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WHHOBALLMOHHBIE
PA3PABOTKU $rBY «HMMUL, TUO
UM. AK. B.U. LUYMAKOBAN
MWH3APABA POCCUH
OTMEYEHbI CPEAU
BAXHENLLIUX AOCTUXEHUK
POCCUNUCKOMN HAYKHU

B 2022 rOAY

I'nyookoysarcaemvie konnecu!

23 masn 2023 200a 6 Mock-
ge 6 0oK1ade npe3udeHmada
Poccuiickoii akaoemuu mayx
I'Al. Kpacuukosa Obwemy cob-
panuio akademuu Ovliu npeo-
cmasnenvl Haubonee 3HayuUMble
HayuHble 00CMUNCEHUs. POCCULL-
CKUX YVYeHbIX KaK GAdCHeuuu
cmpame2uyecKkull U uHmeJiex-
MYanvHblil pecypc 07 peueHus
NPUOPUMEMHBIX 20CYOAPCMBEH-
Hblx 3a0a4. Peub uoem 06 unno-
8aYUOHHBIX pa3pabomkax, ba-
SUPYIOWUXCSL HA OOCMUNCEHUSIX
GyHoameHmanvbHOU HAYKU U HANpagIeHHbIX Ha
obecneueHue mexHoI02U4ecKo20 Cy8epeHume-
ma Poccuu.

Cpeou oocmudwcenutl 8 0b1acmu MeOuyutbsl
Oviiu ommeuenvl pazpabomannvie 6 OPI'BY
«HMHUL] mpancnaanmonoauu u uckyccmeenHvix
opeanos um. ax. B.U. [llymakoea» Munsopasa
Poccuu memoowr u mexnonozuu ona mpancnian-
Mayuy HCUZHEHHO 8AXCHBIX OP2AHO8 Y Oemeli U
83POