymphoid-cell infiltrati-
on, proliferation of histioblasts and histocytes were noted 
in the liver parenchyma. In the experimental group, by 
day 90, we observed significantly less severity of toxic 
liver damage compared with the control. A distinctly 
positive trend in the recovery of hepatic parenchyma was 

Fig. 3. Histological and pseudostained 2D and 3D liver preparations: a, Tissue specimens of healthy liver: Central part of the 
lobule with preserved structures with the presence of two central veins. Balloon structure is not disturbed, granular hepatocyte 
dystrophy, slight expansion of sinusoids. H&E staining (200× magnification). b, c, Pseudo-stained 2D and 3D images revealed 
the general structure of organ parenchyma without pathological changes. Hepatocytes with oxyphilic staining of cytoplasm 
and basophilic nuclei and a normal nuclear-cytoplasmic ratio, sinusoidal capillaries were not dilated. Hepatocyte cytoplasm 
is pseudostained in blue, nuclei are blue, sinusoidal spaces and vascular lumen are green, basophilic hepatocyte nuclei are 
lilac. d, Liver tissue specimen on day 7 after the end of CLD modeling: initial formation of fibrous tissue, focal proteinace-
ous granular degeneration of hepatocytes, significant group of cells in a state of ballooning degeneration and necrosis. Focal 
large- and small-drop fatty degeneration in hepatocytes. Sinusoidal dilatation and plethora. Rare lymphoid-cell infiltration in 
the parenchyma. Van Gieson’s staining (400× magnification; e, f, Fatty degeneration of hepatocytes with a shift in nuclear-
cytoplasmic ratio: hepatocytes with increased volume of cytoplasm. Areas of fibrosis are identified. On pseudo-stained 2D and 
3D (e, f) images, hepatocyte cytoplasm is green, hepatocyte nuclei are blue and purple for pronounced hyperchromic tinctorial 
properties. Red color for empty spaces, predominantly in hepatocytes with fatty degeneration. g, Liver tissue specimen at day 
90: CLD + CEC implantation with LCs and BM-MSCs (group 2). Central part of the lobule with preserved structures. Van 
Gieson’s staining (200× magnification). In Fig. 3, h and i, hepatocyte cytoplasm is green, their nuclei are blue and purple with 
pronounced tinctorial properties, the prevailing empty spaces in hepatocytes with fatty degeneration are red
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noted. Liver architectonics was almost completely resto-
red, regression in fatty degeneration and its transition to 
a fine-droopy form was noted; liver lobule structure was 
restored. Preserved hepatocytes without signs of dystro-
phy around the veins appeared; beam architectonics was 
restored, formation of false lobules was not determined 
(Fig. 3, g), whereas in the control, there were appearance 
of false lobules and expressed protein degeneration of 
hepatocytes, sclerosis and fibrosis of liver parenchyma.

To objectify the results obtained, we performed quan-
titative and semi-quantitative assessment of structural 
changes occurring in the liver tissue in CLD without 
treatment and with the use of CECs. We performed mor-
phometric studies of liver parenchyma cells (counting 
the number of hepatocytes with signs of fatty degene-
ration, with degenerating nuclei, with intranuclear lipid 
inclusions and counting the number of binucleated he-
patocytes); as well as non-parenchymal structures (de-
termination of the connective tissue specific area and the 
number of false lobules in liver), including blood vessels 
and bile ducts area in the liver tissue at day 90 after CLD 
modeling (Fig. 4, а, b).

A morphometric study of the state of non-paren-
chymal structures (determination of the specific area of 
the connective tissue and the number of false lobules 
in the liver) for a period of 90 days showed that under 
the influence of CECs, liver parenchyma was restored, 
the specific area of the liver connective tissue reduced 
(Fig. 4, а) and the number of false lobules in it also 
reduced (Fig. 4, b). At the same time, the control group 
showed an increase in these indicators – 8.2% and 2.8%, 
respectively.

It was also found that treatment with CECs (experi-
mental group 2) resulted in a rapid and significant de-
crease in the number of hepatocytes with signs of fatty 
degeneration, with degenerating nuclei, with intranuclear 
lipid inclusions and a more pronounced significant incre-
ase in the number of binuclear hepatocytes. Moreover, 
the above changes were combined with a pronounced 
positive clinical effect. At day 90, blood vessel and bile 
duct area in the liver tissue normalized in comparison 
with the control group (Fig. 4, c–h).

The above studies suggest that regenerative processes 
in both non-parenchymal and parenchymal structures of 
liver tissue in CLD are intensified only when CECs are 
used with allogeneic LCs and BM-MSCs.

The identified features of liver regeneration when 
CECs are used with allogeneic LCs and BM-MSCs made 
it necessary to study the histological state of the CECs 
themselves and the surrounding liver tissue at day 90 
after implantation.

Obtained results indicate that allogeneic LCs in CECs 
implanted into the recipient liver retain their viability and 
proliferative activity for a long time (90 days), with no 
signs of rejection, despite the absence of immunosup-
pression (Fig. 5, a–f).

Histological and model three-dimensional analysis of 
the state of hepatocytes in CECs implanted into the liver 
parenchyma in CLD showed that structural changes in 
hepatocytes in CECs are well distinguishable in tissue 
specimens. They are clearly identified by different color 
staining, which allows different structures to be distin-
guished. Thus, implantation of CECs containing rS1/9-
based microgel and allogeneic LCs and BM-MSCs leads 
to positive structural changes in the liver parenchyma on 
the background of long-term preservation, development 
and maintenance of normal structural homeostasis in 
hepatocytes within the CECs.

It can be assumed that the long-term absence of di-
stinct signs of immune rejection of CECs containing 
allogeneic cells (LCs and BM-MSCs) is a consequence 
of local implementation of immunomodulatory and to-
lerogenic properties inherent in BM-MSCs, which pro-
tect CECs against immune rejection and allow them to 
function for long and efficiently.

A blood test for Tregs levels by flow cytometry con-
firmed that rats with CLD that are treated by implantati-
on of CECs containing allogeneic LCs and BM-MSCs, 
as well as the healthy controls, maintained the initial 
blood level of CD4+CD25+Foxp3+ Tregs after 90 days 
(Fig. 6, a–c).

At the same time, there was a significant increase 
in the content of this pool of Regulatory T cells in the 
experimental group by day 90 as compared to the con-
trol group. Results of the conducted studies suggest that 
maintenance of the viability of the transplanted allo-
geneic LCs and BM-MSCs in CECs for a long time is 
due to immunological tolerance in the body induced and 
maintained by BM-MSCs.

Parallel studies of the functional state of the liver by 
means of dynamic measurement of serum biochemical 
indicators confirmed the development of sustained toxic 
damage to the liver immediately after CLD modeling. 
Development of CLD was accompanied by severe im-
pairment of liver functional indicators: ALT, AST and 
ALP – they sharply increased in groups 1 and 2 animals 
immediately within the first 7 days after inoculation. 
However, in the experimental group (with CECs implan-
tation), during the first 30 days, the studied biochemical 
parameters (ALT, AST, ALP) normalized rapidly and re-
covered completely by the end of the observation period.

Upon further follow-up in the group with implanted 
CECs, biochemical parameters characterizing a cytolytic 
syndrome remained within normal limits; in the control 
group (group 1), these parameters remained elevated 
for 90 days. This explains 25% mortality in the control 
group in the study period.

Thus, rapid normalization of cytolytic syndrome en-
zymes, the histological structure of the damaged liver 
tissue, a more pronounced decrease in the specific area 
of connective tissue, as well as reduced number of hepa-
tocytes with fatty regeneration and degenerating nuclei 
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Fig. 4. Dynamic morphometric assessment of the state of nonparenchymal structures in CLD simulation without and with 
CEC implantation at day 90. a, Change in the specific area of the connective tissue (%). In intact animals, the average value 
of the specific area of the connective tissue was 1.4%. b, Change in the number of false lobules in the liver. *, The difference 
is significant compared to the level of this indicator in the liver of control rats (group 1); p < 0.05. c–h: dynamic morphometric 
assessment of the characteristics of rat liver hepatocytes, bile ducts and blood vessels in CLD simulation without and with 
CEC implantation at day 90: c, hepatocytes with degenerating nuclei; d, hepatocytes with fatty degeneration; e, binuclear 
hepatocytes; f, hepatocytes with intranuclear lipid inclusions; g, bile duct area; h, blood vessel area. group 1, control (saline); 
group 2, CEC with allogeneic LCs : BM-MSCs = 5 : 1. *, The difference is significant compared to the level of this indicator 
in the liver of control rats (group 1); p < 0.05. #, The difference is significant in comparison with the level of this indicator in 
the liver of rats after inoculation, p < 0.05
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in the rat liver tissue, at day 90 after the end of CLD 
modeling and use of CECs in the experimental group, 
allows us to state that the implanted rS1/9-based CECs, 
which include allogenic LCs and BM-MSCs in a 5 : 1 

ratio, effectively modulate regenerative processes in 
the damaged liver tissue. This is obviously due to the 
long-term preserved morphofunctional homeostasis in 
the newly formed hepatitis-like structure of the CECs 
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Fig. 5. Histological structure of hepatic CECs with allogeneic LCs and BM-MSCs (group 2) at day 90. a, transplanted he-
patocytes as a part of CECs. H&E staining (400× magnification). b, c, there are structurally developing normal hepatocytes, 
hypertrophic hepatocytes, limited by fibrous connective tissue capsule, the shape and nuclear-cytoplasmic shifted to normal 
hepatocyte parameters. On the images after pseudo-coloring, the cell cytoplasm is green, nuclei are blue with purple inclusi-
ons, hepatocyte nuclei are in darker tones in a cell-engineered construct, the lumen is pseudo-stained red. d, transplanted he-
patocytes as part of CECs. H&E staining (400× magnification; e, f, after destruction of the connective-tissue capsule, normal 
hepatocytes spread to neighboring areas and replace dystrophic hepatocytes. The fibrous connective tissue capsule disintegra-
tes, and normal hepatocytes are located near its primary border. Images after pseudo-staining (e, f) show normal hepatocytes: 
cell cytoplasm is green, nuclei are blue, darker nuclei are purple in the cell-engineered construct, lumen is red. g, specifically 
PCNA-positive cells – light brown with dark brown nuclei, hepatocytes – oxyphilic cytoplasm and basophilic nuclei, PCNA 
staining by standard protocols with additional H&E staining (100× magnification)
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themselves, which is formed and maintained after CECs 
implantation by factors produced by the damaged liver 
into the body.

cOncluSiOn
The study of the possibility of effective correction 

of morphofunctional disorders in the liver during CLD 
modeling using CECs implanted into the liver tissue 
showed that CECs made on the basis of rS1/9 microgel 
and containing allogeneic LCs and BM-MSCs in a 5 : 1 
ratio, promote activation of regenerative processes in 
the damaged liver and restoration of its functional and 
morphological state: rapid normalization of the level of 

cytolytic enzymes in the blood, hepatocyte proliferati-
on and reduction of connective tissue area in the liver.  
It was also found that throughout the entire period of ob-
servation in the structures of the implanted CECs, there 
was preservation of morphofunctional homeostasis of 
LCs included in their composition. The results of studies 
suggest that the cells included into the CECs become 
the centers of formation of newly formed and long-term 
functioning hematopoietic tissue which, by producing 
bioregulatory factors, activates and supports the repair 
processes in the damaged liver. Results obtained suggest 
that the long-term survival and functioning of allogeneic 
LCs in implanted CECs is due to the involvement of 
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Fig. 6. Levels of CD4+CD25+Foxp3+ Treg cells in the peripheral blood of rats: a, normal. b, day 90 after CLD modeling and 
implantation of CECs containing allogeneic LCs and BM-MSCs, experiments without immunosuppression. Flow cytometry. 
c, Graphical representation of levels of T lymphocytes containing CD4+, CD25+, Foxp3+ markers in peripheral blood of 
healthy, control rats after CLD modeling and implantation of CECs containing allogeneic LCs and BM-MSCs, in experiments 
at day 90 without immunosuppression (%). Flow cytometry. * p < 0.05 versus norm
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BM-MSCs and rS1/9, contained in their composition, in 
maintaining the body’s immune tolerance, due to which 
CECs are integrated into the damaged liver and symbi-
otically support each other.

Our studies have shown that implantation of CECs 
into the damaged liver creates numerous new centers for 
activation of repair processes. These centers were iden-
tified histologically and by three-dimensional analysis 
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of structural changes in the liver tissue and in CECs; the 
revealed positive structural changes in the liver were 
clearly visible in tissue specimens and were also identi-
fied by different color staining of structural elements of 
the liver in 2D and 3D images.

Implantation of CECs created on the basis of rS1/9 
microgel and containing allogeneic LCs and BM-MSCs 
can become an effective method for correcting and tre-
ating CLD, and supporting damaged liver function in 
patients waitlisted for liver transplantation.
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In contrast to decellularization of soft tissues for use as tissue-specific matrices in the creation of tissue-engineered 
constructs, decellularization of cartilage tissue requires several processing techniques, which can negatively affect 
the biocompatibility and functional properties of the native extracellular matrix (ECM). Objective: to study the 
biocompatible and functional properties of microdispersed tissue-specific 3D matrix from a porcine cartilage that 
is decellularized by sequential use of chemical, physical and enzymatic techniques. Materials and methods. 
For decellularization, microdispersed cartilage particles (MCPs), obtained by cryomilling, were incubated in 
detergent solutions (sodium dodecyl sulfate and Triton X-100), then treated with supercritical carbon dioxide 
(scCO2) with 10% ethanol and DNase I. The Ames test (Salmonella typhimurium reverse mutation assay) was used 
to determine the genotoxicity of decellularized microdispersed cartilage particles (dMCPs). Local and general 
toxic effects, as well as resorption of dMCPs were studied in vivo on sexually mature outbred rats. Decellula-
rized MCP specimens (10 mg) were implanted into the thigh muscle tissue. Viability of human adipose-derived 
mesenchymal stem/stromal cells (hAdMSCs), when cultured on dMCPs, was analyzed by in vivo microscopy, 
stained with fluorescent Calcein AM dye. Cell metabolic activity was assessed using PrestoBlue™ Cell Viability 
Reagent. Results. It has been proven that porcine dMCPs implanted in rat muscle after treatment with scCO2 do 
not exhibit local and general toxic effects, and do not show genotoxicity and negative effects on the reproductive 
system of animals. After 6 months of in vivo experiment, most (87%) of the implanted decellularized cartilage 
was resorbed. It was shown that the resulting matrices are able to support adhesion and proliferation of hAdMSCs. 
Conclusion. Porcine dMCP specimens are suitable for biocompatible medical products in terms of local and 
general toxic effects, genotoxicity and reproductive toxicity, and can be used as a matrix for creating cell- and 
tissue-engineered cartilage constructs.
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inTrOducTiOn
A number of biocompatible 3D matrices (also called 

scaffolds or carriers) made of resorbable synthetic [1, 
2] and natural polymers [1, 3, 4], which more or less 
simulate the properties of native ECM, have been develo-
ped to create biomedical products for tissue engineering 
and regenerative medicine. However, 3D matrices made 
of polymeric materials do not possess tissue-specific 
properties characteristic of ECM, which can perform 
not only scaffold functions but also selectively support 
adhesion, proliferation and differentiation of cells of a 
particular tissue or organ [5]. In this regard, there is great 
interest in 3D matrices from decellularized allogenic or 
xenogeneic tissues [6–8]. The main problem of decel-
lularization is the need for the most complete removal 

of cellular material with the highest possible degree of 
preservation of morphology, composition, biochemical 
and mechanical properties of native ECM. Due to the fact 
that the completeness of decellularization is influenced 
by many factors, such as donor type, organ size and in-
tegrity, tissue type, its structure and density, etc., there 
cannot be a universal decellularization protocol [9, 10]. 
To date, a wide range of decellularization protocols have 
been developed, using physical, chemical, enzymatic 
treatment methods and their combination [11–13].

Among the physical methods, the use of supercriti-
cal fluids that have zero surface tension, low viscosity, 
increased solubility and can penetrate deeply into the 
bulk of materials seems promising [14–16]. The most 
interesting is scCO2 [17] – it reaches its critical point 
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at a sufficiently low temperature (31.1 °С), it can be 
easily removed by simple pressure relief after treatment 
and it is non-toxic. At the same time, extraction of toxic 
compounds soluble in scCO2 can occur, which leads to 
increased biocompatibility of the obtained materials de-
cellularized using cytotoxic detergents [18]. Since scCO2 

is a non-polar compound, treatment is carried out in the 
presence of a polar agent, such as ethanol, to improve 
efficiency. Addition of ethanol increases both the effici-
ency of high-density tissue decellularization [19, 20] and 
the preservation of such important ECM components as 
collagens, glycosaminoglycans, adhesive proteins (fib-
ronectin, laminin and others) and angiogenic factors [21].

The high density of cartilage makes it difficult to 
achieve complete decellularization, making it hard to 
diffuse surfactants and remove cellular detritus. Previous 
studies have shown that to achieve complete cartilage 
decellularization, it is necessary to use a protocol that 
includes both chemical (treatment with surfactants) and 
physical (supercritical fluids, cyclic freeze-thaw) treat-
ment methods or enzymatic (DNase, RNase) methods 
of tissue exposure [22, 23].

The objective of this work was to investigate the 
biocompatibility and matrix properties of a microdis-
persed 3D matrix from porcine cartilage decellularized 
by sequential treatment with chemical, physical, and 
enzymatic methods.

maTerialS and meThOdS
Porcine thigh and knee joints were obtained at 

slaughterhouse Promagro in Stary Oskol, Russia, after 
the slaughter of healthy animals (weighing about 120 kg) 
in accordance with the European Directive 64/433/EEC. 
After transportation in a refrigerated form, the cartilage 
was cut off from the articular surfaces with a scalpel, 
cut into 0.5 × 0.5 × 0.1 cm fragments, frozen at –80 °C 
and stored at this temperature until cryomilling began.

MCPs were obtained in a CryoMill (Retch GmBH, 
Germany). Grinding was done with the milling pot con-
stantly contacting liquid nitrogen, at 25 Hz frequency 
for 4 minutes. The fraction of 30–100 μm particles was 
isolated using sieves with the appropriate mesh size.

MCPs were decellularized according to the previous-
ly developed technique [22]. The MCPs were treated at 
room temperature and periodically stirred on a magnetic 
stirrer (3 times per day, 1 hour, 200 rpm) in three changes 
of phosphate-buffered saline (PBS) (pH = 7.4) containing 
sodium dodecyl sulfate (SDS) and an increasing con-
centration of Triton X-100 (1, 2, and 3%, respectively).

The MCPs were then thoroughly washed of residual 
detergents in three changes of PBS containing an anti-
biotic (ampicillin, 20 μg/ml) and an antimycotic (am-
photericin B, 2 μg/ml) for 72 hours at room temperature.

In the second stage, MCPs were treated in an scCO2 
atmosphere on a Speed SFE unit (Applied Separations, 
USA) at 300 bar, +35 °C, and scCO2 flow rate of 2.5 ± 

0.5 mL/min for 8–24 hours. 10% ethanol was used as a 
polarity modifier.

DNase I (New England Biolabs Inc., USA) at a con-
centration of 50 U/ml in 10 mM Tris-HCl buffer solution 
(pH 7.6) containing 2.5 mM MgCl2, 0.5 mMol CaCl2 was 
used to enhance DNA removal from porcine MCPs. The 
treatment time at 37 °C was 48 hours.

Specimens of decellularized MCPs (dMCPs) were 
sterilized by radiation at a dose of 1.5 Mrad.

Before the study, dMCP specimens were stored at 
–20 °C.

determining dna content
DNA extraction from MCPs (n = 3) and dMCPs (n = 

3) specimens weighing 25 mg was performed using the 
DNeasy Blood & Tissue Kit (QIAGEN, Germany) accor-
ding to the manufacturer’s instructions. A bacteriophage 
λ DNA calibration curve (Invitrogen, USA) (0 ng/mL to 
1000 ng/mL) was used to determine the absolute amount 
of DNA.

Scanning electron microscopy of specimen 
surfaces

MCPs and dMCP specimens were dehydrated in etha-
nol solutions of increasing concentrations according to 
the following scheme: 50% alcohol for 3 minutes, 50% 
alcohol for 3 minutes, 70% alcohol for 3 minutes, 90% 
alcohol for 6 minutes, and 96% alcohol for 6 minutes; 
they were air-dried and adhered to electron microscopy 
tables using double-sided adhesive tape.

Conductive coating was obtained by gold ion sput-
tering for 40 seconds at a constant current of 5–7 mA 
on JFC-1600 device (JEOL, Japan). The morphology 
of MCPs was studied using a JSM-6360LA scanning 
electron microscope (JEOL, Japan) at an accelerating 
voltage of 5 kV.

meThOdS Of STudYinG The BiOcOmPaTiBle 
PrOPerTieS Of dmcPS
a. in vitro studies
Genotoxicity

Since the decellularization process uses potentially 
genotoxic substances (detergents) and fails to completely 
remove DNA from MCPs, it is possible that the decellu-
larized cartilage may affect the patient’s genetic material 
when clinically used as part of it.

The genotoxicity of dMCP specimens was assessed 
by the Ames test (Salmonella typhimurium reverse mu-
tation assay), which is a bacterial test system for recor-
ding mutations to prototrophic histidine by the action of 
tested samples and (or) their metabolites inducing base 
replacement or frameshift type mutations in the genome 
of that organism.
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We used a set of indicator strains of Salmonella ty-
phimurium obtained from the Russian National Collec-
tion of Industrial Microorganisms under state research 
institute Genetika, having the appropriate certificates.

To prepare the extract, 25 mg of dMCPs were incu-
bated for 3 days at 37 °C in 1 mL of sterile 0.9% sodi-
um chloride solution (NaCl). Five concentrations of the 
extract were tested: stock solution and four successive 
5-fold dilutions in 0.9% NaCl. The experiment was ac-
companied by positive controls, which were substances 
inducing mutations in the corresponding test strains.

For metabolic activation, we used the liver S9 frac-
tion of male Wistar rats, which, 5 days before slaughter, 
were injected with microsomal enzyme inducer Sovol, 
300 mg/kg, once intraperitoneally.

After incubation for 48 hours, the number of reverted 
colonies was counted in the groups of indicator strains. 
The mean number of revertant colonies for the drug-
treated groups were compared simultaneously with the 
corresponding negative control groups.

If the substance and/or its metabolites have mutagenic 
activity, they will induce reverse mutations from auxo-
trophy to histidine prototrophy in histidine-dependent 
strains of Salmonella  typhimurium. According to ge-
nerally accepted approaches, the mutagenic effect was 
considered to be significant if the average number of 
revertant colonies per plate in the experimental variant 
exceeded that in the control variant by 2 or more times.

B. in vivo studies of reproductive toxicity, 
local and general toxic effects

The experiments were carried out on sexually mature 
outbred rats. Maintenance and all manipulations with the 
animals were performed according to the rules adopted in 
the European Convention for the Protection of Vertebrate 
Animals Used for Experimental and other Scientific Pur-
poses (ETS 123), Strasbourg, 1986), and in accordance 
with GOST 33216-2014 Interstate Standard “Guidelines 
for the Maintenance and Care of Laboratory Animals”.

Reproductive toxicity
When genotoxic effects act not only on somatic cells 

but also on germ cells, changes can become hereditary. 
To study the effects on generative function and embryo-
toxic effects in the antenatal and postnatal periods of 
development of the genotoxic effect on germ cells, the 
reproductive toxicity of dMCPs was studied.

The animals were divided into groups of 6 males and 
12 females per group: control males, control females, 
males with dMCP specimens, and females with dMCP 
specimens. Sham-operated rats served as controls.

Fourteen days after implantation, males and females 
were paired in a 1 : 2 ratio (one male and two females) 
for 14 days. Every morning, vaginal swabs were taken 
from females and the presence of spermatozoa in them 

was determined. If spermatozoa were detected, the rat 
was weighed, placed in a separate cage, and the gesta-
tion period was counted, taking the day of spermatozoa 
detection as the first day of pregnancy.

During the study, general clinical observation was 
performed, body weight, feed and water consumption 
were determined.

Some pregnant females were euthanized on day 20 
of pregnancy; fetuses were examined, weighed, and the 
cranio-caudal size was measured. The number of cor-
pus luteum in the ovaries, implantation sites, and the 
number of live and dead fetuses were counted. Pre- and 
post-implantation fetal mortality rates were determined 
based on the data obtained. The other half of the females 
were left until delivery to monitor the development of 
the offspring for 5 days. At the end of the study, adult 
animals were euthanized. After death, the ovaries were 
removed from the females and the testes and testicular 
appendages from the males. These reproductive organs 
were examined macroscopically for abnormal or patholo-
gical changes and weighed on VIBRA AJ-1200CE scale 
(ShinkoDenshiCo., Ltd., Japan), with further calcula-
tion of their relative weight (percentage ratio of organ 
weight to animal body weight). The ovaries and testes 
were fixed in 10–15% neutral formalin. After fixation 
on histoprocessor TLP-144 (MedTechnikaPoint LLC, 
Russia), histological processing was performed. After 
that, paraffin blocks were prepared on an ESD-2800 pou-
ring station (MedTechPoint, Russia). Then, using rota-
ry microtome RMD-4000 (MedTechnicaPoint, Russia), 
we obtained 3–4 nm thick sections that were glued to a 
slide, deparaffinized, and stained with hematoxylin and 
eosin. Histological specimens were examined by light 
microscopy using biological microscope Leica DM1000 
(Leica Microsystems GmbH, Germany).

Local and general toxic effects
The specimen (10 mg weight) was implanted into 

the thigh muscle tissue under sterile conditions under 
the anesthetic Zoletil 100 (Virbak, France) at a dose of 
15 mg/kg. Sham-operated animals (underwent surgery 
without specimen implantation) served as controls.

To study local effects, the animals were euthanized 
by carbon dioxide inhalation at day 28, months 2, 3, 
and 6 after dMCP specimens had been implanted. The 
results were evaluated macroscopically and by histologi-
cal methods. According to semi-quantitative assessment 
results [24], the reactivity class of the studied material in 
comparison with the control sample was determined (in 
points): no response or minimal response (0.0 to 2.9); 
mild response (3.0 to 8.9); moderate response (9.0 to 
15.0); severe response (≥15.1).

General toxic effects were investigated at up to 
2 months of implantation simultaneously with assess-
ment of their local effects. Analysis of animal condition 
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included: survival and appearance, animal weight, be-
havior (excitability, aggressiveness), reaction to exter-
nal stimuli, pain response, feed and water consumption. 
At month 2, blood was collected from the animals for 
clinical (hematological analyzer Mindray BC-2800-vet 
(Mindray, China) and biochemical (biochemical pho-
tometer Stat Fax 4500+ (Awareness Technology Inc., 
USA) studies and urine (URISCAN Optima, YD Diag-
nostics Corporation, Korea). The following organs were 
taken and weighed: heart, lungs, thymus, liver, spleen, 
kidneys, and brain. These organs were weighed using 
Shinko scales, AJ-1200CE (Shinko Denshi Co., Ltd., 
Japan). H&E-stained histological preparations of the 
heart, lungs, thymus, liver, spleen, intestines, kidney, 
brain, and regional lymph nodes were examined using 
biological microscope LeicaDM 1000 (Leica Microsys-
tems GmbH, Germany).

The degree of resorption of the implanted specimens 
was determined morphometrically using LAS Interac-
tive Measurement Module, a computer morphometric 
program.

The excised sections of organs and tissues were fixed 
in 10–15% neutral formalin solution with subsequent 
embedding in paraffin. 5–7μm-thick sections were pre-
pared. Histological preparations were examined by light 
microscopy using biological microscope LeicaDM 1000 
(Leica Microsystems GmbH, Germany).

investigation of the ability of dmcPs 
to support cell adhesion and proliferation 
(functional properties)

Third-passage hAdMSCs were isolated and cultured 
in complete cell culture medium (CCCM) according to 
the standard technique [25].

Adhesion and proliferation experiments were per-
formed using a hAdMSCs culture. These cells are ca-
pable of differentiating in the chondrogenic direction 
with subsequent formation of cartilage tissue. To prevent 
cell growth outside the matrix surface, the experiment 
was performed in polypropylene tubes. 5 mg of dMCPs 
were placed in sterile tubes under aseptic conditions, 
CCCM was added and incubated for 24 hours at +37 °C 
to saturate the medium. A day later, hAdMSC suspensi-
on was prepared with a concentration of 500,000 cells/
mL; excess medium was removed from the tubes, and 
1 mL of cell suspension was added to each tube. The 
tubes were placed in a rack and shaken on laboratory 
shaker MultiBio 3D (Biosan, Latvia) for 2 hours at room 
temperature, after which the tubes were placed in a CO2 
incubator and cultured at +37 °C in a humid atmosphere 
containing (5 ± 1)% CO2.

To assess the interaction between cells and dMCP 
specimens using in vivo microscopy, we used fluorescent 
Calcein AM dye (Thermo Fisher Scientific, USA).

The metabolic activity of cells was determined using 
reagent test PrestoBlue™ (Invitrogen, USA) according 
to the manufacturer’s instructions. Spectrophotometric 
analysis was carried out on plate reader Tecan Spark 
10M (Tecan Trading AG, Switzerland). Cell count was 
measured according to the calibration curve constructed.

Statistical data analysis
The obtained data were statistically processed using 

Microsoft Office Excel 2010 software. The group arith-
metic mean (M) and standard error of the mean (m) were 
calculated. Statistical significance of differences was 
assessed by Student’s t-test. Differences between the 
groups were considered significant at p < 0.05.

reSulTS and diScuSSiOn
Decellularization reduced the amount of DNA from 

367 ± 53 ng/mg to 7 ± 1 ng/mg of tissue, which is less 
than 2% of the initial value and shows the decellulari-
zation process to be highly efficient [26]. At the same 
time, there are significant differences in the surface mor-
phology of native and decellularized cartilage (Fig. 1).

The surface structure of the original cartilage tissue is 
smooth (Fig. 1). Cell lacunae characteristic of articular 
cartilage tissue, in which cell outlines were visualized, 
are detected. For decellularized cartilage, there were no 
cells in the lacunae on the surface of the microparticles, 
which also shows the treatment to be effective.

Genotoxicity
The number of revertant colonies in the control (sol-

vent) was within the spontaneous variation for these 
strains. Strain response to standard mutagens was within 
normal.

Decellularized tissue-specific matrices from porcine 
MCPs at concentrations of 0.1, 0.5, 1, 5, and 25 mg/
ml did not induce gene mutations in Salmonella typhi-
murium test strains TA 100, TA 98, and TA 97 with and 
without metabolic activation. In all variants of the expe-
riment, the multiplicity of excess of the average number 
of revertant colonies per cup in the experiments over that 
in the control was less than 2-fold.

Thus, experimental samples of porcine dMCPs obtai-
ned by sequential treatment with detergents and scCO2 
are not genotoxic.

local effect
Healing of surgical wounds in animals of the expe-

rimental and control groups occurred by primary inten-
tion. None of the animals showed symptoms of implant 
rejection, suppuration, suture divergence, and other 
postoperative complications. There were no necroses, 
hemorrhages, granulomas and severe edema around all 
specimens along the periphery in the surrounding muscle 
tissue. There were no signs of inflammation in the matrix 
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The original cartilage Decellularized cartilage

Fig. 1. Changes in the structure of porcine cartilage microparticles as a result of decellularization

implantation area. Macroscopic examination revealed 
no signs of tissue irritation and inflammation, no scar 
tissue was detected.

Tissue response to surgical intervention and subse-
quent implantation of porcine decellularized cartilage 
specimens followed the usual pattern that is characteris-
tic of the wound process and reaction to a foreign body, 
including traumatic inflammation and connective tissue 
formation stages.

The microscopic picture on day 28 of dMCPs im-
plantation (Fig. 2) was characterized by the presence of 
a thin capsule around the implant consisting of dense 
fibrous connective tissue. No infiltration of the connec-
tive tissue into the implants was observed. No necrosis, 
hemorrhages, lymphohistiocytic infiltration and edema 
were observed in the surrounding fibrous and muscular 
tissue. Lymphomacrophage infiltration was noted in the 
capsule and surrounding tissues, as well as the presence 
of single giant cells, indicating the initial stages of re-
sorption. Among connective tissue cells, fibroblastic cells 
prevailed: mesenchymal cells, fibroblasts and fibrocytes. 
A small number of neutrophils was detected in the sur-
rounding tissues. A scanty vascular pattern was noted.

On day 28 after implantation, there was mild resorpti-
on of dMCP specimens. The average area of one implan-
ted dMCPs particle per group of animals was 13867 ± 
964 μm2. The central part of the implant not populated 
with cells was clearly distinguished. Active infiltration 
by macrophages was observed at the periphery.

After 2 months (Fig. 2), the implantation site was 
covered with hair and was not visually identified. Signs 
of regeneration in the form of muscle-joint tissue were 
observed. The regenerate was in the form of thin bundles 
of collagen fibers infiltrated by fibroblasts and fibrocy-
tes. In the stroma, there were small vessels, myocytes 

forming growth buds and strands of newly formed thin 
muscle fibers.

At month 3 (Fig. 2), the implant was an oval, with 
no capsule around it. There was intensive resorption of 
the matrix by macrophages in the periphery. Compared 
to 30 days of implantation, the material was resorbed by 
~44%. The average implant area was 7644 ± 155 μm2. 
The structure of the non-resorbed dMCPs was not alte-
red. There was a macrophage reaction at the periphery 
of the implant with the presence of lymphocytes.

At month 6 of implantation (Fig. 2), a thin capsule of 
collagen fibers was formed around the dMCP specimens, 
which is an indicator of high biocompatibility. At the 
same time, the number of active macrophages in the tis-
sues surrounding the implants still remained high. At the 
periphery of the implanted particles resorbed by ~87% 
(average implant area was 1759 ± 1482 μm2), we obser-
ved formation of mature connective tissue in the form 
of collagen fiber bundles and surrounding fibrocytes.

The slow resorption may be due to the high density of 
cartilage tissue, making it difficult for cells to penetrate 
and substances to diffuse into the dMCPs. Data obtained 
indicate the possibility of using dMCPs as a matrix for in 
vitro and in vivo formation of cartilage tissue equivalent.

Fig. 3 shows the results of a semi-quantitative assess-
ment of the biological effect of the implanted specimens.

From the data presented in Fig. 3, we can see that 
the local effect of dMCPs on the surrounding tissues 
decreases during the six months of implantation from 
“mild tissue response” (3.0 to 8.9 points) to “no reaction 
or minimal response” (0.0 to 2.9 points). Note that the 
change in the nature of the tissue response to dMCPs 
occurs during the time of resorption of the main mass 
of implanted particles.

Thus, microdispersed particles of decellularized 
porcine cartilage and their resorption products show no 
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Fig. 2. Tissue response to implantation of decellularized porcine cartilage particles. H&E staining. ×400 magnification

2 months

6 months

28 days

3 months

negative biological effect on the tissues surrounding the 
implant.

General toxic effect
The animals in the control and experimental groups 

were healthy for 2 months of the experiment. No chan-
ges in the appearance and behavior toward oppression 
or agitation were observed in any of the rats. The body 
weight of the rats during the experiment had positive 
dynamics and did not differ between the groups.

Implantation of dMCP specimens did not affect he-
matopoiesis in the rats. There were no significant diffe-
rences in the average values of clinical blood analysis 
between the control and experimental rats.

To identify the possible damaging effects of the test 
specimens on the liver, heart, and bone tissue, the ac-
tivity of alkaline phosphatase, aspartate and alanine 
aminotransferases was determined in the blood serum. 
Analysis of data obtained did not reveal any differences 
in the activity of the studied enzymes and the content 

of total bilirubin, as well as in the indicators of protein 
metabolism in the body between the groups.

Introduction of the studied specimens in rats did not 
affect the urine parameters in comparison with the con-
trol group. Protein, glucose, bilirubin, urobilinogen, ni-
trites, ketone bodies, leukocytes and ascorbic acid were 
absent in the urine of animals or were below the first va-
lue determined by the Uriscan Optima device as positive.

Macroscopic study did not establish any clear effect 
of the studied specimens on the state of the internal or-
gans of the rats. No differences between the control and 
experimental groups were found.

Histological examination did not reveal any distinct 
effect of the studied specimens on the state of the internal 
organs of the rats. No differences between the control 
and experimental groups were found.

Consequently, specimens of tissue-specific matrices 
of decellularized porcine cartilage do not exhibit syste-
mic toxic effects on the body of the animals.
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Fig. 3. Semi-quantitative assessment of tissue response to implantation of porcine decellularized cartilage particles

reproductive toxicity
When observing the sexual behavior of animals after 

pairing, it was noted that the latent period and duration 
of sexual activity in experimental males (with implanted 
dMCP specimens) corresponded to the control males 
(sham-operated).

During gestation, the behavior of female experimen-
tal groups was similar to that of control ones. During 
gestation, the weight gain of pregnant rats in the expe-
rimental groups did not differ from that of the control 
group.

Some pregnant females were euthanized on day 20 of 
pregnancy. At autopsy, the number of corpus luteum in 
the ovaries, implantation sites in the uterus, the number 
of live and dead fetuses, and the number of resorptions 
were counted. External examination revealed no deve-
lopmental abnormalities in any embryo.

Some of the pregnant females were left until deli-
very to monitor the survival and development of the 
offspring for 5 days. Duration of pregnancy, number of 
born rats, their weight and cranio-caudal size did not 
statistically differ between the experimental and control 

Fig. 4. Histological section of rat testis. H&E staining. ×100 magnification

Control group Decellularized cartilage group

100 μm 100 μm
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Fig. 5. Histological section of rat ovary. H&E staining. ×100 magnification

Fig. 6. hAdMSCs cultured on decellularized microdispersed porcine cartilage particles. Calcein AM staining. ×100 magnifi-
cation

Control group Decellularized cartilage group

3 days 7 days

groups. There were no stillbirths in any of the females. 
After delivery, all females exhibited maternal instinct. 
Five-day offspring survival was 100% in all groups.  
In this period, the rats developed without abnormalities.

Histological examination of testes (Fig. 4) showed no 
changes in the morphological structure of the organ and 
no damage to the spermatogenic epithelium in any case. 
A similar study of rat ovaries showed no morphological 
changes in the organ (Fig. 5).

It follows from the results obtained that the dMCP 
specimens implanted in the muscle tissue, both before 
mating the animals and during gestation, do not have ne-
gative effects on the reproductive system of the animals.

interaction of tissue-specific matrix obtained 
from decellularized porcine cartilage 
with cells

By day 3 of the experiment, the number of prolifera-
ting adherent hAdMSCs was 112 ± 10 × 103 cells/mm2; 
by day 7 of the experiment, the number had doubled.

The study of cell viability using Calcein AM dye 
showed that by day 3 of the experiment, proliferation 
of cells, evenly distributed over the matrix surface, was 
visualized (Fig. 6).

Cell morphology is normal and fibroblast-like. By day 
7, the number of cells increased, the attached cells were 
evenly distributed over the surface of dMCP matrices, 
had a flattened fibroblast-like morphology, maintained 
viability and normal morphology.
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cOncluSiOn
The effectiveness of sequential treatment with surfac-

tants, scCO2 and DNase to obtain a biocompatible tissue-
specific matrix from xenogeneic material, decellularized 
porcine articular cartilage, has been proven.

The experiments showed that the specimens of micro-
dispersed decellularized porcine cartilage tissue do not 
exhibit adverse biological effects in terms of local and 
general toxicity, genotoxicity and reproductive toxicity. 
The specimens are capable of maintaining hAdMSC 
adhesion and proliferation.

So, the obtained xenogeneic tissue-specific microdi-
spersed matrix can be recommended for the creation of 
tissue equivalents of human cartilage tissue.

The study was supported by a grant from the Russian 
Science Foundation (Project No. 21-15-00251).

The authors declare no conflict of interest.
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acceleraTe liver reGeneraTiOn afTer eXTended reSecTiOn
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Objective: to compare the efficiency of regenerative processes in the liver using apoptotic bone marrow-derived 
mononuclear cells (BMMCs) and intact BMMCs from healthy animals on an extended liver resection (ELR) model. 
Materials and methods. Male Wistar rats (n = 77) with an ELR model (70–75%) were divided into 3 groups: 
group 1 (control with a single intraperitoneal injection of saline), group 2 (single intraperitoneal injection of un-
sorted intact BMMCs at a dose of 30–35 × 106, and group 3 (single intraperitoneal injection of apoptotic BMMCs 
at the same dose). Restoration of biochemical parameters of liver function and mass, as well as the emerging 
microstructural changes in hepatocytes in histological preparations, were monitored by assessing hepatocyte 
mitotic activity (MA) during the first 7–10 days after ELR. Results. It was found that in groups 2 and 3, as com-
pared with group 1, there was no death after ELR modeling, and that the biochemical parameters of liver function 
normalized more rapidly (at days 10–14). Hepatocyte MA in group 3 sharply increased as early as on day 1, and 
mitotic index (MI) averaged 14‰, reaching 20.9‰ in some experiments; MI in the control group remained at the 
baseline by this time, while in group 2, MI was only 3.2‰. In group 3, liver mass recovered more rapidly after 
ELR to baseline values already at days 8–10, whereas the recovery was at day 12–14 and day 17–20 in group 2 
and group 1, respectively. It was suggested that the more pronounced increase in the efficiency of regenerative 
processes in the liver after ELR in group 3 after using apoptotic BMMCs was due to the release from these cells 
of a large spectrum of formed paracrine factors, including various classes of RNA molecules involved in the 
regeneration process. Conclusion. Apoptotic BMMNCs have a more effective adaptive and regulatory potential 
than intact BMMCs because reorganizations are rapidly formed in the damaged liver cells, providing an early 
and more powerful activation of the targeted regenerative program.
Keywords:  apoptotic  bone marrow cells,  regeneration,  liver  resection.
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inTrOducTiOn
It is known that damage to the liver and to other or-

gans, triggers adaptive processes in them, which, in turn, 
activates evolutionarily programmed reparative regene-
ration mechanisms. Meanwhile, under severe chronic 
or extensive acute liver injury (under conditions when a 
significant mass of cells perishes), the remaining cells are 
forced to perform their functions with an increased load, 
which exceeds the evolutionarily programmed norm of 
cellular energy expenditure for these processes.

Under the created conditions, due to the developing 
energy deficit in liver cells, activation of the reparative 
regeneration mechanisms is sharply inhibited, which is 
believed to be a consequence of insufficient efficiency 
of adaptation processes, energetically supporting the re-
generative process.

According to modern concepts, adaptive restructuring 
of metabolism in tissues begins with the development of 
cell autophagy processes in them [1–3]. Therefore, the 

initially reduced level of cell autophagy activity in an 
organ predetermines the low regenerative potential of the 
remaining cells and insufficient efficiency of regenerative 
processes [4–6]. To activate regenerative processes in the 
damaged organs, it was proposed to use hematopoietic 
and stromal cells derived from the bone marrow, which 
are known to have the highest regenerative potential in 
the body. However, the experience in clinical application 
of bone marrow-derived cells (BMDCs) turned out to 
be not so convincing and not always reproducible [7, 
8], which forced researchers to start directly studying 
the mechanisms of induction of regenerative processes 
caused by BMDCs to increase the therapeutic efficiency 
of their use. A hypothesis on the determining regulatory 
role of apoptotic BMDCs producing paracrine factors 
in the state of apoptosis has been put forward [9]. The 
validity of this hypothesis has been subsequently proven 
[10] and repeatedly confirmed [11, 12]. By now, it has 
been established that it is the apoptotic cells that release 
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growth-stimulating signals in the form of nanovesicles 
[13], lipids [14], exosomes, various miRNAs, proteins 
[15] and other components called secretomes into the 
body. The result is not only an acceleration of regenera-
tive processes in the body, but also an increase in their 
efficiency through immunomodulatory effects and blo-
cking of inflammatory reactions [16, 17].

Existing ideas about the mechanisms of induction of 
regenerative processes suggest that in order to produce an 
effective regenerative response in cells in a damaged or-
gan, the impact force of the adaptive stress signal should 
be high enough to enhance the severity of autophagy 
process and even reach the state of reversible apopto-
sis by cells, but should not exceed the evolutionarily 
programmed response, i.e. be physiological. Apoptotic 
BMDCs, which, as it has already been shown [11], sup-
port renewal and replenishment of the blood and immune 
system cell composition in the body, obviously possess 
such properties – adequate and physiological adaptogen.

The objective of this study is to investigate the possi-
bility of increasing the regenerative activity of liver cells 
after extended resection by using apoptotic BMMCs of a 
healthy donor as an adaptive and regulatory stress signal.

maTerialS and meThOdS
Work was carried out on male Wistar rats weighing 

250–300 g (n = 77). The animals were kept in the vi-
varium at 18–20 °C on a mixed diet with free access 
to water. Experiments on animals were performed in 
the morning hours at room temperature (t = 22–24 °C), 
which excluded the influence of diurnal fluctuations in 
MA of liver cells. Relative humidity was 50–65%, ligh-
ting cycle was 12 hours; room air volume was changed 
ten times per hour. The animals were fed with standard 
compound feed for laboratory animals (microbiological 
status corresponded to GOST R 51849-2001 “Veterinary 
and sanitary standards and quality requirements for non-
productive animals”). Filtered tap water ad libitum was 
delivered in standard drinking bottles (microbiological 
status of water corresponded to SanPiN 2.1.4.1074-01 
“Hygienic requirements for water quality in centralized 
drinking water supply systems”). Experiments and all 
manipulations with animals were performed according 
to the rules adopted by the European Convention for the 
Protection of Vertebrate Animals used for Experimental 
and other Scientific Purposes (ETS 123), Strasbourg, 
1986).

The ability of apoptotic BMMCs to amplify rege-
nerative signals and ensure their targeted delivery to 
the damaged liver tissue was studied in an ELR model 
(70–75%) in rats, which is accompanied by activation 
of hypertrophic regeneration mechanisms with marked 
hepatocyte MA in the remaining part of the organ [18].

Before the ELR modeling, the operated rats (n = 65) 
were anesthetized by diethyl ether inhalation, then the 
abdominal cavity was opened in compliance with asep-

tic and antiseptic rules, the liver was removed into the  
wound and ligatures were sequentially applied to  
the bases of medial, left lateral and right upper lobe  
of the liver, after which they were removed (70–75% of 
total liver mass). Surgery and subsequent studies were 
always performed between 10 and 12 hours, when the 
diurnal rhythm of MA in liver cells was minimal. In the 
early postoperative period, the operated animals always 
developed a clinical picture of acute liver failure.

To prove the possibility of enhancing the regenerative 
activity of cells in the damaged liver using apoptotic 
BMMCs, healthy rats without ELR were used as donors 
(n = 12). An unsorted mononuclear (hematopoietic) cell 
fraction was obtained from the bone marrow of these rats 
for subsequent administration to ELR rats at a dose of 
30–35 × 106 cells. All animals after ELR were divided 
into 3 groups: Group 1 (control, n = 25, rats were injected 
once intraperitoneally with 1.0–1.5 ml of saline), Group 
2 (n = 25, experimental, 1.5 ml of 30–35 × 106 freshly 
isolated intact BMMCs were injected intraperitoneally 
3–5 hours after ELR modeling), and Group 3 (n = 25, 
experimental, 1.5 ml of 30–35 × 106 apoptotic BMMCs 
were injected intraperitoneally 3–5 hours after ELR mo-
deling). Apoptotic BMMCs were obtained by incubating 
freshly isolated BMMCs in Custodiol ion-balanced pre-
servative solution (Bretschneider’s HTK-solution) at a 
temperature of 4–6 °C for 48 hours, because according 
to our studies [19], under the specified storage regimes, 
the content of apoptotic BMMCs – (cell secretomes) in 
the state of early reversible apoptosis was significantly 
expressed and reached 44.8 ± 0.9%, while the content of 
apoptotic BMMCs in the state of late irreversible apo-
ptosis in the cell pool did not exceed 2–8% (p < 0.02).

The dynamics of restoration of hepatic homeostasis 
in rats after injection of ELR and BMMCs (intact and 
apoptotic) were studied using standard methods on bio-
chemistry analyzer Arik-test (Germany) according to 
the content of total protein and bilirubin in the blood 
serum in the early postoperative period (within 14 days).  
We also measured the activity of hepatic cytolysis en-
zymes: alanine aminotransferase (ALT), aspartate ami-
notransferase (AST) and alkaline phosphatase (ALP). 
We evaluated the rate of overcoming the critical mass 
of the liver residue and its recovery to baseline valu-
es after ELR within 20–22 days. For this purpose, we 
weighed the resected part of the liver in each operated 
animal immediately after ELR, which was taken as 70% 
of the total liver mass, and then the initial liver mass was 
calculated for each animal on the basis of the weighing 
results. Then, the remaining liver was explanted at each 
study period, its mass was determined by weighing, and 
the values obtained were compared with the calculated 
initial liver mass for the given animal.

The degree of severity of ELR induction effect on 
regenerative processes in the liver during modeling of 
critical injury (group 1), as well as changes in the nature 
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Fig. 1. Changes in mitotic index in hepatocytes in the liver 
of rats after ELR (‰) in 3 experimental groups. *, p < 0.05 
compared to control; #, p < 0.05 compared to injection of 
apoptotic BMMCs

of regenerative processes in the liver after ELR against 
the background of introduction of intact BMMCs (group 
2) and apoptotic BMMCs (group 3) were determined 
quantitatively by degree of changes in the microstructu-
ral state of liver cells in histological preparations. For this 
purpose, in groups 1, 2 and 3, we studied hepatocyte MA 
in the liver remnant at 24, 36, 48 and 72 hours, as well 
as on day 5, 7 and 10 after ELR. The liver was dissected 
on these time points and histological specimens stained 
with hematoxylin and eosin. We performed histologi-
cal analysis of the preparations (Leica DM microscope, 
Germany), and measured the number of dividing hepa-
tocytes in 30 fields of view, followed by calculation of 
MI in ppm (‰).

Significance of difference between the studied para-
meters in the compared groups was assessed using the 
parametric Student’s t-test at p < 0.05.

reSulTS
A comparative study of the recovery of liver homeo-

stasis in the 3 groups showed that in the control group 
1, 5 out of 25 rats died within the first 5 days after liver 
resection (20% mortality). In experimental groups 2 and 
3 (administration of intact BMMCs (n = 25) and apop-
totic BMMCs (n = 15), respectively), there were no dead 
animals during the entire follow-up period. The absence 
of mortality in these groups was accompanied by a high-
er rate of recovery of hepatic homeostasis in the body, 
which was expressed in an early normalization of total 
protein and cytolytic enzymes (ALT, AST and ALP) in 
the blood serum compared with group 1.

Cytolysis indicators in groups 2 and 3 rats, as in group 
1, increased during the first 3 days, but then in group 3, 
they stabilized more sharply than in group 2 and reco-
vered by day 10–14. The reduced level of total protein 
after ELR in these groups also recovered by the end 
of the follow-up period (14 days), while in the control 
group, normalization of all studied parameters did not 
occur by the end of the observation period. The higher 
rate of recovery of hepatic homeostasis in groups 2 and 
3 compared with the control can be down to the high-
er activity of restorative and proliferative processes in 
the cells of the remaining part of the liver, which was 
due to the introduction of intact BMMCs and apoptotic 
BMMCs. Indeed, a comparative study of hepatocyte MA 
in the liver after ELR in all three studied groups revealed 
a rapid increase in hepatocyte MA in comparison with 
the initial level (MI was 0.2–0.3‰ before ELR). At the 
same time, the rate of development and the severity of 
the rise of MA in groups 2 and 3 were higher than in the 
control group (Fig. 1).

So, in group 1 (control), MI reached a maximum of 
5.378‰ (36 mitoses per 6,653 cells) at 48 hours after 
ELR. In group 2, MI at 48 hours was 6.11‰ (60 mitoses 
per 8,448 cells) with a maximum of 10.5‰ at 72 hours 
(93 mitoses per 8,858 cells). In group 3, MI reached 

a maximum as early as 24 hours after ELR modeling.  
On average, it was 14‰ (135 mitoses per 9,762 cells), 
but in some experiments, MI reached 20.9‰. Thus, it 
follows from the maximum MI values in the three studied 
groups that apoptotic BMMCs increase hepatocyte MA 
almost 1.5-fold in comparison with intact BMMCs admi-
nistration and almost 3-fold increase in hepatocyte MA in 
comparison with the control. It is important to note that 
apoptotic BMMCs not only intensify, but also accelera-
te the realization of their regulatory effect (as early as 
24 hours after ELR modeling) compared to the control 
and the use of freshly isolated BMMCs. This fact may be 
due to the fact that immediately after introduction of apo-
ptotic BMMCs into the body, they facilitate delivery and 
production of a complex of numerous growth-stimulating 
signal molecules and regulatory factors already formed 
in apoptotic cells [20], which provide early intensive 
activation of regenerative and proliferative processes in 
the lesion site. The maximal high and early activation of 
hepatocyte MA in liver tissue after ELR modeling and 
application of apoptotic BMMCs is also demonstrated 
in Fig. 2.

It can be seen (see Fig. 2) that at 24 hours, only in 
group 3 with apoptotic BMMCs (Fig. 2, d) that early and 
maximum activation of hepatocyte MA occurred, whe-
reas in experiments with freshly isolated intact BMMCs 
(see Fig. 2, c), MA was just beginning to intensify. 
In the control with saline (Fig. 2, b), MA was totally 
absent at this time point, but maximally intensified only 
at 48 hours. Moreover, in the liver cells of groups 2 
and 3 rats, signs of diffuse fine vacuolar degeneration 
of hepatocytes appeared 24 hours after ELR modeling, 
which is known [21] to be a morphological marker of 
the developing cellular autophagy. At the same time, the 
greatest expression of hepatic cell autophagy (Fig. 3) was 
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Fig. 2. Hepatocyte mitotic activity in rat liver before and 24 hours after ELR and injection of BMMCs: а, baseline (before 
ELR); b, group 1 (control), saline injection; c, group 2, injection of intact BMMCs; d, group 3, injection of apoptotic BMMCs. 
Arrows indicate hepatocytes at different stages of mitosis. H&E stain, 200× magnification

а b

c d

observed at 48 hours in group 3 (apoptotic BMMCs). 
See Fig. 3, d.

Morphological study of the liver confirms a more 
pronounced ability of apoptotic BMMCs compared to 
intact BMMCs to stimulate adaptive changes in cells at 
the initial stages after damage for optimal energy restruc-
turing of metabolism in cells and early start of repair and 
mitotic processes in the damaged organ [2].

Another confirmation of a more pronounced inductive 
effect of apoptotic BMMCs on regenerative processes in 
the liver as compared to intact BMMCs is the dynamics 
of liver mass recovery in the three studied groups of 
animals with ELR modeling (Fig. 4).

The most accelerated rate of liver mass recovery 
(see Fig. 4) was observed in group 3, where apoptotic 
BMMCs were injected intraperitoneally in a dose of 
30–35 × 106 cells 3–5 hours after ELR. Liver mass in 
this group was restored on days 8–10. Injection of intact 
BMMCs in the same dose in group 2 also accelerated 
reparative processes in the resected liver remnant, liver 

mass restoration to the initial values in this group occur-
red on day 12–14, i.e. the recovery occurred at a slower 
pace. In group 1 (control), restoration of liver mass after 
injection of saline occurred on day 17–20. Earlier we 
showed [22] that intraperitoneal administration of total 
RNA, obtained from freshly isolated intact BMMCs at 
30 μg/100 g mass, also intensified the regenerative activi-
ty of rat liver cells after ELR modeling. The regenerative 
response of the liver to administration of total RNA from 
intact BMMCs was higher than that to the administration 
of freshly isolated intact BMMCs. So, when total RNA 
from intact BMMCs was injected, the MI at 48 hours was 
23.4‰, and when intact BMMCs were injected, MI at 
48 hours was 6.96‰, and liver mass recovery occurred 
on days 10–12 and 14–18 respectively. Similarity in the 
direction and higher efficiency of regulation of recove-
ry processes at administration of total RNA from both 
freshly isolated intact BMMCs and apoptotic BMMCs as 
compared to freshly isolated intact BMMCs suggests the 
following mechanism. In the process of isolation of total 
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Fig. 3. Histological structure of the rat liver before and 48 hours after ELR modeling and BMMNC injection. Changes in he-
patocyte morphology: а, baseline (before ELR), b, group 1 (control), saline injection; c, group 2, injection of intact BMMCs; 
d, group 3, injection of apoptotic BMMCs. Arrows indicate hepatocytes at different stages of mitosis. H&E stain, 200× ma-
gnification

а b

c d

RNA from intact BMMCs, these cells are also exposed to 
apoptosis. Cell apoptosis is known to promote the ability 
of such cells to produce numerous and diverse paracrine 
factors, including various types of RNA and microRNA 
[9, 15]. The accumulating paracrine factors of apoptotic 
cells additionally exert a powerful stress-regulatory ef-
fect on repair processes in the damaged organs.

The results obtained, in our opinion, suggest that apo-
ptotic BMMCs, introduced into the body against the 
background of ELR, act as an adequate evolutionarily 
engineered adaptogen within a non-specific adaptation 
syndrome of cellular systems. This adaptogen is desig-
ned to incorporate and optimize the survival reserves of 
cells in the damaged organ, by abrupt and accelerated 
switching of evolutionarily programmed mechanisms of 
cell death (such as autophagy and reversible apoptosis) 
to cell proliferation. The possibility of existence of such 
switching mechanisms in cells in a co-activated state has 
been discussed [23, 24].

cOncluSiOn
In the early stages after ELR modeling, apoptotic 

BMMCs and freshly isolated intact BMMCs enhance mi-
totic activity in liver cells in comparison with the control 
(administration of saline). However, the severity of en-
hancement of the activation effect on liver cell prolifera-
tion when using apoptotic BMMCs is significantly higher 
than when using intact BMMCs. With intraperitoneal 
injection of apoptotic BMMCs, MI reaches its maximum 
values at 24 hours, whereas with intact BMMCs – only 
at 72 hours.

Early vacuolization of hepatocyte cytoplasm in the 
liver after ELR modeling, which is a morphological 
marker of cell autophagy and reflects activation of the 
evolutionarily programmed process of their adaptati-
on to damage, develops in all groups of experiments at 
24 hours, but more intensively at 48 hours. Early va-
cuolization was more pronounced in group 3 (apoptotic 
BMMCs) than in group 2 (intact BMMCs) and group 1 
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Fig. 4. Recovery of rat liver mass after extended resection in 
3 experimental groups: with saline injection, with injection 
of intact BMMCs and with injection of apoptotic BMMCs 
(in grams). *, p < 0.05 compared to control; #, p < 0.05 com-
pared to injection of apoptotic BMMCs
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(saline), indicating the higher regulatory capabilities of 
apoptotic BMMCs.

Apoptotic and intact BMMCs provide targeted trans-
mission of regenerative signals to the resected liver and 
accelerate its regenerative process. However, the rate 
of acceleration of reparative processes and the timing 
of restoration of the liver mass to its initial values for 
apoptotic BMMCs were higher (day 8–10) than for intact 
BMMCs (day 12–14) and saline (day 18–20).

All of the above suggests that apoptotic BMMCs, due 
to their acquisition of a more powerful regulatory stress-
induced potential, unlike intact BMMCs, have more pro-
nounced adaptive and regulatory properties that create  
a stronger foundation in the body for implementation of a 
targeted and more effective regeneration program. High-
er intensity of the adaptive effect of apoptotic BMMCs 
due to the release of numerous and diverse paracrine 
factors (including various types of RNA) promotes early 
and more effective activation of autophagy processes in  
liver cells after ELR. This induces distinct increase  
in regenerative activity and increases the rate of recovery 
of resected liver mass to initial values.
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Carotid endarterectomy (CEA) with patch angioplasty is the most effective treatment for carotid artery steno-
sis. However, the use of existing vascular patches is often associated with thrombosis, restenosis, calcification 
and other complications. Objective: to develop biodegradable patches for arterial reconstruction, containing 
vascular endothelial growth factor (VEGF) or arginyl-glycyl-aspartic acid (RGD), and comparatively evaluate 
their biocompatibility and efficacy in in vitro experiments and during preclinical trials in large laboratory animal 
models. Materials and methods. Biodegradable patches, made from a mixture of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate (PHBV) and poly(ε-caprolactone) (PCL), were fabricated by electrospinning and modified with 
VEGF or the peptide sequence RGD in different configurations. In in vitro experiments, the surface structure, 
physicomechanical and hemocompatibility properties were evaluated. In in vivo experiments, we evaluated the 
effectiveness of the developed vascular patches for 6 months after implantation into the carotid artery of 12 sheep. 
The quality of remodeling was assessed using histological and immunofluorescence studies of explanted speci-
mens. Results. The PHBV/PCL/VEGF patches had physicomechanical characteristics closer to those of native 
vessels and their biofunctionalization method resulted in the smallest drop in strength characteristics compared 
with their unmodified PHBV/PCL counterparts. Modification with RGD peptides reduced the strength of the 
polymer patches by a factor of 2 without affecting their stress-strain behavior. Incorporation of VEGF into poly-
mer fibers reduced platelet aggregation upon contact with the surface of the PHBV/PCL/VEGF patches and did 
not increase erythrocyte hemolysis. At month 6 of implantation into the carotid artery of sheep, the PHBV/PCL/
VEGF patches formed a complete newly formed vascular tissue without signs of associated inflammation and 
calcification. This indicates the high efficiency of the VEGF incorporated into the patch. In contrast, the patches 
modified with different configurations of RGD peptides combined the presence of neointimal hyperplasia and 
chronic granulomatous inflammation present in the patch wall and developed during bioresorption of the polymer 
scaffold. Conclusion. PHBV/PCL/VEGF patches have better biocompatibility and are more suitable for vascular 
wall reconstruction than PHBV/PCL/RGD patches.
Keywords:  vascular  patch,  tissue  engineering,  poly(3-hydroxybutyrate-co-3-hydroxyvalerate, 
poly(ε-caprolactone),  vascular  endothelial  growth  factor, RGD peptides,  biodegradable  polymers, 
endothelization.
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inTrOducTiOn
Cardiovascular diseases are the major cause of death 

and disability globally. Atherosclerosis remains the lea-
ding cause, which results in the formation and enlarge-
ment of atheromatous plaque, disrupting blood flow to 
the tissues. Atherosclerotic internal carotid artery (ICA), 
leading to carotid stenosis, causes 10–15% of all stro-
kes [1].

CEA and carotid stenting are the main surgical treat-
ments for carotid stenosis [2]. In turn, CEA is the gold 
standard for surgical treatment and prevention of acute 
stroke, demonstrating significant advantage in asymp-

tomatic and symptomatic patients with high degree of 
ICA stenosis [2]. However, the presence of prolonged 
plaques makes it difficult to perform this procedure by 
the standard and most frequently used method – eversion 
carotid endarterectomy (eCEA). Therefore, surgeons are 
forced to resort to closure of the arteriotomy access using 
a patch [3, 4].

To date, a large number of papers with comparative 
results of carotid artery reconstruction using biologi-
cal and synthetic patches have been published. Ren S.  
and colleagues found no difference in mortality, stro- 
ke and restenosis rates in CEA with venous patch versus 
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synthetic patch material, or in CEA with Dacron patch ver-
sus polytetrafluoroethylene (PTFE) patch [5]. However, 
mean operative time was significantly longer with PTFE  
or Dacron patch due to prolonged hemostasis for suture 
line bleeding, whereas in the case of carotid angioplasty 
with biological material (xeno-pericardial), a significant 
reduction in suture line bleeding was noted. At the same 
time, the use of synthetic patches is associated with in-
fection and thrombosis, while xeno-pericardial patch is 
associated with a high risk of calcification [5].

A recent meta-analysis of eight randomized control 
trials assessing the effectiveness of PTFE, Dacron and 
bovine pericardium patches, found no significant dif-
ferences in a wide range of complications, including 
stenosis in the long-term period [6].

According to Russian authors, the incidence of pe-
rioperative strokes in the group with arterial plasty by 
xenopericardium was 1.5%, and ischemic strokes in the 
early postoperative period was 0.26%; these complica-
tions were not identified in the group with PTFE patches 
[7]. In the long-term follow-up, the incidence of hemo-
dynamically significant ICA restenosis over 70% was 
higher when PTFE patches were used (31.2%) than when 
xeno-pericardial flaps were used (9.8%).

Tissue-engineered vascular patches can help avoid 
the problems encountered with existing materials by 
restoring the implant site’s own tissues. To achieve such 
a result, the biodegradable matrix should have high bio-
compatibility, ensure migration of cells into the thickness 
of the material, their proliferation and differentiation. At 
the same time, the need for rapid formation of endothelial 
monolayer from autologous cells on the inner surface 
of the patches required finding ways to stimulate this 
process. A number of works have shown that VEGF has 
a great potential in stimulating endothelialization and 
vascular regeneration based on tissue-engineered mat-
rices [8, 9]. Being the main angiogenic growth factor, 
VEGF stimulates migration and survival of endothelial 
cells as well as recruitment of progenitor cells from the 
bloodstream [10, 11].

Peptides with the RGD sequence are present in most 
extracellular matrix proteins. The RGD sequence can be 
considered a common integrin-binding motif [12]. Ne-
vertheless, the affinity for endothelial cells makes RGDs 
ideal agents for modifying tissue-engineered constructs 
contacting with blood and requiring early surface endo-
thelialization. Both peptide sequences obtained during 
extraction from natural material and artificially synthe-
sized ones can be used for modification. The latter have 
a number of advantages: the risk of immune response 
and infection that can be associated with an insufficient 
degree of purification of the natural material, is reduced. 
When comparing the functional properties of natural 
RGD-containing proteins and their artificial counterparts, 
the latter proved to be more effective [13].

Thus, the currently used patches cannot fully meet the 
needs of vascular surgery, due to, among other reasons, 
the lack of functional activity in terms of formation of 
new vascular tissue on their base. Therefore, the issue 
of selecting a patch that would meet all the requirements 
necessary to reduce the risk of complications in the early 
and late postoperative periods remains relevant.

The objective of the study is to develop biodegradab-
le patches for arterial reconstruction containing VEGF or 
RGD, and comparatively evaluate their biocompatibility 
and efficacy in in vitro experiments and in preclinical 
trials in large laboratory animal models.

maTerialS and meThOdS
1. fabrication of biodegradable patches 
with veGf

Polymeric matrices were fabricated by emulsion 
electrospinning on a Nanon-01A machine (MECC CO, 
Japan) according to the protocol described earlier [14]. 
A mixture of 5% PHBV (Sigma-Aldrich, USA) and 10% 
PCL (Sigma-Aldrich, USA) in trichloromethane in a 1 : 2 
ratio was prepared. Then, VEGF (Sigma-Aldrich, USA) 
diluted in a saline solution to a 10 μg/mL concentration 
was added to the polymer solution in a 20 : 1 ratio. Emul-
sion electrospinning was performed under the following 
parameters: 20 kV voltage, 0.5 mL/h feed rate, 200 rpm 
manifold rotation speed, 15 cm distance to the collector, 
and 22G needle. A metal pin with a diameter of 8.0 mm 
was used as the manifold. Before removal from the pin, 
the matrix was cut lengthwise and removed with peeling 
movements.

Unmodified patches, made by electrospinning from 
PHBV/PCL polymer mixture in trichloromethane in a 
1 : 2 ratio, were used as the control group. Used as the 
comparison group was xeno-pericardial flap KemPeri-
plas-Neo (NeoCor, Russia), which is currently actively 
used in the clinic as a vascular patch during carotid 
endarterectomy.

2. assessment of veGf distribution during 
incorporation into biodegradable PhBv/Pcl 
patches

To assess the expected distribution pattern of VEGF 
injected into the polymer solution in a liquid phase, an 
analog technique was used to incorporate fluorochrome-
labeled bovine serum albumin (BSA) into the PHBV/
PCL matrix. For this purpose, PHBV/PCL solution in 
chloroform was mixed with a BSA-Texas Red® solution 
(Invitrogen, USA) in phosphate-buffered saline (10 μg/
mL) in a 20 : 1 ratio. Electrospinning was performed at 
20 kV, a feed rate of 0.5 mL/h, and a microscopy slide 
was used as the manifold. The obtained specimens were 
examined on an Axio Imager A1 microscope (Carl Zeiss, 
Germany) using a BP 546/12 – FT 580 – LP 590 light 
filter.
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3. fabrication of biodegradable patches 
with rGd and detection of arginine-rich 
peptides on the patch surface

Polymer matrices were fabricated by electrospinning 
on a Nanon-01A machine (MECC CO, Japan) according 
to the protocol described previously [15].

Before modification with RGD peptides, oil and dust 
residues were removed from the surface of PHBV/PCL 
matrices using a 1 : 1 mixture of 2-propanol and water 
with further washing with deionized water. To activate 
the polymer surfaces, the matrices were treated with 
10% ethylenediamine (EDA) dissolved in 2-propanol 
at 37 °C for 1 hour. The matrices were then washed 
thoroughly with 0.3% Tween-20 solution in deionized 
water and air dried.

Then, in accordance with the previously described 
technique, primary modification of the patch surface 
with amino groups was performed using 4,7,10-trioxa-
1,13-tridecanediamine (Sigma-Aldrich, USA) as a linker 
group [16]. The PHBV/PCL patch surface was further 
modified using RGD containing peptides produced 
by NanoTech-S (Russia): RGDK (P1), AhRGD (P2), 
c[RGDFK] (P3) [16]. Thus, 3 varieties of RGD-modified 
patches were obtained: PHBV/PCL/P1, PHBV/PCL/P2, 
and PHBV/PCL/P3.

The method for determining the presence of arginine-
rich peptides was performed according to the Saccucci 
method [17]. Arginine/aspartic acid solution (1 mg/mL 
in deionized water) was used as the positive control.  
The reference values were taken from Sedaghati et al. 
[18]. Orange-red staining of the sample indicated the pre-
sence of the guanidinium group characteristic of arginine.

4. assessment of the surface structure 
of vascular patches before and after 
implantation into the carotid artery of sheep

Before implantation, specimens of PHBV/PCL, 
PHBV/PCL/VEGF, PHBV/PCL/RGD, and KemPeri-
plas-Neo patches 0.5 × 0.5 cm in size were subjected 
to gold-palladium sputtering to obtain a 15 nm coating 
using an EM ACE200 sputtering system (Leica Mikro-
systeme GmbH, Austria) and studied on a scanning elec-
tron microscope S-3400N (Hitachi, Japan) under high 
vacuum conditions at an accelerating voltage of 10 kV.

5. Physical and mechanical testing 
of vascular patches

Specimens of unmodified and modified patches (n = 
6 in each group) were cut longitudinally. The mechanical 
properties of the PHBV/PCL/VEGF and PHBV/PCL/
RGD vascular patches were evaluated under uniaxial ten-
sion conditions on a universal testing machine (Zwick/
Roell, Germany) according to the procedure described 
earlier [14]. Strength and stress-strain properties were 

evaluated using a transducer with a nominal force of 
50 N and a crosshead travel speed of 10 mm/min during 
the test. The strength of the material was evaluated by the 
maximum tensile stress (MPa). Elasticity and stiffness of 
the material were evaluated by relative elongation cor-
rected for specimen fracture behavior (%) and Young’s 
modulus (MPa). To measure the thickness of the spe-
cimens, a thickness gauge with a ±0.01 mm error limit 
(measuring force not more than 1.5 N) was used. The 
carotid artery of a sheep and the human internal thoracic 
artery (A. mammaria) were used as controls. Human 
A. mammaria segments were taken during coronary arte-
ry bypass surgery from patients who signed an informed 
consent for the material to be taken. Xeno-pericardial 
flap KemPeriplas-Neo (NeoCor, Russia) and unmodified 
PHBV/PCL specimens were used as comparison groups. 
The specimens were cut out longitudinally.

6. assessment of hemocompatibility  
of the patches

To assess the hemocompatibility of the developed 
patches, we studied erythrocyte hemolysis and platelet 
aggregation after fresh citrate blood and platelet-rich 
plasma had come in contact with the patch surfaces. 
The studies were performed according to the methods 
described in [19].

7. implantation of biodegradable vascular 
patches into the carotid artery of sheep

A series of experiments was carried out on Edilbay 
sheep, weighing 42–45 kg. All the animals were non-
pregnant females. The animals were operated on sequen-
tially. When performing experimental studies, we were 
guided by the requirements of order No. 1179 of the 
USSR Ministry of Health, dated October 10, 1983, and 
order No. 267 of the Russian Ministry of Health dated 
June 19, 2003 “Rules for handling experimental ani-
mals”, principles of the European Convention (Strasburg, 
1986) and the World Medical Association Declaration of 
Helsinki about humane treatment of animals (1996). The 
work was approved by the local ethics committee of the 
Research Institute for Complex Issues of Cardiovascular 
Diseases (protocol No. of September 11, 2018).

Biodegradable vascular patches PHBV/PCL/VEGF 
(n = 3), PHBV/PCL/P1 (n = 3), PHBV/PCL/P2 (n = 
3), and PHBV/PCL/P1 (n = 3) were implanted into the 
carotid artery of sheep. Patch size was 40.0 × 4.0 mm. 
Follow-up after implantation lasted for 6 months.

Anesthesia: Premedication: Xylazine (Xylanit) 0.05–
0.25 mL per 10 kg of animal weight + atropine 1 mg 
IM. Induction anesthesia: 5–7 mg of propofol per 1 kg 
of animal weight; within 90 seconds after that, atracu-
rium besylate (Ridelat) is administered at IV dose of 
0.5–0.6 mg/kg. Tracheal intubation with a 9.0 endotra-
cheal tube. Anesthesia maintenance: Sevoran 2–4 vol%, 
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Ridelat was administered by continuous infusion at a 
rate of 0.3–0.6 mg/kg/h.

Monitoring: blood pressure (BP), heart rate (HR), 
blood oxygen saturation (SpO2). Artificial ventilation: 
Respiratory rate (RR) 12–15/min, PEEP 7–9 mbar, tidal 
volume (TV) 6–8 ml/kg, FiO2 – 40–60%.

Main stage: Carotid artery access; systemic hepari-
nization – 5000 IU IV; carotid artery clamping, longitu-
dinal carotid incision 40 mm long, implantation of 40 × 
4 mm vascular patches with separate knotty sutures using 
Prolene 6/0 thread (Ethicon, USA). Standard protocol for 
prevention of air embolism and triggering of blood flow; 
wound closure with Vicril 2.0 suture (Ethicon, USA); 
suture treatment with BF glue, enoxaparin sodium sub-
cutaneously 4000 anti-Ha IU/0.4 ml; extubation.

Intraoperative drug administration: infusion of 0.9% 
NaCl 500 ml – IV drip; Axetine (cefuroxime) 1.5 g – IV 
drip.

Postoperative medical management: antibiotic the-
rapy (Axetine (cefuroxime) 1.5 g – IM/m twice dai-
ly + enoxaparin sodium subcutaneously 4000 anti-Ha 
IU/0.4 ml for 5 days. With proven vascular patency with 
implanted patches: clopidogrel 75 mg orally once daily + 
sodium heparin 5000 IU subcutaneously twice daily).

Postoperative ultrasound screening of the patched 
vessels patency was performed after 1 and 5 days, then 
once every 3 months up to the expected date of animal 
withdrawal from experiment.

8. histological study of explanted specimens 
of biodegradable vascular patches

The explanted vascular patch specimens with sur-
rounding carotid artery sections were divided into 
2 parts. One part was frozen at –140 °C for subsequent 
immunofluorescence study. The second part was used for 
histological study using H&E, Van Gieson and Alizarin 
red S stains, which were described earlier [14].

After each type of staining, all specimens were ex-
amined by light microscopy using an AXIO Imager A1 
microscope (Carl Zeiss, Germany) at 50×, 100×, and 
200× magnifications.

9. immunofluorescence study of explanted 
specimens of biodegradable vascular 
patches

From frozen sections of explanted vascular patches, 
serial 8 μm thick cryosections were made using a cryo-
tome (Thermo Scientific, USA). The preparations were 
fixed in 4% paraformaldehyde solution for 10 minutes. 
Before staining for intracellular markers, the sections 
were permeabilized with Triton-X100 solution (Sigma-
Aldrich, USA) for 15 minutes. They were then stained 
with primary antibodies in the following combinations: 
rabbit anti-CD31 antibodies (Abcam, UK) and mouse 
anti-alpha smooth muscle actin antibody (α-SMA, Ab-

cam, UK); rabbit anti-von Willebrand factor (vWF, Ab-
cam, UK); rabbit anti-collagen type IV antibody (Abcam, 
UK) and mouse anti-collagen type I antibody (Abcam, 
UK); rabbit anti-collagen type III antibody (Novus Bio-
logicals, USA).

The sections were incubated with antibodies over-
night at 4 °C, then with goat secondary antibodies to 
rabbit IgG conjugated with Alexa Fluor 488-conjugated 
(Thermo Fisher, USA), and goat antibodies to mouse IgG 
conjugated with Alexa Fluor 555-conjugated (Thermo 
Fisher Scientific, USA) for 1 hour at room temperature. 
At all stages of staining, phosphate-buffered saline with 
the addition of 0.1% Tween (Sigma-Aldrich, USA) was 
used for intermediate washing of the sections.

To remove autofluorescence, the sections were treated 
with Autofluorescence Eliminator Reagent (Millipore, 
USA) according to the manufacturer’s procedure. Nuclei 
were contrasted using DAPI staining (10 μg/mL, Sigma-
Aldrich, USA) for 30 minutes. Stained preparations were 
incubated under a coverslip using ProLong mounting 
medium (Thermo Fisher, USA). The preparations were 
analyzed using a scanning laser microscope LSM 700 
confocal microscope (Carl Zeiss, Germany).

10. Statistical data processing
Data were analyzed using Prism (Graph Pad Soft-

ware). Normality of distribution was assessed by Kol-
mogorov–Smirnov test. Mann–Whitney U test was used 
to compare two independent groups. When comparing 
three or more independent groups, the nonparametric 
Kruskal–Wallis H test was used; when the groups were 
compared in pairs, the Dunn’s test was used. Differen-
ces were considered significant at significance level p < 
0.05. Data are presented as median and 25th and 75th 
percentiles of Me (25%; 75%).

reSulTS
To manufacture biodegradable vascular patches with 

VEGF, emulsion electrospinning was used, which can 
be used to introduce bioactive molecules into a poly-
mer fiber composition, which can then be controlled 
and stably released from the matrix in the process of its 
resorption [20–22].

To assess the expected distribution pattern of VEGF 
injected into the polymer solution in a liquid phase, we 
performed an analog experiment with BSA labeled with 
Texas Red and incorporated into the PHBV/PCL matrix. 
Fig. 1 (a, b) shows that aqueous domains with BSA-
Texas Red are evenly distributed in the thickness of po-
lymer fiber along its entire length. At the same time, the 
fiber structure was not violated.

Modification of PHBV/PCL biodegradable patches 
made by electrospinning with RGD peptides was perfor-
med to biofunctionalize the inner surface of patches in 
order to attract and fully adhere mature and progenitor 
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Fig. 1. Test results confirming the incorporation/attachment of bioactive peptides into the structure/to the matrix surface. a, b, 
incorporation of fluorescein-labeled BSA into the PHBV/PCL scaffold during emulsion electrospinning: а, light microscopy 
(400× magnification); b, fluorescence microscopy (400× magnification); c, results of RGD peptide detection on the surface of 
PHBV/PCL scaffold obtained using Sakaguchi test

RGD type Scaffold – PHBV/PCL
Linker – 4,7,10-trioxa-1,13-tridecanediamine

RGDK

AhRGD

c[RGDFK]

PHBV/PCL without RGD

а

b

c

50 μm

50 μm

endothelial cells and form an endothelial monolayer. Tri-
peptide RGD was chosen as a modifying agent because 
it is a cell adhesion site and is present in the structure of 
most natural extracellular matrix proteins. Three confi-
gurations of RGD were obtained by chemical synthesis: 
RGDK (linear configuration of the molecule, Arg-Gly-
Asp-Lys sequence), AhRGD (linear configuration of the 
molecule, Ah-Arg-Gly-Asp sequence and c[RGDFK] 
(cyclic configuration of the molecule, c[Arg-Gly-Asp-
Phe-Lys] sequence).

L-lysine, which contains two amino groups (-NH2) 
and one carboxyl group (-COOH), and is used for sur-
face modification of various materials to improve their 
adhesive properties and biocompatibility, was used in 
synthesis of linear RGDK molecule [23]. During the syn-
thesis of linear molecule AhRGD, a synthetic analogue of 
L-lysine, aminocaproic acid (Ah), was added to the basic 
adhesive tripeptide RGD. Aminocaproic acid is used 
in medical practice as an antifibrinolytic drug because  
of its ability to inhibit fibrinolysis. Cyclic configurations 
of RGD with constant geometry of the molecule, accor-
ding to literature data, are able to demonstrate maximum 
affinity to cellular receptors in comparison with their 
linear analogues [24]. Therefore, the cyclic RGD peptide 
c[RGDFK] was the third type of RGD used for surface 
modification of vascular patches.

Previously, we proved that the linker length signi-
ficantly affects the availability of RGD peptides for 

cellular receptors; therefore, in this work, extended 
hydrophilic linker 4,7,10-trioxa-1,13-tridecanediamine 
[16] was used for aminolysis of the PHBV/PCL matrix 
surface. RGD peptide was injected using a cross-linking 
reagent. The presence of peptides on the polymer surface 
was confirmed using the Sakaguchi test for the presence  
of arginine (Fig. 1, c) [17]. After covalent attachment of 
RGD peptide, the light-yellow staining did not disappear 
after washing the PHBV/PCL/RGD polymer patch spe-
cimens. The light-yellow staining of unmodified PHBV/
PCL patches that did not contain RGD on their surface 
disappeared when washed (Fig. 1, c).

Structural features of patches
Scanning electron microscopy (SEM) of the sur-

face of biodegradable vascular patches was compared 
with xeno-pericardial patch KemPeriplas-Neo (Neocor, 
Kemerovo), which is actively used in the clinic during 
endarterectomy of internal carotid arteries. The preser-
vation of the native architectonics of the xeno-pericardial 
flap, which consisted in relief due to the tortuosity of 
collagen fibers, was shown. High density of collagen 
fibers caused the absence of pores.

SEM of polymer patch surface before implantation 
into the vascular bed showed that all biodegradable spe-
cimens, both unmodified and those containing VEGF 
or RGD, had a highly porous structure and consisted  
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of micro-sized multidirectional fibers (Fig. 2). 
The PHBV/PCL/VEGF fibers were 1.47 ± 0.67 μm in 
diameter, which was 1.8-fold smaller than for PHBV/
PCL/RGD and unmodified PHBV/PCL (2.64 ± 1.14 μm; 
p < 0.05), which is associated with the use of emulsion 
electrospinning to make patches with VEGF.

Additional modification using RGD did not change 
the architectonics of the patch surface (Fig. 2).

mechanical properties of patches
Mechanical test results demonstrate that the strength 

of the PHBV/PCL/VEGF patches was 1.7-fold lower 
than that of the PHBV/PCL patches that did not contain 
VEGF (p < 0.05) (Table 1). However, the strength of 
PHBV/PCL/VEGF patches was fully consistent with that 
of the human internal thoracic artery and 1.9-fold greater 
than that of sheep carotid artery. The force applied to the 

Fig. 2. Morphology of the inner surface of vascular patches PHBV/PCL, PHBV/PCL/VEGF, PHBV/PCL/RGD and xeno-
pericardial patch KemPeriplas-Neo. Scanning electron microscopy, 1000× magnification

KemPeriplas-Neo

PHBV/PCL/Р1

PHBV/PCL

PHBV/PCL/Р2

PHBV/PCL/VEGF

PHBV/PCL/Р3

Table 1
Physicomechanical properties of PHBV/PCL polymer patches before and after VEGF incorporation 

or RGD modification in comparison with the KemPeriplas-Neo flap and a. mammaria.  
Data are presented as Me (25–75%)

Voltage (MPa) Fmax (N) Relative elongation 
(%)

Young’s modulus 
(MPa)

Sample 
thickness (mm)

PHBV/PCL 3.9
(2.88–4.5)*/**■

3.0
(2.59–3.3)*/**■

102.7
(79.37–106.3)*/**■

21.8
(19.2–25.2)*/**■

0.4
(0.35–0.5)*

PHBV/PCL/VEGF 2.25
(2.14–2.6)**#■

1.97
(1.82–2.3)*#■

81.83
(77.0–103.4)*/**

16.9
(15.5–17.5)*/**■

0.43
(0.4–0.5)*

PHBV/PCL /RGD 1.2
(1.12–1.3)*# ■

1.3
(1.2–1.4)#●

102.6
(80.38–144.1)*/**■

21.8
(20.15–23.9)*/**■

0.5
(0.49–0.5)*

Sheep carotid artery 1.2
(1.06–1.9)*

1.01
(0.88–1.42)

158.5*
(126.0–169.5)

0.49*
(0.39–0.66)

0.25
(0.23–0.3)

Human a. mammaria 2.48
(1.36–3.25)**

0.92
(0.59–1.72)

29.72
(23.51–39.62)**

2.42
(1.87–3.19)**

0.27■

(0.24–0.3)

KemPeriplas-Neo 10.06
(9.12–21.38)*/**#

15.4
(12.6–26.2)*/**#

64.96
(61.08–72.6)*/**#

1.11
(1.02–1.34)#

0.69
(0.63–0.7)*

*, p < 0.05 versus A. mammaria; **, p < 0.05 versus sheep carotid artery; #, p < 0.05 versus PHBV/PCL; ■, p < 0.05 versus 
KemPeriplas-Neo.
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specimen before it began to break was 2.1-fold higher 
in the PHBV/PCL/VEGF patches than in a. mamma-
ria, 1.9-fold higher than in the sheep carotid artery, and 
1.5-fold lower than in the PHBV/PCL specimens (p < 
0.05). The differences in performance between PHBV/
PCL/VEGF and PHBV/PCL may be related to the fact 
that aqueous domains with the growth factor within the 
fiber create additional points that are unable to withstand 
load. These are points where polymer filament is more 
likely to damage, leading to reduced strength and less 
force required to break.

We also did not observe a significant change in re-
lative elongation in polymer patches after injection of 
the growth factor compared to unmodified counterparts 
(Table 1). Introduction of VEGF reduced the stiffness 
of the polymer matrix by 1.3-fold (p < 0.05).

A preliminary study of the physical and mechani-
cal properties of biodegradable patches, whose surface 
was modified with various RGD-containing peptides, 
found no significant intergroup differences. Therefore, 
to further compare the physical and mechanical para-
meters of modified patches with unmodified ones, xeno-
pericardial flap and native human and sheep vessels, all 
specimens of patches modified with RGD peptides were 
combined into one group – PHBCV/PCL/RGD.

It was found that the strength of PHBV/PCL/RGD 
was identical to that of sheep carotid, but was 2-fold lo-
wer than that of a. mammaria (p < 0.05). The force exer-
ted on the specimen before destruction in PHBV/PCL/
RGD patches did not differ from that of native vessels but 
was 1.5-fold lower than in PHBV/PCL/VEGF patches 
and 2.3-fold lower than in unmodified PHBV/PCL, (p < 
0.05), (Table 1). The relative elongation of all biodegra-

dable patches did not differ among themselves but was, 
on average, 3.2-fold higher than that of a. mammaria, 
1.5-fold higher than that of xeno-pericardial patches, 
and 1.7-fold lower than that of sheep carotid, (p < 0.05). 
The Young’s modulus of unmodified patches and PHBV/
PCL/RGD patches was 44-fold higher than that of sheep 
carotid artery, 9-fold higher than that of a. mammaria, 
19.6-fold higher than that of xeno-pericardial flap, and 
1.3-fold higher than that of the PHBV/PCL/VEGF spe-
cimens (p < 0.05).

All biodegradable vascular patches, regardless of the 
modification method, were significantly less strong and 
stiffer than the xeno-pericardial flap, as indicated by 
such indicators as stress, force and Young’s modulus 
(Table 1). However, KemPeriplas-Neo differed signifi-
cantly in its physical and mechanical characteristics from 
a. mammaria and sheep carotid artery as well (Table 1). 
Thus, the stress and force applied to the specimen before 
its destruction was 4-fold and 16.7-fold higher in xenope-
ricardium than in a. mammaria, and 8.4-fold and 15.2-
fold higher than in sheep carotid artery (p < 0.05). At the 
same time, the Young’s modulus of KemPeriplas-Neo 
was 2.6-fold lower than that of internal thoracic artery 
and 2.3-fold lower than that of the sheep carotid artery, 
although the xeno-pericardial flap was 2.6-fold thicker 
than the wall thickness of the native vessels (p < 0.05).

Thus, the PHBV/PCL/VEGF patches had physicome-
chanical characteristics closer to those of native vessels; 
their biofunctionalization technique resulted in the least 
drop in strength characteristics relative to the unmodified 
PHBV/PCL counterparts. Modification of RGD reduced 
the strength of polymer patches without affecting their 
stress-strain behavior.

Outcomes of hemolysis
The degree of hemolysis after contact with the VEGF-,  

RGD- modified patch, and unmodified PHBV/PCL pat-
ches was 0.5%, 0.72%, and 0.5%, respectively, without 
statistically significant differences (Table 2), thus con-
firming them to be highly hemocompatible [25].

The level of hemolysis after contact with the surface 
of the KemPeriplas-Neo flap was 3-fold higher than that 
after contact of red blood cells with the surface of biode-
gradable patches, but did not go beyond the acceptable 
values [25].

Outcomes of platelet aggregation
The results of the study showed that platelet aggrega-

tion activity upon contact with the surface of the PHBV/
PCL and PHBV/PCL/RGD patches was 1.2-fold grea-
ter than that of intact platelet-rich plasma (PRP), (p < 
0.05), (Table 2). Maximum platelet aggregation after 
contact with PHBV/PCL/VEGF specimens was the lo-
west among all biodegradable specimens.

Table 2
Degree of hemolysis and maximum aggregation 

of human blood platelets after contact with  
PHBV/PCL polymer patches before and after 
VEGF incorporation or RGD modification 
in comparison with xeno-pericardial flap 

KemPeriplas-Neo
Sample type Degree 

of RBC 
hemolysis (%)

Maximum platelet 
aggregation (%)

Мe (25–75%) Мe (25–75%)

PHBV/PCL 0.5 (0–1.01)* 87.23 (83.95–
89.84)*■

PHBV/PCL/VEGF 0.5 (0–1.01)* 81.35 (81.01–
88.51)*

PHBV/PCL/RGD 0.72 (0–0.72)* 86.15 (82.24–
87.43)*■

KemPeriplas-Neo 2.12 (0.9–3.95) 93.32 (84.24–96.42)■

Intact platelet-rich 
plasma – 74.65 (72.45–75.31)

*, p < 0.05 versus KemPeriplas-Neo flap; ■, p < 0.05 versus 
intact platelet-rich plasma.
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The contact of platelets with the surface of the Kem-
Periplas-Neo flap revealed the most significant incre-
ase in the maximum aggregation up to 93.32 (84.24; 
96.42) %, which was 1.3-fold higher than the maximum 
aggregation of platelets from intact PRP, (p < 0.05). The-
re was no significant difference between the xenogeneic 
pericardial flap and PHBV/PCL patches before and after 
VEGF or RGD modification (Table 2).

Therefore, the PHBV/PCL/VEGF and PHBV/PCL/
RGD polymer patches caused a lower degree of hemo-
lysis and platelet aggregation than the KemPeriplas-Neo 
flap.

Outcomes of implantation of biodegradable 
vascular patches into sheep carotid artery

We previously studied the biocompatibility and effi-
cacy of patches with VEGF and various RGD configu-
rations in a comparative aspect with unmodified PHBV/
PCL patches and KemPeriplas-Neo xeno-pericardial 
flaps in a rat model [14, 16]. Biodegradable patches 
demonstrated ease of implantation. Throughout the ex-
periment, no bleeding and or violation of the integri-
ty of the implants were noted. It was proved that after 
12 months of implantation, vessels that were prosthe-
tized with PHBV/PCL/VEGF had 100% patency and no 
neointimal hyperplasia. A mature endothelial monolayer 
on the inner surface of PHBV/PCL/VEGF patches was 
fully formed after 3 months, whereas on the unmodified 
PHBV/PCL patches, only after 12 months. Remodeling 
of the patches was accompanied by repopulation by cells 
with the formation of an extracellular matrix.

With long-term implantation of PHBV/PCL/RGD 
patches into the aorta of rats, it has been proven that 
elements of new vascular tissue can be formed on their 
basis: both migration of cellular elements into the thick-
ness of the patch and formation of neointimal lining with 
an endothelial layer from the side of vessel lumen occur, 
especially when patches are modified with peptides P3 
and P1 [16].

PHBV/PCL polymer patches modified with VEGF 
or RGD experienced slight calcinosis at 12 months of 
implantation in rat aorta. At the same time, PHBV/PCL/
VEGF and PHBV/PCL/P1 patches demonstrated maxi-
mum resistance to calcification.

KemPeriplas-Neo xeno-pericardial flaps, on their 
basis, were unable to support the development of new 
vascular tissue and endothelial layer, and were prone 
to calcification already after one month of implantati-
on into rat aorta. After 12 months of implantation of 
KemPeriplas-Neo flaps, massive deposition of crystalline 
calcium in 100% of the implanted flaps and delaminati-
on of their wall, which led to shape deformation, were 
detected. Also after 12 months of implantation, 50% of 
the xeno-pericardial flaps showed neointimal hyperpla-
sia, whose thickness was almost 3-fold greater than that  
of rat aortic wall [14, 16].

Tests on the rat model confirmed the low efficiency 
and biocompatibility of xeno-pericardial flaps and insuf-
ficient ability of unmodified PHBV/PCL to form a new 
vascular tissue on its base. Therefore, only PHBV/PCL/
VEGF, PHBV/PCL/P1, PHBV/PCL/P2, and PHBV/
PCL/P3 patches were included in the protocol of prec-
linical trials in sheep.

The sheep model was used to implant the developed 
vascular patches, which is optimal for in vivo testing of 
cardiovascular implants, as it is suitable for worst-case 
modeling due to the increased tendency of their vessels to 
calcification and blood to hypercoagulation. Therefore, 
the use of the sheep model allows for the most rigorous 
testing of vascular prostheses, including their degenera-
tion in vivo [26–30]. In addition, sheep are considered an 
optimal animal model for assessment of growth, perme-
ability, endothelialization, thromboresistance and post-
implant imaging of products for cardiovascular surgery.

It is known that the high porosity of tissue-engineered 
matrix and nanosized fibers in its structure can provide 
cell migration inside the matrix and early endothelization 
of its surface due to the similarity of the surface structure 
to that of natural extracellular matrix and a larger area of 
interaction between cells and artificial matrix [31–33].  
In its turn, effective infiltration of cells into the thickness 
of the porous material promotes its better integration with 
native tissues at the implantation site.

Two sheep (with implanted PHBV/PCL/P1 and 
PHBV/PCL/P2 patches) did not survive to the expected 
date of withdrawal from experiment, dying at 14 days 
due to formation of massive paravasal hematomas around 
the operated vessels. Most likely, this was due to micro-
damage in the patch wall in response to pulse wave after 
implantation, since no bleeding from the suture areas was 
detected immediately after implantation and hemostasis 
was achieved within 2 minutes.

All sheep with implanted PHBV/PCL/VEGF and 
PHBV/PCL/P3 patches survived to the expected with-
drawal date. During six months of follow-up, the ves-
sels with implanted patches maintained their patency.  
No aneurysmal dilatation of the vessels in the implanted 
patch site was detected. However, all vessels with RGD 
patches showed increased blood flow velocity, which 
may be an indirect reflection of vessel lumen narrowing.

According to the results of morphological examina-
tion (histological study and scanning electron micro-
scopy) of the patches with vascular endothelial growth 
factor, we can see that after 6 months of implantation 
into sheep carotid artery, a complete three-layer newly-
formed vascular tissue was formed on the basis of these 
patches (Fig. 3).

Thin neointima, covered by a layer of endothelium-
like cells on the vessel lumen side, lined the entire inner 
surface of the patches. The bulk of the neointima consis-
ted of smooth muscle cells. Next came the patch itself. 
There were processes of visible biodegradation of the 
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Fig. 3. Results of histological examination of PHBV/PCL/VEGF and PHBV/PCL/RGD vascular patches at month 6 of im-
plantation into sheep carotid artery: a–d, H&E stain; e–h, Van Gieson’s stain; i–l, Alizarin Red S stain (i, k, light microscopy; 
j, l, fluorescent microscopy); a, e, i, j, central part of the patch; b, f, k, l, junction of the patch and carotid artery in the anas-
tomosis zone; c, e, inner and middle layer of the patch wall; d, h, middle and outer layer of the patch wall. a, b, e, f, i–l, 50× 
magnification; c, d, g, h, 100× magnification
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polymer matrix accompanied by disruption in its integ-
rity, visible only by specimen microscopy. The PHBV/
PCL/VEGF patch was filled with cellular elements (ma-

crophages, fibroblast-like and smooth muscle cells, few 
foreign-body giant cells), permeated with bundles of 
collagen fibers. There were vasa vasorum in the patch 
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thickness. External layer of the patches contained all 
structural elements characteristic of natural adventitial 
layer: collagen fibers, fibroblasts and fibrocytes, single 
foreign-body giant cells, lymphoid follicles and vasa 
vasorum. There were no signs of calcification (Fig. 3).

When studying the histological pattern of explanted 
specimens of PHBV/PCL/RGD patches, we obtained a 
similar picture – all the specimens had neointimal hyper-
plasia (Fig. 3). The neointima thickness corresponded to 
the thickness of the wall of the patch itself. The neoin-
tima surface facing the vessel lumen was covered by a 
cell monolayer. The walls of the patches were partially 
resorbed and contained a moderate number of foreign-
body multinucleated giant cells. Macrophages, smooth 
muscle and fibroblast-like cells, and bundles of collagen 
fibers were also present in the patch walls; vasa vasorum 
were formed (Fig. 3).

Histological examination (Alizarin Red S staining) 
showed that there was no calcium deposition in the ex-
planted PHBV/PCL/RGD patches (Fig. 3).

The large extent of the implanted patches made it 
possible to perform slices during immunofluorescence 
study such that the carotid artery wall, into which the 
patch was implanted, was opposite the patch (Fig. 4). 
This arrangement led to better visualization of the simi-
larity of the new vascular tissue formed on the basis of 

the patches within 6 months of their implantation with 
the native sheep carotid artery. The neointima formed on 
the inner surface of the PHBV/PCL/VEGF patches was 
proved to consist of smooth muscle cells, as evidenced 
by the presence of alpha actin in the cells (Fig. 4). On 
the vessel lumen side, the neointima was lined by mature 
CD31+ endothelial cells secreting von Willebrand fac-
tor vWF+ throughout its entire length (Fig. 4). Type IV 
collagen formed a basal membrane on which endothelial 
cells were located and was detected in large numbers 
both in the patch wall thickness and in the sheep carotid 
artery wall. Type III collagen was formed throughout the 
patch thickness with a predominant concentration at the 
basal membrane and in the neointima (Fig. 4).

Thus, on the basis of the biodegradable VEGF patch, 
after 6 months of its implantation into sheep carotid ar-
teries, a complete new vascular tissue was formed. The 
exception was elastin, which was not detected either 
after patch implantation into the rat aorta or after patch 
implantation into sheep carotid arteries. Nevertheless, 
incorporated VEGF promoted harmonization of tissue 
formation processes in situ without signs of chronic gra-
nulomatous inflammation, neointimal hyperplasia, and 
calcification.

Immunofluorescence study of the explanted PHBV/
PCL/RGD patches revealed the same structural ele-

Fig. 4. Results of immunofluorescence study of explanted PHBV/PCL/VEGF and PHBV/PCL/RGD patches with surrounding 
sections of the sheep carotid artery: CD31/alpha actin/Dapi panel: mature endothelial cells (green glow), smooth muscle and 
other cells containing alpha actin (red glow); panel Coll I/Coll IV/Dapi: collagen type I (red glow), collagen type IV (green 
glow); Coll III/Dapi panel: collagen type III (green glow); vWF/Dapi panel: von Willebrand factor (green glow). The nuclei 
of all cells were stained with Dapi nuclear dye (blue glow). 100× magnification
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ments of the new vascular tissue as in the PHBV/PCL/
VEGF patches: endothelial monolayer consisting of 
CD31+vWF+ mature endothelial cells; type I, III and 
IV collagen (Figure 4). However, what draws attention 
is the higher number of smooth muscle cells in the neoin-
tima and high total cellularity of the patch wall due to 
the presence of chronic granulomatous inflammation, as 
well as the lower number of type III collagen relative to 
PHBV/PCL/VEGF patches (Fig. 4).

cOncluSiOn
The efficacy of using pro-angiogenic growth factor 

VEGF and various configurations of RGD peptides, as 
well as different approaches to modifying the product, 
was evaluated in a comparative aspect in vitro and in 
preclinical tests on a sheep model.

The identified advantage of PHBV/PCL/VEGF bio-
degradable patches was that incorporation of VEGF into 
the patch during manufacturing by emulsion electrospin-
ning and the absence of subsequent surface modification 
manipulations with aggressive surfactants resulted in 
preservation of physical and mechanical characteristics 
of the patches, without reducing strength and or increa-
sing rigidity of the final product, as observed after mo-
difying the surface of the biodegradable patches with 
RGD peptides. The hemocompatibility of PHBV/PCL/
VEGF patches proved to be the highest even in compa-
rison with the xeno-pericardial flap that is actively used 
in the clinic.

In the sheep model, patches with RGD, regardless of 
the peptide configuration, promoted endothelialization, 
but provoked neointimal hyperplasia and granulomatous 
inflammation, whereas the PHBV/PCL/VEGF patches 
in the sheep model demonstrated optimal ability to form 
a healthy new vascular tissue on their basis, with the 
formation of thin neointima lined with endothelium, 
middle smooth muscle layer and adventitia containing 
all the basic structural elements characteristic of this 
layer: bundles of collagen fibers, fibroblast-like cells 
and vasa vasorum. All this testifies to the high efficiency 
of the vascular endothelial growth factor incorporated 
into patches.

The research was carried out within the framework 
of  the fundamental theme No. 0419-2022-0001 of the 
Research Institute for Complex Issues of Cardiovascu-
lar Diseases “Molecular, cellular and biomechanical 
mechanisms of pathogenesis of cardiovascular diseases 
in the development of new methods of treatment of car-
diovascular diseases based on personalized pharma-
cotherapy, introduction of minimally invasive medical 
devices, biomaterials and tissue-engineered implants”.
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Introduction. The culture of islets of Langerhans with bioscaffolds – extracellular matrix (ECM) mimetics – can 
provide a native microenvironment suitable for islets. This is one of the main conditions for creating a pancreatic 
tissue equivalent. Objective: to compare the secretory capacity of viable human pancreatic islets in monoculture 
(control group) and cultured in the presence of two bioscaffolds: biopolymer collagen-based hydrogel scaffold 
(experimental group 1) and tissue-specific scaffold from decellularized deceased donor pancreas (experimental 
group 2). Materials and methods. Islets of Langerhans were isolated from the caudal pancreas using a collagenase 
technique. The viability of cultured islets was accessed by vital fluorescence staining, while secretory capacity 
was evaluated by enzyme-linked immunosorbent assay (ELISA). Results. Pancreatic islets cultured with bios-
caffolds showed no signs of degradation and fragmentation, they remained viable throughout the entire period of 
observation (7 days). The monoculture of islets showed significant destructive changes during this period. Basal 
insulin levels in experimental groups 1 and 2 increased by 18.8% and 39.5% on day 1 of culture compared to the 
control group, by 72.8% and 102.7% on day 4 of incubation, and by 146.4% and 174.6% on day 7, respectively. 
The insulin secretion level of islets with tissue-specific scaffolds was 17.4% higher than that when cultured with 
biopolymer collagen-based scaffolds. Conclusion. Biopolymer and tissue-specific ECM mimetics contribute 
not only to preservation of the viability of isolated islets of Langerhans but also maintain their insulin secretion 
capacity for 7 days at a higher level in comparison with monoculture. The experiments revealed that the use of 
a tissue-specific scaffold for the creation of a pancreatic tissue equivalent has slight potential advantage over 
biopolymer scaffold.
Keywords:  pancreas,  culture of  the  islets  of Langerhans,  insulin-producing  function,  tissue-specific  scaffold, 
biopolymer  scaffold.
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inTrOducTiOn
One of the directions of tissue engineering and re-

generative medicine technologies includes creation of a 
tissue equivalent of the endocrine pancreas [1]. The inci-
dence of type 1 diabetes (T1D) in the world is increasing 
from year to year [2], and improvement in the traditional 
method of treatment – insulin therapy [3] – does not 
protect against developing severe complications, such as 
diabetic angiopathy and neuropathy [4, 5]. Allotransplan-
tation of pancreatic islets is able to provide insulin inde-
pendence in patients for a certain period of time, without 
subjecting patients to serious surgical intervention, as in 
pancreas transplantation [6–8]. However, a significant 
drawback in this treatment method is the low functional 
activity of islets due to the action of a number of dama-
ging factors during isolation and culturing procedures.

It is known that the T1D development mechanism is 
based on autoimmune destruction of insulin-producing 
pancreatic beta cells of islets of Langerhans, which leads 
to depletion of the pool of these cells and gradually incre-

asing, progressive loss of endogenous insulin synthesis 
[9].

During isolation, pancreatic islets are exposed to a 
number of damaging factors, such as ischemia, oxidati-
ve stress, and possible cytotoxic enzyme action. In the 
process of culturing, islets are fragmented and degraded 
due to impaired innervation and vascularization provided 
in the body by ECM [10, 11]. By participating in mor-
phogenesis, differentiation, intracellular signaling, gene 
expression, adhesion, migration, proliferation, secretion 
and survival of pancreatic islets [12], ECM contributes 
to the integrity of islet structure, which is a necessary 
condition for their functioning.

Previously, we studied the possibility of obtaining 
viable isolated pancreatic islets from a fragment of the 
caudal part of donor human pancreas using the collage-
nase technique [13]. In the post-isolation period, it seems 
essential to provide the islets with a microenvironment 
characteristic of native ECM in situ. This problem can 
be solved by creating a tissue equivalent of the pancreas 
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consisting of islet cells and a bioscaffold, which can most 
of all mimics the structure and composition of ECM to 
preserve the viability and functional activity of isolated 
islets in vitro and in vivo [14].

Such bioscaffolds include a commercially available 
biopolymer-based microheterogeneous collagen-contai-
ning hydrogel (BMCH scaffold), registered in Russia for 
clinical use as a bioimplant – “Composition of micro-
heterogeneous collagen-containing gel Sphero®GEL” 
(BIOMIR Service, Krasnoznamensk). Sphero®GEL, 
produced from components of farm animal tissues by 
acetic acid extraction, contains the main components of 
ECM: peptides of partially hydrolyzed collagen, glyco-
proteins, uronic acids and growth factors required for cell 
life-sustaining activity, synthesis of exogenous uronic 
acids, proteoglycans and collagen [15].

Tissue-specific bioscaffolds made from decellularized 
pancreas or its fragments (DP scaffold) appear to be the 
most promising components of tissue equivalents of pan-
creas [16–18]. All pancreas decellularization protocols 
are aimed at preserving the structural, biochemical and 
biomechanical properties of native ECM with maximum 
complete removal of cellular material (including anti-
genic) to minimize immune response to implantation of 
DP scaffold [19–21]. Presence of the main ECM com-
ponents in the decellularized pancreatic scaffold, such 
as structural proteins (type I, III, IV, V and VI collagens, 
elastin, fibronectin and laminin), glycoproteins and cell 
adhesion factors, allows creating conditions for prolon-
ged life-sustaining activity of islet cells and maximum 
imitation of ECM properties [22]. Preservation of ECM 
architectonics in DP scaffold also affects the survival 
and secretory function of islets [23, 24]. Scientific lite-
rature data and our studies demonstrate increased insulin 
secretion by porcine pancreatic islets [25] and rat islets 
[18] cultured in the presence of allogeneic tissue-specific 
scaffolds compared to monoculture of islets.

The objective of our work was to compare the in-
sulin-producing function of viable human pancreatic 
islets in monoculture and cultured in the presence of two 
bioscaffolds: biopolymer-based microheterogeneous col-
lagen-containing hydrogel (BMCH) and tissue-specific 
scaffold from decellularized human pancreas (DP-TSS).

maTerialS and meThOdS
Baseline

To isolate pancreatic islets and obtain tissue-specific 
decellularized matrices, we used the caudal part of the 
pancreas obtained from multiorgan procurement of or-
gans (not suitable for transplantation) from deceased 
donors.

isolation and identification of islets 
of langerhans

To obtain islets of Langerhans, a small fragment 
(~2.0 g) of the caudal part of the pancreas was mecha-
nically crushed (1.5 × 1.5 × 1.5 mm) and incubated in 
collagenase NB1 solution (activity 20 PZ U/g tissue) 
with neutral protease NP (activity 1.5 DMC U/g tissue) 
(Serva, Germany) for 10–15 minutes at 37 °C. The action 
of the enzymes was stopped by adding a threefold vo-
lume of cold (4 °C) Hanks’ balanced salt solution (Pan-
Eco, Russia), followed by filtration through a metal sieve 
with 0.4–0.6 mm mesh diameter. To purify the islets, a 
centrifugation mode was selected to avoid using a ficoll 
density gradient (1 minute at 900 rpm, then 2 minutes 
at 1300 rpm).

Islets were identified by dithizone staining (Sigma-
Aldrich, USA) immediately after isolation. For this pur-
pose, part of the suspension was mixed with a 2 : 1 dithi-
zone solution and incubated for 20–30 minutes at 37 °C. 
The dithizone selectively stained the pancreatic islets 
red-orange, while the acinar cells remained unstained. 
Freshly isolated islets were resuspended in growth me-
dium and used in the experiment no later than 24 hours 
after isolation.

Biopolymer-based microheterogeneous 
collagen-containing hydrogel 
(Bmch scaffold)

One of the bioscaffolds chosen was an injectable form 
of BMCH (trade name Sphero®GEL, manufactured by 
Biomir Service, Russia). BMCH scaffold consists of 
microparticles (145.79 ± 0.09 μm) of scleral collagen 
type 1, cross-linked by gamma radiation (1.5 Mrad), 
and a homogeneous hydrogel containing low- and high-
molecular ECM components in a 1 : 1 ratio [15]. The he-
terogeneous component of BMCH scaffold has a porous 
structure of microparticles with 2–4 μm pore size, which 
is a positive property in the processes of neovasculariza-
tion and neoinervation of tissue-engineered constructs 
based on it [18].

Tissue-specific matrix from decellularized 
pancreas (dP scaffold)

As a tissue-specific biomimetic ECM, we used a bios-
caffold representing finely dispersed fragments of decel- 
lularized human pancreatic tissue. The technique of ob-
taining DP scaffold (Fig. 1) was developed earlier [21].

The decellularization protocol included three freeze 
(–80 °C) and thaw (+37 °C) cycles of prostate fragments 
followed by mechanical grinding of the tissue to a size 
≤1 × 1 × 2 mm. The crushed fragments were treated at 
room temperature in three changes of phosphate-buffered 
saline (PBS) (pH = 7.4) containing 0.1% sodium dodecyl 
sulfate and increasing concentration of Triton X100 (1%, 
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Fig. 1. Schematic representation of the stages for obtaining 
tissue-specific scaffold from pancreatic tissue

2% and 3%, respectively) (Sigma, USA) under constant 
stirring for 24 hours. At the final stage of the decellu-
larization process, the fine DP scaffold fragments were 
thoroughly washed of surfactant residues for 72 hours in 
three changes of antibiotic-antimycotic solution in PBS.

Fine DP scaffold samples were dehydrated using 
filter paper, weighed, and added to cryovials at 20.0 ± 
0.1 mg each, sterilized with gamma radiation (1.5 Mrad), 
and frozen at –80 °C. The shelf life of sterile frozen DP 
scaffold samples with preservation of biochemical and 
structural properties was not more than 1 year.

DP scaffold contains type I collagen and elastin, has 
low immunogenicity (no more than 0.1% DNA), is not 
cytotoxic and retains the morphofunctional properties 
of native pancreatic tissue ECM regarding adhesion and 
proliferation of cell cultures [21].

culture of islets of langerhans
Equal amounts of isolated islets (~200) were added 

to three 25 cm2 culture vials (Greiner bio-one, Germa-
ny). No scaffold was added to the first culture vial (con-
trol). In the second and third culture vials, 20.0 ± 0.1 mg 
BMCH scaffold (experimental group 1) and 20.0 ± 
0.1 mg DP scaffold (experimental group 2) were added, 
respectively. All islets were cultured in complete growth 
medium containing DMEM (1.0 g/L glucose) (PanEco, 
Russia), 10% fetal calf serum (HyClone, USA), Hepes 
(Gibco by Life technologies™, USA), 2 mM L-gluta-
mine (PanEco, Russia), and 1% antibiotic/antimycotic 

(Gibco by Life technologies™, USA). Islets were cul-
tured under standard conditions at 37 °C in a humidified 
atmosphere containing 5% CO2. They were subjected 
to daily visual monitoring and photography using an 
inverted microscope (Nikon, Japan) equipped with a 
digital camera. The culture medium was changed at 1, 
4, and 7 days to allow sampling for subsequent testing 
for insulin content.

viability determination
The viability of freshly isolated islets, as well as is-

lets cultured in control and experimental groups, was 
assessed on days 1, 4, and 7 using the LIVE/DEAD® Cell 
Viability/Cytotoxicity Kit (Molecular probes® by Life 
technologies™, USA). For LIVE/DEAD® staining, a part 
of islets suspension (monoculture or with matrices) was 
placed in a Petri dish, mixed with the prepared working 
dye solution in a 1 : 2 ratio, and incubated in the dark 
for 15–30 minutes. The results were evaluated using a 
luminescence microscope (Nikon, Japan).

determination of insulin-producing function
To determine the insulin-producing function of islets 

in control and experimental groups, the growth medium 
was replaced in culture vials on days 1, 4 and 7. After 
1 hour of incubation under the same conditions (37 °C, 
5% CO2), samples of growth medium were taken from 
all vials. The samples were stored frozen (–23 °C) for 
subsequent ELISA analysis.

Basal concentration of insulin in the culture medium 
of control and experimental groups was determined using 
ELISA Kit for insulin human CEA448 Hu-96 (Cloud-
Clone Copr., USA) according to the manufacturer’s in-
structions.

This ELISA variant uses the competitive inhibition 
method. An insulin-specific monoclonal antibody is pre-
applied on a microtiter plate. A competitive inhibition 
reaction is initiated between biotinylated enzyme-labe-
led insulin and unlabeled insulin (standard and culture 
medium samples) with the pre-applied insulin-specific 
antibody. After incubation with all kit reagents, a subs-
trate solution was added that reacted with the complex 
to produce a signal as a stained product. The intensity of 
this signal was expressed through optical density, which 
is inversely proportional to the insulin levels in the sam-
ples tested. The inverse correlation between the insulin 
levels in the sample and the signal intensity is plotted as 
a standard curve with a logarithmic function.

Results of quantitative ELISA were calculated by 
measuring the optical density on a Spark 10M micro-
plate reader (TecanTrading AG, Switzerland) with Spark 
Control™ Magellan V1.2.20 software at 450 nm and 
550 nm wavelengths to account for optical defects in 
the microplate. The data obtained were processed using 
SPSS26.0 software. The results presented are shown as 
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Fig. 2. Freshly isolated human islets of Langerhans. a, inverted phase-contrast microscopy; b, dithizone staining; c, LIVE/
DEAD® fluorescence staining. Bar 100 μm

а b c

100 μm 100 μm

mean ± standard deviation. Differences were considered 
significant at p < 0.05.

reSulTS and diScuSSiOn
freshly isolated islets of langerhans

Using an inverted microscope, we observed a signi-
ficant number of freshly isolated islets of various sizes 
with a predominantly round shape and smooth surface 
(Fig. 2, a). The remains of exocrine tissue were revealed 
as follows: acinar cells created a certain roughness on the 
surface of some islets and were not stained with dithizo-
ne. At the same time, dithizone stained pancreatic islets 
in orange-red color, which made it easy to identify them 
(Fig. 2, b).

LIVE/DEAD® staining of freshly isolated islets 
was complicated by the presence of strong background 
brightness due to the presence of acinar cells around the 
islets or in the culture medium. Nevertheless, individual 
living cells in the islet structure were clearly visualized 
(Fig. 2, c).

viability of islets of langerhans
Islet monoculture

Observation under an inverted microscope showed 
that most islets cultured without bioscaffolds (control 
group) retained their shape and integrity within the first 
three days of incubation. Few of them showed signs of 
fragmentation or were destroyed.

LIVE/DEAD® staining with a fluorescence micro-
scope showed green fluorescence of the islets, confir-
ming their viability (Fig. 3, a). Some dead acinar cells, 
stained red with ethidium homodimer, were detected in 
the culture medium surrounding the islets.

After 3 days of culture, the morphology of islets in 
the control group changed. Some islets showed cavities, 
signs of fragmentation, the surface of a significant num-
ber of islets acquired uneven outlines and became lumpy 
(Fig. 3, b). Live staining with LIVE/DEAD® at 4–7 days 
of culture revealed dead cells with red fluorescence in 
the preserved islets (Fig. 3, c). Thus, by one week of 
cultivation without bioscaffolds, the islets had undergone 
significant destructive changes.

Islets of Langerhans in the presence  
of BMCH scaffold

Islets cultured with BMCH scaffold (experimental 
group 1) remained intact and underwent no fragmen-
tation or degradation throughout the entire observati-
on period (7 days). On day 2 of incubation, the islets 
were found to have adhered to the smooth surface of the 
BMCH scaffold (Fig. 4, a); the unattached islets floated 
freely in the culture medium. LIVE/DEAD® fluorescence 
staining performed on days 1, 4, and 7 of incubation 
confirmed the viability of the islets in the experimental 
group 1 (Fig. 4, b).

Fig. 3. Monoculture of human islets of Langerhans (control group). LIVE/DEAD® fluorescence staining. a, day 3 of culture. 
Bar 100 μm; b, day 4 of culture. Bar 200 μm; c, day 7 of culture. Bar 100 μm

а b c
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Fig. 4. Human islets of Langerhans cultured with biopolymer collagen-based scaffold (BMCH scaffold). Day 7 of culture: 
a, inverted phase-contrast microscopy; b, LIVE/DEAD® fluorescence staining. Bar 100 μm

а b

 

Fig. 5. Human islets of Langerhans cultured with tissue-specific scaffold from decellularized human pancreas (DP scaffold). 
Day 7 of culture. a, inverted phase-contrast microscopy; b, LIVE/DEAD® fluorescence staining. Bar 100 μm

а b

100 μm 100 μm

Islets of Langerhans in the presence  
of DP scaffold

Islets cultured with DP scaffold (experimental group 
2), just as in experimental group 1, showed no signs of 
destruction and fragmentation throughout the entire ob-
servation period (7 days). On day 2 of incubation with 
DP scaffold, most of the islets showed adhesive qualities 
and settled on the fibrous surface of the matrix (Fig. 5, a); 
the islets remaining in the culture medium continued 
to float. Live staining of islets in experimental group 
2 with LIVE/DEAD® performed at 1, 4, and 7 days of 
incubation confirmed the viability of the preserved islets 
(Fig. 5, b).

insulin-producing function of pancreatic 
islets

The insulin-producing function of the studied islets 
was determined at days 1, 4, and 7. Comparative analysis 

of insulin secretion in experimental groups 1 and 2 was 
performed in relation to the control group.

After the first day of culture, insulin levels in expe-
rimental groups 1 and 2 was 18.8% (46.78 ± 1.29 pg/
ml) and 39.5% (54.93 ± 1.58 pg/ml) higher than in the 
control group (39.37 ± 1.25 pg/ml); on day 4 of incubati-
on, by 72.8% (41.65 ± 0.81 pg/ml) and 102.7% (48.88 ± 
1.32 pg/ml), respectively, compared with the control 
group (24.11 ± 0.58 pg/ml). At day 7, an even more 
significant difference was observed between the insulin 
levels in experimental groups 1 (32.9 ± 1.08 pg/ml) and 
2 (36.66 ± 1.38 pg/ml) and the control group (13.35 ± 
0.55 pg/ml) (Table).

The positive effect of bioscaffolds on the insulin-
producing function of islets is manifested by the dif-
ference in hormone concentrations in the control and 
experimental groups at all periods of the study (Fig. 6). 
A significant difference between the insulin levels  
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Fig. 6. Insulin-producing function of human islets of Lan-
gerhans in control and experimental groups. IoL, islets of 
Langerhans; BMCH, biopolymer-based microheterogeneous 
collagen-containing hydrogel; DP, decellularized pancreas. 
p < 0.05

This study showed that isolated human islets cultu-
red in the presence of bioscaffolds can be preserved for 
7 days under standard incubation conditions without 
significant loss of morphofunctional properties and via-
bility. This method of preserving islet potential in vitro 
before implantation in patients with T1D is likely to 
increase the duration of islet function in vivo and in the 
post-implantation period.

cOncluSiOn
Culture of isolated islets of Langerhans with biopo-

lymer and tissue-specific ECM mimetics contributes not 
only to preservation of islets viability, but also to main-
tenance of their secretory function at a higher level for 
7 days in comparison with the culture of islets without 
bioscaffolds. The experiments revealed that using tissue-
specific DP scaffold has a slight potential advantage over 
BMCH scaffold when creating a tissue equivalent of the 
pancreas.

The authors declare no conflict of interest.
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Fatty liver disease (steatosis) is considered a risk factor in donor liver transplantation (LT). Macrosteatosis (>50%) 
is associated with primary graft dysfunction and may reduce long-term recipient survival. Objective: to identify 
predictors of macrovesicular steatosis (>50%) by analyzing donor characteristics. Materials and methods. The 
retrospective study included 525 potential liver donors between January 1, 2019 and December 31, 2020. Clinical 
and morphological characteristics of donors were studied using logistic regression and receiver operating characte-
ristic (ROC) analysis. Threshold values of parameters demonstrating statistical significance in multivariate analysis 
as predictors of >50% hepatic steatosis were obtained by ROC analysis based on calculation of the optimal cutoff 
point. Results. Diabetes mellitus (DM), cause of donor’s death (traumatic brain injury), alanine transaminase 
(ALT) >90 units/L and aspartate transaminase (AST) >110 units/L were predictors of >50% steatosis, revealed 
by time-zero biopsy in the donor. Almost identical sensitivity and specificity indicators were determined in ROC 
analysis for liver enzymes – ALT and AST – which were 69.1 and 80.6; 72.2 and 81.1, respectively. Given the 
obtained values, we can say that with elevated levels of liver enzymes in the donor’s blood, there is a high degree 
of probability of liver parenchymal damage, but low sensitivity indicates possible multifactoriality of liver dama-
ge, and fatty liver disease may be one of the factors, but there may also be no damage to the liver parenchyma. 
At the same time, the rather high specificity revealed in ROC analysis for liver enzymes is a reliable sign of the 
absence of fatty liver disease at enzyme values less than the threshold. Conclusion. The thresholds established 
for ALT and AST and their corresponding levels of sensitivity and specificity indicate that these parameters have 
a relatively low predictive level in the context of the presence of severe fatty liver disease in a donor. This allows, 
nevertheless, to use models built on their basis as screening models in the primary evaluation of liver donors.
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inTrOducTiOn
Donor hepatic steatosis is an independent risk fac-

tor that has some significant impact on post-transplant 
complications, such as reperfusion injury, early graft 
dysfunction, and overall recipient survival. According 
to studies, ≥50% severe macrovesicular steatosis has 
the greatest negative impact on the effectiveness of LT 
and development of post-LT complications [1]. About 
30–51% of donor liver transplants have some degree 
of steatosis [2, 3]. Prevalence of hepatic steatosis keeps 
on increasing to date due to the increasing number of 
donors with obesity and a history of non-alcoholic fatty 
liver disease (NAFLD) [4, 5].

The so-called time-zero liver biopsy performed du-
ring laparotomy remains the gold standard for diagnosing 
steatosis in donors [6, 7]. However, even at the stage of 
initial donor assessment, donor specialists should tenta-
tively predict the level of possible steatosis, based on the 
donor’s available clinical characteristics. Similar studies 
have been conducted by foreign authors, who established 

a positive correlation between hepatic steatosis and body 
mass index (BMI) [10, 11].

Rinella M.E. et al. performed a comparative ana-
lysis of the predictive value of BMI, liver chemistry 
tests, imaging studies in potential living liver donors, 
as possible indicators of grade of steatosis, confirmed 
morphologically. For example, the authors showed there 
was a significant correlation between BMI and overall 
grade of steatosis [12]. Another study demonstrated that 
skin folds on the body, ALT levels and serum lipid levels 
correlate with the severity of fatty hepatosis, although 
not significantly [13]. Jeong-Hoon Lee et al. developed 
the liver steatosis index: a multivariate analysis indicated 
that high serum ALT to serum AST ratio, high BMI, and 
DM were independent risk factors of NAFLD [14]. At 
the same time, hepatic steatosis was ruled out at liver 
steatosis <30, while values >60 reliably indicates the 
presence of hepatic steatosis.

The approximate level of steatosis in a donor can 
also be determined by the transplant surgeon during 
laparotomy by liver visualization and palpation. The 
advantage of this method lies in its apparent ease  
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of implementation. However, the accuracy of macro-
scopic assessment directly depends on the severity of 
steatosis and is 71% for severe, 46% for moderate and 
only 17% for mild steatosis [7–9]. According to some 
researchers, the positive predictive score on visual in-
spection was 65.6% for severe macrovesicular steato-
sis, while the rate of macrosteatosis overdiagnosis was 
10.0% on visual inspection [7].

maTerialS and meThOdS
The retrospective study included 525 potential liver 

donors between January 1, 2019, and December 31, 
2020. During the study, the pool of potential donors was 
divided into three groups depending on the severity of 
morphologically confirmed hepatic steatosis. Clinical 
and morphological characteristics were assessed by lo-
gistic regression and ROC analysis. Borderline values 
of the indicators demonstrating statistical significance in 
multivariate analysis as predictors of >50% hepatic stea-
tosis were obtained in ROC analysis based on calculation 
of the optimal cutoff threshold. In a four-field conjugacy 
table, sensitivity and specificity scores were calculated 
for characteristics with variable values.

reSulTS and diScuSSiOn
To analyze the clinical characteristics of donors, the 

entire pool of effective liver donors included in the study 
was divided into three groups depending on the degree 
of fatty liver disease as established by time-zero liver 
biopsy in the donor: group 1, ≤30% steatosis; group 
2, 31–50% steatosis; group 3, >50% steatosis. Donors 
(58/525 people, 11.1%), who did not undergo morpho-
logical examination for one reason or another were ex-
cluded from this analysis.

It is noteworthy that in groups 2 and 3, more than 
half of the donors, 51.3% and 58.6%, respectively, had 
a BMI <30, while the number of donors in % with BMI 
≥30 indicating obesity was almost identical in groups 2 
and 3; in group 3, there was even some decrease in obese 
donors. A more detailed analysis of donors revealed that 
the difference in BMI in groups 2 and 3 was due to the 
fact that donors with subtotal and total liver steatosis, 
presumably of alcoholic genesis, had low BMI, which 
was a factor in distorting the significance of this index 
at the level of >50% liver steatosis. Similarly, trauma-
tic brain injury (TBI) as a cause of death prevailed in 
donors with a history of alcoholic hepatitis, which is 
confirmed by available data – the proportion of donors 
with TBI in the group with >50% steatosis was 33.3%, 
whereas in the group with ≤30% steatosis, it was 17.9%. 
The mean value of the blood platelets in liver donors in 
group 3 with >50% steatosis was 183.6 × 109/L, which 
is lower than in groups 1 and 2. We believe that this fact 

may be related to reduced production of thrombopoietin  
(a glycoprotein hormone produced mainly by the liver) 
in livers with subtotal fatty hepatosis). Markus Peck-
Radosavljevic et al. studied thrombocytopenia <50,000/
μL in patients with chronic liver disease as a result of 
decreased production of thrombopoietin in it [16]. Thus, 
theoretically, thrombocytopenia may serve as a nonspeci-
fic indicator of reduced liver function, including against 
the background of steatosis. In our opinion, this fact 
requires further study.

ALT and AST, as the best-known markers of liver da-
mage up to and including necrosis, had the highest mean 
values in group 3 with >50% steatosis, 88.6 units/L and 
124.1 units/L, respectively. Incidence of DM in group 3 
donors was more than twice as high relative to group 1, 
7.6% vs 20.9% (Table 1). The mean value of total biliru-
bin (TBil) in donors in all donor groups did not exceed 
reference values; however, there was a slight increase 
in TBil level in the steatosis groups relative to group 1.

Next, logistic regression analysis was performed to 
identify reliable predictors of >50% steatosis. Donor 
characteristics that showed statistical significance of p < 
0.05 in logistic regression were taken into account. The 
following factors demonstrated statistical significance 
in the context of predicting the presence of severe stea-
tosis in liver donors: cause of donor death – TBI, BMI 
≥30 kg/m2, presence of DM in donors, with a rather high 
OR value of 2.91, increased liver enzymes, TBil, and 
reduced platelet count. Age is an important factor in the 
evaluation of donor livers for transplantation, but no 
proven relationship with the level of hepatic steatosis 
was found. Various publications have suggested that the 
ratio of age and sex is the main physiological predictor 
of developing hepatic steatosis [17], but whereas fatty 
hepatosis occurs more often in men at a young age [18], 
when reaching 50 years of age, it is equally common in 
men and women. The mean age of potential liver donors 
in group 3 with >50% steatosis was 49.0 years, which is 
comparable with the above data and confirms our results 
that there is no relationship between incidence of seve-
re liver steatosis and donor’s age and/or gender. Liver 
steatosis reduces insulin clearance, and has a negative 
effect on hepatic insulin resistance, leading to increased 
plasma glucose levels, compensatory hyperinsulinemia, 
and progression of type 2 DM [19]. In our study, blood 
glucose levels showed no correlation with severe hepatic 
steatosis; we tend to associate the elevated blood glucose 
levels detected in donors with donors’ brain death con-
ditions. We considered blood platelets, regardless of the 
fact that they demonstrated a significant relationship with 
50% hepatic steatosis, as highly variable and nonspecific 
and were excluded from the final predictors (Table 2).
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We selected quantitative donor factors for ROC ana-
lysis – BMI, ALT, AST, and TBil. Quantitative ROC 
analysis is characterized by AUC (area under the curve). 
The higher the AUC, the higher the quality of the classi-
fier (factor), while the value of AUC ≤0.5 demonstrates 
the low predictive ability of a particular factor. Figure 
shows ROC curves and AUC values for BMI, ALT, AST 
and TBil: 0.567, 0.774, 0.750, 0.648, respectively. The 
greatest prognostic value with respect to >50% macro-
steatosis are donor ALT and AST values, whose AUC 
is 0.774 and 0.750, respectively. Donor BMI and TBil 
were excluded as predictors of >50% steatosis because 
of low AUC values. So, we do not consider high TBil 

Given the values obtained, we can say that if the level of 
liver enzymes reaches and passes the threshold values 
we have identified, liver parenchyma damage is highly 
probable, but low sensitivity indicates a possible mul-
tifactorial nature of such damage; steatosis may be one 
of the factors.

cOncluSiOn
Predictors of morphologically confirmed >50% ste-

atosis in liver donors were identified. Donor age, sex, 
and blood glucose levels are not reliable predictors of 
hepatic >50% steatosis. BMI and TBil have low AUC 
values (0.56 and 0.645, respectively) in ROC analysis. 
Therefore, we believe they cannot be used as screening 
predictors of this pathology. The factor such as throm-
bocytopenia, although demonstrating a significant cor-
relation with >50% hepatic steatosis, is nonetheless too 

Table 1
Comparative analysis of effective liver donor groups depending on steatosis grade

Factors Group 1 Group 2 Group 3 P
Steatosis 0–30%,  

n = 341
Steatosis 31–50%,  

n = 39
Steatosis >50%,  

n = 87
Age, years, avr. (min–max) 48.8 (19–68) 51.2 (29–63) 49.0 (28–67) 0.46
Male / female, n (%) 233 (68.3) / 108 (31.7) 26 (66.7) / 13 (33.3) 64 (73.6) / 23 (26.4) 0.60
Stroke / traumatic brain injury, n (%) 280 (82.1) / 61 (17.9) 33 (84.6) / 6 (15.4) 58 (66.7) / 29 (33.3) 0.004
BMI, kg/m2, 
n (%)

<30 251 (74.0) 20 (51.3) 51 (58.6) 0.001≥30 88 (26.0) 19 (48.7) 36 (41.4)
DM, n (%) 26 (7.6) 4 (10.3) 18 (20.9) 0.001
Hypertension, n (%) 166 (48.7) 21 (58.3) 40 (46.0) 0.744
Platelets, ×109/L, avr. (min–max) 232.8 (14–567) 200.9 (66–330) 183.6 (18–469) <0.0001
Arterial lactate, mmol/L, avr. (min–max) 2.9 (0.4–17.0) 3.0 (0.7–8.9) 3.4 (0.90–15.0) 0.308
ALT, U/L, avr. ( min–max) 41.6 (1.8–783) 58.7 (15.6–459.0) 88.6 (6.60–319.0) <0.0001
AST, U/L, avr. (min–max) 45.5 (1.5–947) 70.2 (7.1–729) 124.1 (16.9–729.6) <0.0001
Total bilirubin, μmol/L, avr. (min–max) 11.8 (2.2–72) 17.2 (3.7–88.5) 16.5 (3.4–58.0) <0.0001
Liver explanted / not explanted, n (%) 284 / 57 (83.3 / 16.7) 17 / 22 (43.6 / 56.4) 15 / 72 (17.2 / 82.8) <0.0001
Note. avr., average value.

Table 2
Logistic regression of donor characteristics 

and >50% liver steatosis detected by time-zero 
biopsy in donors

Factors OR 95% CI, min–max Р
Age, years 1.003 0.984–1.022 0.737
Gender, m/f 1.250 0.786–1.989 0.346
Cause of death, 
Stroke / TBI 1.903 1.172–3.088 0.009

BMI, kg/m2 1.045 1.008–1.084 0.017
Hypertension 0.972 0.638–1.479 0.893
DM 2.908 1.576–5.364 0.001
ALT, U/L 1.009 1.005–1.013 <0.0001
AST, U/L 1.011 1.007–1.014 <0.0001
TBil, μmol/L, 1.033 1.015–1.052 <0.0001
Platelets, ×109/L 0.993 0.991–0.996 <0.0001
Glucose, mmol/L 1.042 0.991–1.094 0.106
Note. OR, odds ratio; CI, confidence interval.

and increased body weight as screening predictors of 
steatosis in the donor (Fig.).

In ROC analysis, optimal cutoff thresholds were ob-
tained by calculations so that the studied models for pre-
dicting severe donor steatosis could be used in practice. 
For ALT and AST values, the cutoff thresholds were 
90 U/L and 110 U/L, respectively.

Taking into account the established thresholds, the 
sensitivity and specificity values for ALT and AST 
were obtained in the form of a contingency table. See 
Tables 3–4.

Almost identical indicators of sensitivity and spe-
cificity were revealed for liver enzymes ALT and 
AST – 69.1%, 80.6% and 72.2%, 81.1%, respectively.  
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Area under the curve

Validation result variables Area Standard error Asymptotic value
Asymptotic 95% CI

Lower bound Upper bound
BMI 0.567 0.033 0.034 0.503 0.631
ALT 0.774 0.026 0.000 0.723 0.825
AST 0.750 0.028 0.000 0.695 0.805
TBil 0.648 0.030 0.000 0.589 0.708

Fig. ROC curves and AUC for BMI, ALT, AST and TBil

variable and nonspecific, and may be associated with 
various causes that were not considered in this study. 
TBI, as the cause of donor death, correlates with total and 
subtotal liver steatosis of alcoholic origin. Among the 
considered possible predictors of >50% hepatic steatosis, 
transaminases (ALT, AST) with relatively low sensitivity 

(69.1% and 72.2%, respectively) showed acceptable spe-
cificity (80.6% and 81.1%, respectively), which means 
that if these parameters are increased (ALT >90 U/L, 
AST >110 U/L) in a potential liver donor, significant 
fatty hepatosis can be predicted with a certain degree of 
probability. A significant association with >50% steatosis 

Table 3
Sensitivity and specificity for ALT

ALT <90 ALT >90 Total:
Steatosis <50 324 17 341
Steatosis >50 78 38 116
Total: 402 55 457
Specificity 324 : (324 + 78) × 100% 80.6
Sensitivity 38 : (38 + 17) × 100% 69.1

Table 4
Sensitivity and specificity for AST

АCТ <110 АCТ >110 Total:
Steatosis <50 327 15 342
Steatosis >50 76 39 115
Total: 403 54 457
Specificity 327 : (327 + 76) × 100% 81.1
Sensitivity 39 : (39 + 15) × 100% 72.2
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was demonstrated by DM in liver donors. Type 2 DM and 
ALT and AST values above the cutoff point thresholds 
should raise the concern of specialists during the initial 
donor evaluation for severe steatosis.

The authors declare no conflict of interest.
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Objective. The objective of this study is to develop a therapeutic strategy for protecting grafts in order to im-
prove the efficiency of kidney transplantation (KT) using polyclonal antibodies (pAbs) through elimination of 
activated forms of neutrophils, chemo- and cytokines from the donor’s bloodstream, and a decrease in the level 
of expression of adhesion molecules on the renal vascular endothelium at the pre-transplant stage. Materials and 
methods. In 2017, we developed and for the first time applied a therapeutic strategy for ischemia-reperfusion 
injury (IRI) in a brain-dead donor (BDD). Given the limited time interval after brain death has been diagnosed, 
Timoglobulin (Sanofi Genzyme, France) was administered to the donor at a dose of 8 mg/kg intravenously for 
6 hours. Before drug administration and immediately before the start of cold perfusion, a complete blood count 
and renal transplant biopsy were performed. The study group included 10 BDDs (mean age 39.3 ± 4.4 years) who 
received anti-thymocyte globulin (ATG). The comparison group included 10 BDDs (mean age 38.5 ± 4.3 years) 
who did not undergo the new strategy. Donor kidneys were transplanted to 40 recipients (average age 47.5 ± 
4.3 years), who were also divided into 2 groups, depending on the graft received (with and without ATG). At the 
organ donation center, a biobank of specimens from donors of various categories, including those using the IRI 
therapeutic strategy and recipients for retrospective assessment of the effectiveness of pAbs, was formed. Results. 
Clinical blood test results show that in the ATG group, there was stable leukopenia (neutropenia and lymphope-
nia) of 1.46 ± 0.18x109/l. Fifteen (75%) recipients of kidneys obtained from donors with ATG had immediate 
graft function; in the control group – 10 (50%) recipients. Conclusion. Data obtained testify to the prospects of 
implementing the proposed strategy in clinical practice, which will improve the quality of the resulting grafts 
and their suitability for subsequent transplantation, prolong graft functioning due to elimination of leukocytes as 
a factor of IRI, prevention of early allograft nephropathy, increase in the donor pool by using expanded criteria 
donors (ECDs).
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inTrOducTiOn
KT is a radical surgical intervention for end-stage 

renal disease. Therefore, it is generally accepted that KT 
is the treatment of choice and provides a better survival 
rate compared to long-term dialysis. It is also preferable 
in terms of quality and life expectancy of the recipient 
[1]. However, there is a worldwide shortage of suitab-
le donor organs, and this method of treatment remains 
poorly available. In 2020, only 75,664 kidney transplants 
were performed worldwide [GODT. Global Observato-
ry on Donation and Transplantation. 2020. http://www.
transplant-observatory.org/reports. Accessed August 1, 
2021].

For many years, the main source of donor organs was 
brain-dead donor (BDDs), whose organs were considered 

ideal. However, donor organ shortage has led to the use 
of transplants from expanded criteria donors (ECDs). 
This category of donors used to be regarded as an addi-
tional transplant resource, but today they are becoming 
the main resource [2]. The use of the ECD resource, 
which includes all donors >60 years old, or ≥50 years 
old, amidst comorbid conditions such as a history of 
hypertension, plasma creatinine levels >132 μmol/L just 
before the explantation procedure, diabetes mellitus, and 
excessive body weight (body mass index >30) can lead 
to a high risk of delayed function [3]. Nevertheless, this 
category of donors is considered an acceptable resource 
for KT [4].

Delayed graft function and poor long-term transplant 
outcomes remain a major obstacle to the expansion  
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of the donor pool. KT from ECDs is characterized by 
more severe IRI. This is caused by hemodynamics in-
stability in these kinds of donors. As a consequence,  
a complex set of events develops in such kidneys, which 
is characterized by more severe acute graft injury [5].

Delayed function occurs due to a pathophysiological 
complex of events associated with ischemic and hypoxic 
injury and reperfusion after hypothermic preservation, 
with a long recovery period after acute tubular necrosis 
[6]. Some researchers believe that in 23–38% of reci-
pients of a kidney from a deceased donor, who receive 
hemodialysis within the first week after transplantation, 
the risk of graft loss increases to 40%. A significant pro-
portion of kidneys obtained from donors over 50 years 
or from donors with high serum creatinine levels are 
not used [7].

Systemic inflammatory response, cell adhesion cas-
cade and leukocyte activation are the key pathological 
mechanisms whose cumulative effect causes a sharp 
decrease in the functional reserve of the organs or, in 
the most unfavorable scenario, to irreversible changes 
leading to unsuitability for transplantation [8]. The most 
important in this case is the time of hemodynamic in-
stability, warm ischemia, and “leukocyte mobilization” 
that occurs, having as a target the microcirculatory bed 
and endothelium of the organs. After triggering blood 
flow, activated neutrophils become the main source of 
free radicals and lysis enzymes production [9]. It should 
be noted that activation of adhesion molecules initiates 
neutrophil migration into the graft and leukocyte in-
filtration of tissues in general still at the donor stage, 
which further potentiates reperfusion kidney injury in 
the recipient body. So, IRI leads to increased length of 
hospital stay and reduced graft survival [10].

In turn, activated leukocytes play the leading role in 
the development of IRI. Mass adhesion of leukocytes 
to vessel walls and to each other eventually leads to the 
formation of large leukocyte conglomerates, which clog 
the vascular lumen and sharply impair venous outflow. 
In such clusters, individual leukocytes are rather stron-
gly fixed to each other, but conglomerates themselves 
are of different sizes and sometimes weakly fixed to the 
vessel wall, so they are washed away by blood a few 
minutes after formation and carried away into larger 
vessels. However, during the terminal periods of tissue 
oxygen starvation, conglomerates persist, and according 
to Ivanov K.P. (1992), they stop “trains of red blood 
cell”, leukocyte-platelet interactions occur, which leads 
to occlusion of vessels of increasing diameter and to their 
deformation. This subsequently explains the difficulty 
or impossibility of restoring microcirculation after deep 
hypoxia [11]. After restoration of blood flow, activated 
neutrophils producing free radicals and lysis enzymes 
become the main acting factor of IRI [12].

It has been established that at the time when the ische-
mia-reperfusion process begins, there is activation of 
neutrophils and further tissue injury through the release 
of reactive oxygen species (ROS), proteinases and catio-
nic peptides [13]. Under the influence of proinflammato-
ry cytokines and adhesion cascade, nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase is activated, 
which causes production of large amounts of ROS by 
neutrophils [14]. Neutrophils block the capillary bed, 
preventing reperfusion, which leads to tissue necrosis 
and increased immune response [15]. Neutrophils secrete 
proinflammatory cytokines and chemokines, creating 
positive feedback [16]. In addition, neutrophil migration 
causes loss of epithelial barrier integrity and downregu-
lates adhesion molecules [17].

IRI is initiated by an episode of ischemia, when blood 
supply to a part or whole organ is restricted, causing cell 
death, which is further exacerbated when blood flow 
resumes. Ischemia leads to tissue hypoxia, which causes 
accumulation of metabolites and ROS, namely super-
oxide, hydrogen peroxide, and hydroxyl radicals. ROS 
increase the amount of intracellular calcium, causing pH 
changes and simultaneously depleting adenosine triphos-
phate acid reserves, which leads to damage of cell orga-
nelles and cell necrosis. Prolonged ischemia time lasting 
from several minutes to half an hour causes irreversible 
effects, which are aggravated by reperfusion. During 
reperfusion, the ischemic tissue is filled with oxygen. 
This activates metabolites and ROS, which leads to an 
inflammatory response causing IRI [18].

According to Schofield Z.V. et al. (2013), IRI is a 
complex physiological process, but the undeniable lea-
ding role in it is played by neutrophils, which can pene-
trate the damaged tissue in just a few minutes after acti-
vation. Cytokines, ROS and the complement system are 
also important in the pathogenesis of IRI because they 
support, activate and enhance the destructive function of 
neutrophils. However, recent studies have again drawn 
attention to the role of neutrophils as a key player in the 
pathophysiology of IRI [12].

With the growing shortage of donor organs and in-
creasing use of suboptimal quality organs, the study of 
pathophysiological processes developing in the body 
of a deceased donor has gained particular importance. 
Understanding the basis of pathological changes in grafts 
allows for consideration of new possibilities of influenci-
ng them, including through the use of new drug therapy 
techniques at the pre-transplantation stage in the donor’s 
body. This can be an effective means of increasing the 
longevity of grafts obtained, including those from ECDs 
[19].

EpCAM (epithelial cell adhesion molecule) proteins 
are expressed on the membrane of renal epithelial cells, 
where it is involved in cellular and intercellular inter-
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actions. The degree of EpCAM expression increases 
significantly during renal tissue repair and correlates with 
the severity of IRI effects. Transplant tissue regeneration 
requires a very high level of EpCAM expression for the 
development of cell proliferation, migration and diffe-
rentiation processes [20]. It is assumed that prolonged 
and massive expression of EpCAM is associated with 
its tropism to cell proliferation and adhesion processes, 
which is observed after IRI. Thus, regulation of EpCAM 
expression is directly related to the need for renal tissue 
regeneration [21].

Research is ongoing around the world to find highly 
specific biomarkers of adverse conditions in transplanta-
tion. Creation of transplant biobanks, formed according 
to the standard methodology, should guarantee reliable 
statistical and clinical data. Evaluation of this data should 
result in the introduction of new ways of therapeutic cor-
rection of IRI in the donor’s body. Collection, processing 
and storage of different types of samples at all stages of 
the donor process, during organ transplantation, as well 
as in the postoperative period, can serve as the basis 
for the creation of unique biobanks. Such biobanks will 
represent a matrix for end-to-end prospective longitu-
dinal studies. The use of modern genomic techniques, 
including next-generation sequencing, will allow for a 
systematic approach to the study of ischemia-reperfusion 
and the genetic basis of transplant rejection response, 
will provide an individual approach to prescription of 
immunosuppressive drugs based on the genetic profiles 
of donor and recipient.

In the long term, it will be possible to address more 
ambitious tasks, such as studying the processes of “dy-
ing” with precise determination of the moment of the 
onset of irreversible changes. This will make it possible 
to revise the existing criteria for determining the suita-
bility of organs for transplantation, moving away from 
an empirical approach to a genetically based one [22].

OBJecTive
To develop and implement a new method of drug the-

rapy at the pretransplantation stage in BDDs, which can 
serve as an effective means of increasing the longevity of 
transplanted organs derived from ECDs, boosting the ef-
ficiency of KT through the use of polyclonal antibodies.

maTerialS and meThOdS
A meeting of the Local Ethics Committee of St. Pe-

tersburg Research Institute of Emergency Medicine on 
March 15, 2017 approved the study “Use of polyclonal 
antibodies in brain-dead donors in kidney transplantati-
on” and authorized its further development under the St. 
Petersburg Research Institute of Emergency Medicine. 
The present study was initiated in March 2017, with its 
five-year results evaluated in July 2022.

According to the official instructions for polyclonal 
antibodies thymoglobulin (Sanofi Genzyme, France), the 
patient develops deep lymphopenia (reduced lymphocyte 
count by more than 50% compared with the initial value) 
at day 1 after injection. A new method of therapeutic use 
of the drug, traditionally used only for the treatment of 
steroid-resistant rejection crises in recipients, seems to 
be an effective method of improving the quality of kid-
ney transplants, by “turning off” the IRI leukocyte link, 
which, according to our hypothesis, will positively affect 
long-term transplant outcomes.

Given the existing time limitation for administration 
of the drug in the BDD (corresponding to the time inter-
val required for the brain death diagnosis procedure in 
the donor), an empirical decision was made to increase 
the drug dose fourfold in order to achieve maximum re-
duction in the number of mobilized leukocytes. Thus, a 
proprietary technique for applying polyclonal antibodies 
in the BDD during KT was developed.

After the initial examination of the BDD by a team 
consisting of an anesthesiologist/resuscitator, a surgeon 
from the organ donation coordination center, and the 
transplant coordinator of the hospital, and a decision 
to start the brain death diagnosis procedure and plan 
kidney explantation, thymoglobulin, manufactured by 
Genzyme Polyclonals, S.A.S. (France), was administered 
to the donor within 6 hours at a 4-fold therapeutic dose. 
The drug dose was 8 mg/kg body weight. The drug was 
dissolved in 50.0 ml of saline and injected into the cen-
tral venous catheter using a 0.14 ml/min single-syringe 
infusion pump.

Before the drug was injected and immediately before 
the start of cold perfusion, a complete blood count was 
performed. The study group included 10 BDDs (mean 
age, 39.3 ± 4.4 years) who received antithymocyte im-
munoglobulin (ATG); the comparison group consisted 
of 10 BDDs (mean age, 38.5 ± 4.3 years) without the 
new protocol; donor kidneys were transplanted to 20 re-
cipients in the study group (mean age, 42.3 ± 3.1 years) 
and 20 recipients in the control group (mean age, 41.2 ± 
3.3 years) depending on the graft received (with and 
without ATG). The general characteristics of the groups 
are given in Table 1 and Table 2.

In 2015, a transplant biobank was created for the 
first time in the Russian Federation under the St. Pe-
tersburg Donation Coordination Center. The biobank 
formed a collection of biological samples from donors 
and recipients, allowing to perform retrospective immu-
nohistochemistry in kidney transplant biopsies to assess 
the effectiveness of the use of pAbs for IRI reduction in 
BDDs at the pre-explantation stage. Qualified specimen 
collection, processing, characterization and storage are 
performed for the functioning of the transplant biobank. 
Work with documentation and databases was standar-
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dized, algorithms for primary processing and storage of 
biosamples, and maintenance of proper sample condition 
were developed.

Incisional biopsies from kidney transplants served as 
the study material. Histological examination of kidney 
tissue was carried out at the National Center for Clinical 
Morphological Diagnostics, St. Petersburg, using the 
following methods:
1) Light microscopy was performed on paraffin sections 

using the following stains: H&E and PAS.
2) Immunohistochemistry performed by immunoper-

oxidase method using anti-EpCAM antibodies.

reSulTS
Immunohistochemistry in kidney transplant biopsies 

was performed to verify clinical data. In kidney trans-
plant biopsies from BDDs in the comparison group, light 
microscopy demonstrated preserved histoarchitectonics 
of the renal parenchyma. The glomeruli had a single-loop 
capillary wall, with no signs of mesangial and endoca-
pillary hypercellularity, no segmental glomerulosclerosis 
and crescents. There was artificial vacuolization of the 

epithelial cell cytoplasm of the proximal convoluted tu-
bules. There were no signs of tubulointerstitial fibrosis. 
The walls of arterioles and small caliber arteries had 
no pathological changes. Immunohistochemistry study 
showed positive expression of EpCAM in the epithelial 
cell cytoplasm of the proximal convoluted tubules and 
no expression in other renal tissue structures (Fig. 1).

Histomorphological data indicating the resulting 
ischemic injury were assessed by the presence of posi-
tive expression of EpCAM molecules in the epithelial 
cytoplasm of the distal convoluted tubules. According to 
the study of kidney transplant biopsies from BDDs in the 
study group at the light microscopy level, the histological 
pattern remained the same. Immunohistochemistry, in 
turn, demonstrated a change in EpCAM expression – 
there was complete absence of EpCAM expression in all 
renal tissue structures, including the epithelial cytoplasm 
of the distal convoluted tubules.

Evaluation of clinical blood tests results in compari-
son groups: in the study group, there was stable leuko-
penia (neutropenia and lymphopenia) of 1.46 ± 0.18 × 
109/l (Fig. 2).

Also, according to laboratory data, a significantly 
higher level of Lipocalin-2 (neutrophil gelatinase-as-
sociated lipocalin, NGAL) was detected in the urine of 
BDDs in the control group compared to BDDs in the 
study group (Fig. 3).

The prognostic and diagnostic value of NGAL in 
acute kidney injury (AKI) is explained by the fact that it 
is excreted in the urine after renal parenchymal ischemia 
injury and is rightfully considered a “kidney troponin”.

The high level of NGAL in BDDs in the control group 
demonstrates tubular lesions that precedes AKI.

Fifteen (75%) patients who got kidneys from donors 
who received ATG had immediate graft function, whe-
reas there were 10 (50%) recipients in the group without 
the new protocol (Table 3, Fig. 4).

Five years after transplantation, serum creatinine and 
urea levels were lower in recipients of kidneys obtained 
from donors who received ATG (Table 3, Figs. 5 and 6).

Table 1
General characteristics of donor groups

Characteristics Control 
group 

(no ATG), 
n = 10

Study  
group 

(with ATG), 
n = 10

P 
value

Age, years 38.5 ± 4.3 39.3 ± 4.4 0.08

Diagnosis

Stroke 4 (40%) 4 (40%)
Brain injury 2 (20%) 1 (10%)
Ruptured 
brain 
aneurysm

4 (40%) 6 (60%)

Creatinine, μmol/l 66.5 ± 6.9 68.9 ± 7.3
Urea, mmol/l 4.9 ± 0.5 5.6 ± 0.6

Table 2
General characteristics of recipient groups
Characteristics Control 

group 
(no ATG), 

n = 20

Study  
group 

(with ATG), 
n = 20

P 
value

Age, years 41.2 ± 3.3 42.3 ± 3.1 0.09

Diagnosis

Сhronic 
glomerulo-
nephritis

15 (75%) 15 (75%)

Autosomal 
dominant 
polycystic 
kidney disease

3 (15%) 2 (10%)

Stage 3 
hypertension 2 (10%) 3 (15%)

Table 3
Assessment of kidney transplant function  

in two groups of recipients
Characteristics Control  

group 
(no ATG),  

n = 20

Study  
group 

(with ATG),  
n = 20

P 
value

Graft 
function

Immediate 10 (50%) 15 (75%) 0.002Delayed 10 (50%) 5 (25%)
Creatinine, μmol/L 
(after 5 years) 127.0 ± 6.8 101.0 ± 6.3 0.07

Urea, mmol/L 
(after 5 years) 8.1 ± 0.9 7.8 ± 1.1 0.08



106

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXIV   № 4–2022

Fig. 1. Immunohistochemistry in null kidney graft biopsies from BDDs in the comparison group and the study group. In the 
comparison group there is a positive expression of EpCAM in the epithelial cytoplasm of the distal convoluted tubules – in-
dicated by arrows in the figures in the left column. In the study group, there is no EpCAM expression in all renal tissue struc-
tures – indicated by arrows in the figures in the right column
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Fig. 4. Immediate function of kidney grafts in recipients in 
the study groups. * – p = 0.0008 compared to the control 
group

100% (n = 20) (pAbs), in contrast to 75% (n = 15). Serum 
creatinine levels 5 years after transplantation averaged 
0.101 mmol/L in patients who received kidneys from 
BDDs injected with pAbs and 0.127 mmol/L in the com-
parison group.

Kaplan–Meier curves were plotted to assess the sur-
vival of kidney recipients and transplants in the study 
and comparison groups (Figs. 7 and 8).

ATG administered to donors can prevent IRI effects 
during KT by reducing the degree of necrosis and apo-
ptosis and improving renal function, which is explained 
by a decrease in the expression of proinflammatory me-
diators.

In addition, given the functions and mechanisms of 
regulation of EpCAM expression, it can be concluded 
that our immunohistochemical study of kidney transplant 
biopsies demonstrate the effectiveness of pAbs in BDDs.

diScuSSiOn
A significant challenge in transplantation is the abi-

lity to use organs from ECDs without compromising 
immediate graft function and long-term graft survival. 

Fifteen (75%) patients who received kidneys from 
donors injected with pAbs were observed to have imme-
diate graft function, compared with 10 (50%) recipients 
in the comparison group. Five-year graft survival was 

Fig. 2. WBC count in BDDs in the study groups before and 
6 hours after ATG injection

Fig. 3. Urinary NGAL levels in BDDs in the study and con-
trol groups

Fig. 5. Serum creatinine levels in recipients 5 years after kid-
ney transplantation in the study groups

Fig. 6. Serum/plasma urea level in recipients 5 years after 
transplantation in the compared groups
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Fig. 7. Assessment of recipient survival

Fig. 8. Assessment of kidney graft survival

Therefore, it is crucial to optimize each organ even be-
fore transplantation and to minimize additional damage 
to achieve the best possible function and avoid primary 
nonfunction, delayed function or acute rejection.

In the last decade, more information on the complex 
pathophysiology of IRI has emerged, opening the door 
for new therapeutic tools aimed at reducing the effects 
of IRI, tissue hypoxia as a result of microcirculatory bed 
blockage by recruited leukocytes. However, the existing 
methods for correcting IRI effects involve extracorpore-

al filtration and a whole arsenal of therapeutic options, 
which, however, still remain a compromise between desi-
red effect and clinical reality. Despite significant progress 
in the study of the process underlying the mechanisms 
of renal graft dysfunction, treatment methods are still 
insufficient, and the results remain mixed.

For the first time in the clinical practice of KT, we 
proposed a new original scheme for IRI correction in 
BDDs. We propose a new way of protecting grafts by 
eliminating activated neutrophil forms from the donor’s 
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blood circulation, reducing the expression of adhesion 
molecules on the renal vascular endothelium by injecting 
pAbs into the BDD’s body before explantation.

Thymoglobulin is a polyvalent drug, tropic to a vari-
ety of target antigens, which can be classified as immune 
response antigens, adhesion molecules and cellular trans-
port. In this regard, therapeutic use of pAbs in BDDs, 
previously used only for the treatment of kidney recipi-
ents, seems to be an effective method of improving the 
quality of kidney transplants due to reduction of the IRI 
leukocyte link, which will positively affect long-term 
transplant outcomes. However, no reports on the use of 
pAbs in BDDs to improve the quality of kidney trans-
plants have been found in available literature.

The developed protocol includes the following al-
gorithm of actions when planning kidney explantation: 
after the BDD has been initially examined by a team 
consisting of the hospital’s transplant coordinator, an-
esthesiologist/resuscitator and surgeon from the organ 
donation coordination center, negative serological test 
results for viral infectious agents has been obtained, and 
a decision to start a brain death diagnosis procedure has 
been taken, thymoglobulin was injected into the donor 
in a dose of 8 mg/kg body weight. Given the existing 
time limitation for administration of the drug in the BDD 
(corresponding to the time interval required for brain 
death diagnosis procedure in the donor), an empirical 
decision was made to increase the drug dose fourfold in 
order to achieve maximum reduction in the number of 
mobilized leukocytes.

Our hypothesis required not only clinical verification 
but also morphological confirmation, which is difficult to 
implement “here and now”. It was important to preserve 
biospecimens from BDDs and recipients for future stu-
dies. For this purpose, a transplant biobank was created; 
it is a collection of biospecimens and related information 
in a form suitable for analysis.

The study results indicate the prospects of imple-
menting the proposed strategy in clinical practice, which 
will improve the quality of resulting grafts and their 
suitability for subsequent transplantation, prolong graft 
functioning by preventing early transplant nephropathy, 
increase the donor pool by using ECDs, minimize the 
probability of acute rejection in recipients, reduce the 
length of hospital stay and, therefore, reduce economic 
costs. This protocol, using thymoglobulin, demonstrates 
the need to develop a similar domestic drug aimed at 
reducing leukocyte aggression in BDDs.

cOncluSiOn
The study results indicate the prospects of implemen-

ting the proposed strategy in clinical practice, which will 
improve the quality of resulting grafts and their suitabi-
lity for subsequent transplantation, prolong graft func-

tioning by eliminating leukocytes as a factor of IRI and 
preventing early transplant nephropathy, and increase 
the donor pool by using ECDs. For retro- and prospec-
tive evaluation of transplanted organs, it is necessary to 
create biobanks at donation centers and transplantation 
departments.

The authors declare no conflict of interest.
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After removal of metastatic malignant tumors of the hypopharynx and larynx, hypopharyngeal defects are for-
med. To restore the hypopharynx, a mucosa and a muscular component are needed. The objective of this study 
is to develop a hypopharyngeal reconstruction technique using prelaminated pectoralis major flap with mucosal 
epithelium analogue from autologous epithelial layers. Materials and methods. Nine patients underwent recon-
struction of the hypopharynx using bioengineered prelaminated pectoralis major flaps. The mucosa was restored 
by tissue-engineered autologous epithelial cell layers that were obtained by culturing in vitro cells isolated from 
skin biopsies that were previously obtained from patients. Results. Oral nutrition was restored in all cases. 
Pharyngeal stenosis was detected in one (11%) patient. A stratified squamous epithelium on the pectoral fascia 
was revealed in 67% of cases at week 2 after prelamination, in 89% of cases at week 4 after reconstruction and 
in 100% of cases at month 3, 6, 12 and 24 after reconstruction. Conclusion. Reconstruction using prelaminated 
bioengineered flaps allows recreating the anatomical integrity and function of the hypopharynx.
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inTrOducTiOn
Patients with advanced hypopharyngeal and laryngeal 

cancers (stages III and IV) are most often candidates 
for combined oncologic treatment, combining extensi-
ve surgical resection and reconstruction with adjuvant 
radiotherapy (RT) or chemoradiotherapy (CRT). Some-
times the surgery is limited to tumor removal without 
a reconstructive phase due to the presence of severe 
comorbidities or treatment in non-specialist hospitals.

Different variants of flaps are used for hypopharyn-
geal reconstruction, including local flaps from the neck 
area, displaced regional flaps from the chest area, dis-
placed visceral flaps, microsurgical free fasciocutaneous 
flaps, musculocutaneous flaps, visceral flaps, etc. [1, 2]. 
The main disadvantage of skin flaps is hair growth in 
the pharyngeal lumen. Visceral flaps are inapplicable 
in somatically burdened patients; their use is limited by 
concomitant abdominal conditions and previous inter-
ventions on the abdominal cavity.

The ideal material for reconstruction is autologous 
identical tissue, whose formation involves minimally 
invasive procedures on the donor site. There are known 
attempts to solve these issues by tissue engineering. Mu-
cosal epithelial fragments have been cultured for use as 
biomaterials [1]. The use of cultured epithelial cells to 

restore the mucosa of the upper GI tract has been descri-
bed. After oral tumor resection and endoscopic resection 
of the esophagus, surgeons implanted tissue-engineered 
epithelial cell layers on the underlying tissue [3, 4, 5]. 
It is important to note that epithelial-stromal interaction 
is a key determinant of the phenotypic dynamics of the 
epithelium in homeostasis and injury. The epithelium 
and the direction of epithelial stem cell differentiation 
are influenced by the underlying stromal cells producing 
a complex of signaling molecules [6, 7].

Prelamination transforms a native axial flap into a 
stratified one by adding appropriate structures for com-
posite reconstruction [8]. It is a process involving the 
implantation of tissues or structures into the blood sup-
plying microenvironment before they are transferred 
directly to the defect area [8, 9, 10].

The objective of the present study is to develop a 
technique for hypopharyngeal reconstruction by pre-
laminated flaps with mucosal restoration with tissue-
engineered autologous epithelial cell sheets.

maTerialS and meThOdS
ethics statement

A prospective study was carried out from January 
2018 to December 2019 at the National Medical Re-
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Fig. 1. The first stage of reconstructive surgery: (a) Patient with pharyngostomy after combined treatment of stage IVA laryn-
geal cancer; (b) surgical access for prelamination; (c) implantation of epithelial cell layer on the pectoral fascia; (d) isolation 
of epithelial cell sheet with film

а b c d

search Radiological Centre, Moscow. The study was 
reviewed and approved by the local ethics committee. 
All patients signed an informed consent.

Patients
Nine patients with hypopharyngeal defects after 

surgical treatment for malignant laryngeal tumors were 
included in the study. They were not candidates for mi-
crosurgical reconstruction due to comorbidities. In all 
cases, the reconstruction was delayed.

Characteristics of the patients are shown in Table. 
There were 8 males and 1 female; their ages ranged from 
57 to 82 years (median: 69.5). Histological examination 
revealed squamous cell carcinoma in all cases. Six pati-
ents had stage III and IVA primary tumors. Six patients 
with primary laryngeal tumors had postoperative staging 
according to the 8th edition of TNM classification (deve-
loped and adopted by the American Joint Committee on 
Cancer (AJCC) and the Union for International Cancer 
Control (UICC). The tumor process in these patients 
corresponded to the following indicators: T4a (n = 4), 
T3 (n = 2), N0 (n = 5), N2c (n = 1). Three patients had 
recurrent tumors after previous CRT. All patients un-

derwent laryngectomy, hypopharyngeal resection, and 
unilateral and/or bilateral lymphadenectomy depending 
on the condition of the cervical nodes. Eight patients un-
derwent RT or CRT according to the stages of antitumor 
treatment prior to the reconstructive phase. Most patients 
had comorbidities according to the adult comorbidity 
evaluation 27 (ACE-27) scoring system. Hypopharyn-
geal defect after tumor removal was partial with preser-
vation of a fragment of the posterior pharyngeal wall  
in all cases (Fig. 1, а).

fabrication of autologous cell sheets
To isolate autologous epithelial cells, a skin biopsy 

from the patient’s scalp was used. The skin fragment was 
resected under local anesthesia; the wound was sutured 
with Vicryl® 3.0 sutures. After the biopsy was taken, it 
was placed in a special container with a transport medi-
um (DMEM with 0.4 mg/ml gentamicin) and transpor-
ted to the Koltzov Institute of Developmental Biology, 
Moscow. Epithelial cell isolation was performed on the 
day the biopsy was taken. All procedures for isolating, 
cultivating, and transferring cell cultures to biopolymer 

Table
Demographic data, treatment modality, and follow-up periods

Patient Age Gender Tumor 
location Stage TNM Primary 

or recurrent RT/ChRT (Gr)
Preoperative 
comorbidity 
(ACE-27)

Follow-up 
period 

(months)
1 65 M Larynx IVА T4aN0M0 Primary RT (40) Severe 27
2 59 F Larynx IVА T3N2cM0 Primary RT (50) Severe 25
3 57 M Larynx IVА T4aN0M0 Primary RT (46) Moderate 24
4 61 M Larynx IVA T4aN0M0 Primary CRT (59, 6) Severe 20
5 60 M Larynx IVA T4aN0M0 Primary RT (50) Severe 27
6 65 M Larynx III T3N0M0 Primary Severe 22
7 63 M Larynx rT4aN0M0 Recurrent CRT (66) Moderate 27
8 70 M Larynx rT4аN0M0 Recurrent RT (50) Moderate 24
9 82 M Larynx rT4аN0M0 Recurrent CRT (70) Severe 10

Abbreviations: RT, radiation therapy; CRT, CRT; Gr, Gray.
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matrices were performed strictly under aseptic conditions 
in the laboratory.

isolation of epidermal keratinocytes
Skin biopsies obtained from the donor were cut into 

3 × 10 mm wide strips, washed with phosphate-buffered 
saline (PBS) solution, placed in 0.2% dyspase solution 
(Sigma), and incubated at 4 °C for 18 hours. After fer-
mentation, the epidermis was separated from the dermis 
along the basement membrane line, washed with PBS so-
lution, and additional fermentation was performed with 
trypsin solution for 10 minutes to obtain a single-cell 
suspension. The suspension was centrifuged at 1000 rpm 
for 6 minutes, the supernatant was removed, and the pre-
cipitate was suspended in keratinocyte culture medium.

cultivation of epidermal keratinocytes
A suspension of keratinocytes was seeded into 75 cm2 

cell culture vials (Costar) at a 2 × 105 cells/ml concentra-
tion, 15 ml each. Cells were cultured in a CO2 incubator 
at 37 °C and saturation humidity in Keratinocyte-SFM 
medium (Gibco). The cells were grown with regular 
medium changes (every 2 days) for 3–6 weeks until the 
formation of a subconfluent layer. The date of pharyn-
goplasty was assigned depending on the growth rate of 
the patient’s cells.

immunohistochemistry 
and immunofluorescence

Cells were fixed with 4% paraformaldehyde for 
15 minutes, followed by immunofluorescence staining 
for keratinocyte-specific marker using Abcam’s first 
anti-cytokeratin 14 antibody (CK 14) (ab181595) and 
epithelial stem cell and early epidermal progenitor mar-
ker p63 (ab124762), using the method recommended 
by the manufacturer. After incubation, the preparations 
were washed with PBS, and then a solution of second 
antibodies conjugated with Alexa Fluor 555 and Alexa 
Fluor 488 (ThermoFisher) was added for visualization.

Immunohistochemical detection of keratinocyte-
specific markers on the surface of the muscle flap was 
performed on histological preparations that were stained 
for total cytokeratin markers – PanCk (ab7753) and p63 
(ab124762). Primary antibodies from Abcam were used 
according to the manufacturer’s recommended tech-
nique; peroxisome method and second antibodies with 
streptovidin-DAB complex, followed by H&E staining, 
were used to visualize reaction products.

Planting and growing cell cultures on matrix
To form a cell layer, cultured keratinocytes were see-

ded on the surface of the matrix, which is a 0.3–0.5 mm 

thick plate consisting of hyaluronic acid and collagen. 
Epidermal keratinocytes were separated from the culture 
vial using a mixture of trypsin and Versene solutions 
(1 : 1). An epidermal keratinocyte suspension was seeded 
into a Petri dish with a 4 × 105 cell/cm2 density matrix 
placed in it. The resulting stratum with keratinocytes was 
then incubated under standard conditions, at 37 °C, 5% 
CO2. The bioengineered autologous stratum was ready 
for use after about 5–7 days, during which time the epi-
dermal colonies formed a confluent layer on the matrix 
surface. The number of cells at the end of this period 
should be 80 ± 20 × 105 cells/cm2. The prepared epithelial 
layers on the matrix were packed in sterile packaging and 
used within 12 hours.

assessment of cell viability on the surface 
of epithelial cell sheets

A fragment of the prepared cell layer was placed in 
a well of a 48-well plate, and 0.5 ml of Calcein AM 
working solution (BD Pharmingen) was added. After 
a 30-minute incubation, the cell sheet was visualized 
under an Olympus IX73 fluorescence microscope (CKP 
equipment, Koltzov Institute of Developmental Biolo-
gy). The obtained micrographs made it possible to assess 
the morphology of viable cells and their distribution on 
the matrix surface.

reconstructive stages
At the first stage, prelamination of the bioengineered 

muscle and epithelial flap was performed.
A graft grown from the patient’s autologous epithelial 

cells on the matrix was implanted into the pectoral fascia 
and fixed with Vicryl 5.0 suture (Fig. 1, c). It was covered 
with a latex film and fixed with a Prolen 3.0 Prolen 3.0 
suture (Fig. 1, d). The epithelial cell sheets were thus left 
to take root for 3 weeks.

At the second stage, the laryngopharynx was recon-
structed. First, pharyngostoma edges were mobilized 
(Fig. 2, a). During the formation of the prelaminated 
pectoralis major epithelial flaps, the pectoralis major was 
mobilized from the chest wall and moved to the area of 
the defect, as in the traditional surgical technique (Fig. 2, 
b). The size of the muscle fragment of the pectoralis 
major and epithelial flap was determined according to 
the size of the soft tissue defect in the neck. The surface 
of the pectoralis major with a prelaminated cellular layer 
(bioengineered muscle and epithelial flap) was oriented 
such that it was directed into the hypopharyngeal lumen 
(Fig. 2, c). The bioengineered fragment was modeled 
according to the size of the defect in the hypopharyn-
geal mucosa and fixed using a Vicryl 2.0 suture to the 
mobilized edges of the hypopharyngeal mucosa along 
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the pharyngostoma perimeter (Fig. 2, d). The soft tissues 
were restored with the muscular part of the flap.

Postoperative period
Before starting oral feeding, all patients underwent 

imaging of the larynx, hypopharynx and cervical eso-
phagus to determine the condition and patency of the 
newly formed organ and assess swallowing function. 
In the absence of signs that the contrast agent had exi-
ted the contours of the upper GI tract, the nasogastric 
tube was removed, and the patients began feeding by 
mouth. Results were assessed at weeks 2 and 4, and 
months 3, 6, 12, and 24 after pharyngoplasty. X-rays 
of the pharynx and esophagus with contrast agent and 
videolaryngoscopy with biopsy were performed. Biopsy 
of the bioengineered fragment of prelaminated flap with 
histological examination was performed at week 3 after 
prelamination, and week 2 and 4, month 3, 6, 12, and 24 
after pharyngoplasty.

Statistical analysis
Only descriptive statistics were used to analyze treat-

ment and outcomes. The authors had access to the data 
and reviewed and approved the final version of the ma-
nuscript.

reSulTS
All patients underwent hypopharyngeal reconstruc-

tion using a bioengineered prelaminated pectoralis major 
and epithelial flap as described above.

Cells obtained from patients undergoing antitumor 
therapy show low growth rate and high sensitivity to 
culture conditions in the first few days after isolation. 
Therefore, to increase the required cell mass, they were 
grown in culture vials on special low-calcium, prolife-
ration-stimulating culture medium (Fig. 3, a, b). Immu-
nofluorescence study at the stage of formation of stable 

monolayer culture cells revealed the presence of typical 
epithelial cells expressing ck14, a keratinocyte-specific 
marker, and a large number of cells positive for p63, the 
epithelial stem cell and early epidermal progenitor mar-
ker (Fig. 3, b). After the cells formed a normal epithelial 
layer, they were transferred to a biocompatible matrix. 
The base of the matrix used was collagens and hyaluronic 
acid, 0.5 mm thick. Thus, an epithelial tissue autograft 
of 60 to 80 cm2 in area was created for each patient 
(Fig. 3, c). The presence of living cells in the graft was 
monitored using a fluorescent microscope, after staining 
a small area of the graft with viability dye Calcein AM 
(Fig. 3, d).

Histological examination at week 3 after prelami-
nation revealed areas with keratinocyte colonies on the 
muscle flap surface (Fig. 4, a, b, c, d). Positive expression 
of cytokeratins (Fig. 4, b) and specific protein p63 cha-
racteristic of keratinocytes of basal skin layer (Fig. 4, d) 
indicates that these cells belong to epithelial tissue cells. 
This confirms that keratinocytes were present on the 
pectoralis major for 3 weeks after transplantation. Thus, 
after 3 weeks of preliminary preparation of the muscle 
and epithelial flap, we considered it ready for the recon-
structive stage of surgery.

The median postoperative follow-up period was 
23.1 months (range 10–27 months). Videolaryngoscopy 
of the pharynx and esophagus in the patients showed that 
the area of epithelial-cellular flap implantation at month 
3, 6, 12 and 24 was macroscopically indistinguishable 
from the surrounding mucosa (Fig. 5, a, c).

In histological studies, we observed a stratified squa-
mous epithelium on the pectoral fascia at week 2 after 
pharyngoplasty in 78% of cases, week 4 after pharyn-
goplasty in 89% of cases (Fig. 5, b), month 3, 6, 12 and 
24 after pharyngoplasty in 100% of cases (Fig. 5, d).

Oral feeding was restored in all cases. The overall 
median time to resumption of feeding was 18 days after 
surgery (range, 14–22 days). The mean postoperative 

Fig. 2. Pharyngeal reconstruction using a prelaminated bioengineered pectoral flap: (a) mobilized edges of the pharyngosto-
ma; (b) prelaminated bioengineered pectoral flap; (c) movement of the bioengineered pectoral flap to the neck; (d) fixation of 
the prelaminated flap section to the mobilized mucosa edges along the perimeter of the pharyngostoma

а b c d
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Fig. 3. Cell graft preparation: culture of patient’s autologous keratinocytes at week 4 of cultivation: (a) phase-contrast; 
(b) immunofluorescence identification of keratinocyte-specific marker ck14 (green staining); specific epidermal transcription 
factor p63 (red staining), nuclei stained with DAPI (blue staining). Ready-to-use graft, appearance (c) Micrograph of human 
keratinocytes grown on matrix surface, detection of viable cells using viability dye Calcein AM (green staining) (d)
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500 μm

100 μm

100 μm

hospital stay was 17.5 days (range, 16 to 19 days). Voice 
function was restored by voice prosthesis implantation 
in 78% of cases.

No flap necrosis was noted. Fistula was observed in 
4 patients (44%). The cause of delayed wound healing 
and formation of suture failure in the pharyngeal suture 
area could be RT/CRT performed before pharyngoplasty 
and nutritional deficiency. In all patients, fistulas were 
formed in the area of anastomosis between the upper 
edge of the flap and the base of the tongue, and were 
closed within 7–10 days after conservative therapy and 
dressings without the need for additional surgical in-
tervention. One patient had hypopharyngeal stenosis in 
the lower edge of flap fixation. The stenosis area was 
subjected to bougienage dilation, and as a result, the 
hypopharyngeal lumen reached a diameter of 1 cm. This 
patient had difficulty swallowing only solid food. Suppu-
ration of the donor area was observed in one patient; the 
wound healed after conservative therapy and dressings.

diScuSSiOn
Reconstruction of the upper GI tract after laryngec-

tomy with hypopharyngeal resection remains a major 
challenge for head and neck cancer surgeons, as in most 
cases it is performed after RT/CRT in somatically burde-
ned patients [11]. Various reconstruction options are used 
to repair extensive defects after surgical treatment [12]. 
The reconstruction technique depends on the patient’s 
health status, clinic options, size and composition of the 
defect, radiation history, and previous surgeries. Somati-
cally burdened patients with a high risk of postoperative 
complications are rarely acceptable candidates for mi-
crosurgery. Because of these limiting factors, advanced 
flaps remain the preferred method [13].

In some cases, a bioengineered flap can be a good 
alternative to standard skin and muscle flaps. Bioengi-
neering technologies facilitate the creation of tissue ana-
logues of the mucosa used for restoration of the mucosa 
of the upper GI tract, oral cavity, urethra, bladder, vagina 
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Fig. 4. Biopsy of muscle slice at week 3 of prelamination with epithelial tissue equivalent: a fragment of muscle tissue from 
the transplantation area (a) H&E staining (100× magnification); Immunohistochemistry. Expression of common cytokeratins 
(DAB staining, magnification ×100) (b). Cytological study of muscle flap surface with a ready-made analog: H&E staining 
(1000× magnification) (c); Immunohistochemical detection of epidermal transcription factor p63 (DAB, 1000× magnifica-
tion) in cell nuclei (d)
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c d

and cornea. Restoration of damaged epithelial tissue in 
this case occurs due to the fact that the graft contains 
autologous poorly differentiated cells of the basal layer 
of the epidermis, which can proliferate and integrate into 
the defect site. At the same time, the tissues surrounding 
the bioengineered construct influence the cells included 
in it. For instance, it was found that corneal cells can 
transdifferentiate into epidermal cells under the influence 
of signals from the embryonic dermis [14].

The plasticity of epidermal keratinocytes was also 
observed in experiments on cell transplantation into the 
urethra. It was shown that three weeks after transplan-
tation of autologous EGFP-expressing rabbit skin kera-
tinocytes into the urethra, they restored the urothelium, 
showing signs of specific marker expression [15].

Recently, the ability of esophageal cells to differen-
tiate in the cutaneous direction under the influence of 
adult skin stroma has been demonstrated [16]. Since 
the hypopharynx itself is lined with non-keratinized, 

stratified squamous epithelium, it was reasonable to as-
sume that the epidermis is highly suitable for its repla-
cement. In the humidified microenvironment, epidermal 
keratinocytes lose their ability to keratinize as they do 
in culture conditions. Thus, they may well perform the 
functions of the pharyngeal epithelium. Previously, a 
study was published in which a displaced muscle graft 
consisting of the pectoralis major with a pre-implanted 
mucosal tissue equivalent, created on the basis of cultu-
red donor keratinocytes, was used for hypopharyngeal 
reconstruction. Donor cells used as an epithelial layer 
in such constructions can temporarily act as a barrier 
epithelium, ensuring reliable engraftment of the graft 
in the recipient tissue area, and also modify the wound 
surface, stimulating the wound’s own epithelization [5].

When eliminating hypopharyngeal defects after 
removal of locally advanced tumors, comprehensive 
restoration of soft tissues and mucosa, as well as normal 
functioning of the digestive tract and vocal function is 
necessary. Prelaminating the cultured cells onto a well-
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Fig. 5. Postoperative data: (a) Videolaryngoscopy at week 4 after pharyngoplasty; (b) H&E, at 100× magnification shows stra-
tified squamous epithelium; (c) Videolaryngoscopy at month 24 after pharyngoplasty; (d) H&E, at 100× magnification shows 
stratified squamous epithelium with basal layer proliferation
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perfused tissue of the pectoralis major allows creating 
flaps with the required properties: a layer of epithelial 
cells has time to form on the muscle surface, which to-
gether with the muscle tissue can be formed according 
to the size of the existing defect.

We used bioengineered prelaminated flaps to recon-
struct extensive hypopharyngeal defects. The use of an 
epithelial layer grown from the patient’s skin instead of 
a full-layer autodermal flap avoids such complications 
as hair ingrowth into the laryngeal lumen, stenosis of the 
upper GI tract lumen in the postoperative period. The 
percentage of fistula complications observed in patients 
in our study is 44%, which is comparable to the known 
rate of fistula in patients who received preoperative RT, 
which ranges from 13% to 50% [17]. After reconstructive 
surgery using skin and muscle flaps, 56.5% of patients 
mentioned difficulty swallowing only solid foods and 
21.7% reported difficulty swallowing both solid and li-
quid food [17].

In our study, 1 (11%) patient had pharyngeal ste-
nosis, which, after bougienage, caused problems with 
swallowing only solid food. Based on our postoperative 
follow-up, we can conclude that the technique we deve-
loped is able to restore the anatomy and functions of the 
laryngopharynx with identical tissues.

cOncluSiOn
Hypopharyngeal reconstruction with a prelaminated 

bioengineered flap can was able to recreate the anatomi-
cal integrity and function of the hypopharynx in all the 
9 clinical cases described.
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inTrOducTiOn
The heart is a biological pump that circulates blood to 

all tissues of the body. Unlike the other organs, the heart 
participates in its own blood supply to realize the me-
chanical function of the myocardium. Thus, the contrac-
tile system of the heart and the myocardial life-support 
system, which contains an extensive network of blood 
vessels, are structurally concentrated in the heart wall, 
and are closely connected with each other.

Hemodynamics in proximal coronary arteries is fun-
damentally different from blood flow in other arteries of 
the body, where circulation is directly related to cardiac 
systole; more precisely, to the LV blood ejection phase, 
during which pressure gradient occurs in the vascular 
system, which determines the driving force in blood flow.

It is generally accepted that in the coronary system, 
systolic blood flow is limited and the main hemodynamic 
events occur during cardiac diastole. Such peculiarity of 
coronary blood flow was drawn attention to as early as 
1695 [1]. The author noted that during cardiac relaxation, 
the coronary vessels are filled, and when they contract, 
they are emptied. In the first half of the last century, it was 
experimentally confirmed that during heart contraction, 
coronary arterial inflow is obstructed and venous outflow 
increases [2, 3].

It can be considered proven that the noted features of 
coronary hemodynamics are the consequence of mecha-
nical function of the cardiac wall leading to compres-
sion of a certain part of coronary arteries and reduction 
of coronary blood flow [4–7]. This phenomenon seems 
paradoxical at first sight, since myocardial contractile 
function prevents coronary blood flow.

This work is intended to draw the attention of car-
diologists to the above contradiction, which we have 
conventionally termed “coronary paradox”. On the basis 
of literature analysis, we will attempt to give a reasonable 
interpretation to the presence of a nontrivial connection 
between mechanical phenomena in the cardiac wall and 
hemodynamic events in LV coronary arteries. This issue 
has been the subject of long-standing discussions among 
specialists in circulatory physiology; but it remains out 
of the focus of practicing physicians.

The PhenOmenOn Of cOrOnarY ParadOX
Fig. 1 shows a synchronous recording of pressure 

measurements in the aorta, right and left ventricles; vo-
lumetric blood flow velocity (VBFV) in the proximal 
right coronary artery and left anterior descending artery 
(LAD) off the left coronary artery, and VBFV in the 
great cardiac vein.

The figure clearly illustrates that with the beginning 
of the LV mechanical cycle, the VBFV in LAD sharply 
decreases, and during LV blood ejection (increase in 
aortic pressure), it increases slightly. However, with the 
onset of LV isovolumetric relaxation phase (the moment 
of aortic valve closure) there is a significant increase in 
coronary blood flow velocity.

Coronary blood flow limitation in LV systole can be 
observed in clinically healthy individuals with abnormal 
passage of part of the epicardial artery in myocardium. 
In such cases, pronounced systolic stenosis is visualized 
on coronarogram, disappearing with the beginning of 
diastole. This phenomenon is called “muscular bridges” 
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Fig. 1. Dynamics of pressure (upper panel) and Volumetric 
blood flow velocity in different parts of the heart. Ao, aor-
ta; LV, left ventricle; RV, right ventricle; LAD, left anterior 
descending artery; RCA, right coronary artery; GCV, great 
cardiac vein. The diagram is borrowed from a presentation 
by Dirk J. Duncker (2014) in open access [8]

Fig. 2. An example of left coronary artery imaging with myo-
cardial bridge (location indicated by arrow) at the end of dia-
stole (left) and at the end of LV systole (right)

and, as a rule, is not accompanied by symptoms of co-
ronary heart disease [9].

Fig. 2 shows two angiogram frames recorded in LV 
systole and diastole in a patient with suspected myocar-

dial ischemia as an example. We can clearly see that the 
LAD lumen of the left coronary artery sharply narrows in 
systole and recovers at the beginning of diastole. Muscle 
bridges clearly demonstrate the effect of arterial const-
riction during LV contraction.

Meanwhile, in the normal heart, mechanical obst-
ruction of blood flow in LV systole occurs at the level 
of blood macrocirculation system in the cardiac wall, 
in particular, in intramural (perforating myocardium) 
arteries with diameter less than 500 μm and arterioles 
with diameter of at least 100 μm [10]. These vessels are 
located in connective-tissue interlayers between bund-
les of muscle fibers, extend from the epicardium to the 
subendocardial plexus in the LV wall [6].

On the contrary, at the level of blood microcircula-
tion in vessels with diameter <100 μm, cardiac muscle 
contraction has practically no effect on arterial lumen 
[11, 12]. Compression of arterial vessels in the micro-
circulatory system during LV systole is prevented by 
two factors. Firstly, small caliber arterioles are located 
parallel to cardiomyocytes and secondly, each arterial 
vessel is surrounded by two venules. In fact, these vessels 
dampen the compression of the arterioles by contrac-
ting myocytes, and the diameter of the venules changes 
significantly, from 48 μm in LV diastole to 31 μm in 
systole. Due to these two factors, a protective effect is 
provided, allowing to keep the lumen of arterioles of the 
microcirculation system almost unchanged: 38 μm in LV 
systole and 39 μm in diastole [13].

Thus, the coronary paradox is a phenomenon of 
hemodynamically significant compression of the per-
forating vessels of the LV coronary blood flow macro-
circulation system during cardiac systole. It is based on 
the mechanical relationship between myocardium and 
coronary arteries, which is predetermined by peculiari-
ties of the heart structure and left ventricle in particular.

mechaniSmS Of arTerial cOmPreSSiOn 
in lv SYSTOle

A number of hypotheses are known to explain the 
mechanism of coronary blood flow obstruction in LV 
systole. In general, these hypotheses are to some extent 
supported by evidence, and they can be divided into 
two main groups. The first includes functional models 
explaining myocardial mediated action on coronary ar-
tery lumen due to increased intramyocardial pressure 
in the cardiac wall during systole. The second group of  
assumptions considers the direct mechanical action  
of the myocardium on coronary arteries.

The mediated mechanism of arterial compression 
is represented by two basic models: waterfall [14] and 
intramyocardial pump [15]. Both models are based on 
the assumption that myocardial contraction increases 
intramyocardial pressure in the cardiac wall, which acts 
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on the outer surface of the artery. In this case, the vessel 
lumen decreases and resistance to blood flow increases.

The waterfall model states that the rate of blood flow 
in the coronary system in LV systole will be determined 
by the difference between the pressure in the area of 
arterial compression and venous pressure, divided by 
peripheral vascular resistance. Additionally, the intra-
myocardial pump model suggests that in LV systole, 
arterial compression moves blood in mutually opposite 
directions like a pump [16]. The advantage of the intra-
myocardial pump model over the waterfall model is that 
it can explain retrograde blood flow in arteries and the 
increase in venous outflow in cardiac systole.

The existence of direct (mechanical) myocardial 
action on coronary blood flow has been convincingly 
demonstrated on isolated cat hearts [17] and dog hearts 
in situ [18]. In these experiments, conditions for isovolu-
metric and isobaric LV contractions were created. In the 
first case, ventricular pressure increased with unchanged 
chamber volume, i.e. there was no cardiac output. In the 
case of isobaric contraction, pressure in the chamber was 
maintained constant from the moment of myocardial 
excitation, while the LV volume decreased, that is, blood 
ejection began immediately with the beginning of the 
mechanical cardiac cycle. The authors found that irres-
pective of fundamentally different pressure dynamics in 
the LV, the same effect of coronary blood flow reduction 
in systole was observed.

To explain the mechanism of direct action of cardiac 
muscle on coronary blood flow, several basic models 
have been proposed, three of which seem to be the most 
realistic. They are varying elastance, muscle shortening 
and thickening, and vascular deformation. All models 
imply a direct mechanical connection between coronary 
vessels and myocardium in the heart wall.

The variable elastance model is based on the concept 
of changing myocardial elasticity in LV systole [19]. 
At the subcellular level, an increase in cardiomyocyte 
rigidity is associated with the interaction among major 
sarcomeric proteins (myosin with actin). After cardiac 
cell excitation, myocardial elasticity increases signifi-
cantly, and the higher the cell contractility, the greater 
the active stiffness of the muscle, and the greater the 
elastance. Elastic force in the myocardium exerts pres-
sure on the arterial walls, due to which the lumen and 
blood volume in the vessels decrease in places where 
they are compressed [20].

The muscle shortening and thickening model is based 
on the position about the constancy of cardiomyocyte 
volume in all phases of the cardiac cycle. Therefore, 
cardiac cell shortening in LV systole is accompanied by 
increased transverse size, which puts pressure on the ves-
sels [21]. The proposed arterial compression mechanism 
can be realized in both early and late LV systole, whe-
re myocardial shortening and thickening take place to  

a greater or lesser degree due to a high degree of struc-
tural heterogeneity in the LV wall [5].

The vascular deformation model relates myocardial 
contraction to coronary blood flow not only due to chan-
ges in arterial lumen, but also due to the influence of car-
diac muscle mechanics on arterial tortuosity, branching 
angles at their bifurcation sites [22]. It is believed that the 
proposed mechanism can manifest itself predominantly 
in the microcirculatory system of coronary blood flow.

It should be noted that all considered mechanisms of 
mediated and direct influence of myocardial contractile 
function on blood dynamics in coronary arteries are suf-
ficiently reasonable but not universal. Probably, one or 
another phenomenon of blood circulation in LV systole 
can be explained by the combined action of mechanisms 
depending on specific conditions. At the same time, it is 
important to emphasize that, in the context of the topic of 
the present presentation, any of the mechanisms conside-
red explains the limiting effect of myocardial contraction 
on blood flow in the heart vessels in LV systole.

rOle Of cOrOnarY arTerY cOmPreSSiOn 
in mYOcardial circulaTiOn

The systolic role of LV in coronary blood flow is 
about 20–25% of the total per mechanical cardiac cycle 
[6, 23]. This circumstance was the basis for talking about 
the limiting effect of myocardial contractile function on 
coronary blood flow. There is an opinion that systolic 
compression (squeezing) of cardiac arteries is a “forced 
situation” negatively influencing coronary circulation. 
Below, we will try to formulate possible mechanisms to 
support the hypothesis about the positive contribution of 
coronary paradox to blood circulation in heart vessels.

So, cardiac systole occurs immediately after electri-
cal excitation of the myocardium and begins with LV 
isovolumetric contraction phase, which proceeds with 
closed valves, and takes a short time interval (50–70 ms). 
During this period, cardiomyocytes generate force, active 
cell stiffness rapidly increases, which leads to increased 
mechanical tension in the LV wall, intraventricular and 
intramyocardial pressures.

Ultimately, a combination of the above events leads 
to compression of the perforating arteries, resulting in 
a rapid decrease in VBFV in the proximal parts of the 
coronary bed to almost zero (see Fig. 1). In some cases, 
during this period of the cardiac cycle, one can observe 
retrograde blood flow, i.e. in the direction towards the 
aorta [3, 24]. It means that in the places of compression 
of perforating arteries, there is not only blood flow li-
mitation but also the driving force (pressure on vessels) 
that ensures blood flow. The mechanism of such myo-
cardial action on the arteries is well described within the 
concepts of intramyocardial pump [15] and/or variable 
elastance [19, 20] (see above). The contribution of LV 
isovolumetric contraction phase to myocardial blood 
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supply is usually not taken into account due to the lack 
of the possibility of quantifying it.

The isovolumetric phase of LV systole passes into the 
phase of blood ejection into the aorta. Cardiomyocytes 
during this period are significantly shortened, active cell 
stiffness continues to increase to the maximum value. 
The pressure in the aorta increases up to the value of 
the LV end-systolic pressure. In relation to systemic 
hemodynamics, where blood flow is determined by ar-
teriovenous pressure difference, coronary circulation  
is critically different due to prior compression of perfora-
ting arteries during isovolumetric LV contraction phase. 
Similar to hemodynamic changes in arterial stenosis, in-
creased resistance to blood flow in early systole leads to 
a decrease in its volumetric characteristics, systolic and 
pulse pressure values, and the emergence of a pressure 
gradient in the arteries at their narrowing level.

In LV coronary macrocirculation system, blood flow 
during the ejection phase is determined by pressure dif-
ference in the aorta and perforating arteries. Compression 
of perforating arteries during this cardiac cycle phase 
continues to increase and, therefore, makes additional 
pumping contributions to antegrade blood flow below 
the level of arterial compression. The systolic contribu-
tion of arterial compression to coronary blood flow can 
be explained within any or all of the known concepts 
discussed above.

Noteworthy are the few studies that have investiga-
ted functional differences in myocardial and circulation 
mechanics in the layers of the cardiac wall. In particular, 
significant axial differences in both regional myocardial 
function and perfusion density by wall thickness have 
been shown. The relationship between these characte-
ristics has also been demonstrated [25, 26].

Evidence suggests that in LV systole, there is not 
just compression of perforating coronary arteries, but 
sequential compression of vessel sections along its axis, 
coordinated in space and time. In terms of the intramyo-
cardial pump and/or variable elastance concepts, this 
circumstance increases blood pumping capacity in the 
corresponding direction. It is similar to the principle 
of peristaltic pump operation, where volumetric liquid 
flow velocity directly depends on the number of rollers 
squeezing the tube.

It should be added that in the system of precapillary 
arterioles of coronary microcirculation, there is also a 
myocardial compression role, but on the venules sur-
rounding arterioles [13]. This fact gives grounds to speak 
about the presence of the pumping role of cardiac muscle 
in venous outflow in LV systole.

Thus, mechanical (contractile) function of the myo-
cardium in LV systole determines coronary blood flow 
due to two factors: 1) compression of the perforating 
arteries, which begins even before an increase in arterial 
pressure and, 2) increase in aortic pressure. In the context 
of the coronary paradox, LV can be formally considered 

as a dual-purpose mechanical pump – providing global 
hemodynamics for the body as a whole on one hand, and 
a pump for coronary blood circulation, in particular, on 
the other hand.

Cardiac diastole begins with the LV isovolumetric 
relaxation phase, when actin-myosin interaction in cardi-
omyocyte sarcomeres rapidly subsides. At the same time, 
myocardial stiffness, intramyocardial pressure and LV 
pressure rapidly decrease at a constant chamber volume. 
Fig. 1 clearly shows that during a short period of time 
(~50 ms), VBFV in the LAD, off the left coronary artery, 
increases sharply and reaches its maximum value by the 
beginning of the LV diastolic filling phase.

This hemodynamic phenomenon is commonly refer-
red to as “suctioning” or decompression effect in corona-
ry arteries [27, 28]. It is based on rapid reduction of elas-
ticity in the cardiac wall during myocardial relaxation, 
which leads to restoration of perforating arterial lumen 
within a short period of time. A sharp decrease in arterial 
hydrodynamic resistance is accompanied by increased 
gradient between the pressure in the proximal and distal 
parts of the coronary system, leading to rapid filling of 
the arteries with blood below the vessel compression 
places in LV systole. Further, blood flow in LV diastole 
is determined by arteriovenous pressure difference and 
peripheral resistance in the coronary system.

Thus, arterial compression realizes its effect on co-
ronary hemodynamics in all phases of the cardiac cycle, 
from the moment of myocardial excitation. Coronary 
artery compression provides not only systolic contribu-
tion to coronary circulation, e.g., by the intramyocardial 
pump principle, but also sets the conditions for blood 
flow through the heart vessels in LV diastole. The ratio of 
the systolic and diastolic contributions of the “coronary 
paradox” to cardiac hemodynamics depends on the ino-
tropic state of the myocardium. This plays an important 
role in the adaptation of the heart to increasing load, 
regardless of whether the load is physical or related to 
the development of pathological processes in the heart 
[5, 7, 29].

The rOle Of cOrOnarY arTerY 
cOmPreSSiOn in The hearT

The history of coronary blood flow studies dates back 
more than three centuries. Centuries-old scientific ideas 
about blood flow regulation in heart vessels were based 
on the study of hemodynamics in large coronary arteries. 
Development of modern medical diagnostic technologies 
in the last few decades has allowed a new perspective 
on many aspects of coronary blood flow regulation due 
to the possibility of assessing blood flow in the micro-
circulatory system. In particular, it became clear that 
normal blood flow in branched capillary networks is non-
pulsating and has ~0.5 mm/s velocity at 25–35 mmHg 
pressure [30]. It can be considered that such hemody-
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namic parameters are optimal for blood-cardiomyocyte 
metabolic processes. However, how this optimality is 
achieved is still not completely clear.

At rest, myocardial contractile activity provides a 
systolic pressure of about 110–120 mmHg in the aorta, 
with a pulse pressure of about 40 mmHg. The coronary 
system, being in close proximity to the heart, experi-
ences approximately the same hemodynamic loads in 
the large subepicardial arteries. Taking into account the 
small length of the coronary system compared to the 
large circulatory circle, it can be assumed that pressure 
boundary conditions at the inlet of the coronary system 
are excessive to provide the necessary parameters in the 
blood microcirculation system in the heart.

Compression of perforating arteries in LV systole 
increases resistance to blood flow, reduces arteriovenous 
pressure difference in the system and, therefore, prevents 
hydrodynamic stroke in the distal parts of the coronary 
bed. In its essence, the “coronary paradox” is a kind of 
“systolic barrier” to blood flow at the inlet of the coro-
nary hemodynamic system.

Let us pay attention to the fact that the systolic bar-
rier principle is also realized in the cerebral circulation 
system, where straightening siphons (S-shaped bends) 
of main arteries play the damping role of blood flow in 
LV systole [31]. Curiously, the organs more distant from 
the aortic orifice do not have such protection.

A priori, obstruction of blood flow in the large corona-
ry arteries is likely to reduce LV efficiency. However, as 
noted above, nature has been able to “turn” what seems 
to be disadvantages in heart design into advantages of 
its functioning. Indeed, the presence of arterial vessel 
compression is able to optimize coronary hemodyna-
mics in all phases of the cardiac cycle, thus providing 
blood flow conditions necessary for metabolic processes 
in cardiomyocytes. Hence, the “coronary paradox” can 
be considered as an integral determinant in coronary 
circulation regulation.

In conclusion, it should be said that the issues raised 
are the subject of ongoing discussions [6, 7]. This is due 
to the extraordinary complexity of studying the coronary 
system, in which all regulatory links are closely inter-
connected with each other. It concerns not only mutual 
humoral influences between the myocardium and smooth 
muscle of coronary vessels, but also mechanical interac-
tions caused by structural heterogeneity of the heart and 
left ventricle in particular [32].

In this work, we have tried to convince the interested 
reader that systolic arterial compression is not a “forced” 
but a strictly “grounded” natural phenomenon. A phe-
nomenon aimed at solving the problem of optimization 
of the joint activity of contractile and coronary systems 
in biological pump design. We hope that interpretati-
on of the facts proposed in the paper gives grounds to 
suggest that LV systolic contribution to coronary blood 
flow is clearly underestimated. Understanding the role 

of the “coronary paradox” in the heart can be useful for 
practicing physicians when choosing treatment tactics 
for patients, optimizing left ventricular bypass during 
heart surgeries, as well as improving the efficiency of 
adaptation of the transplanted heart.
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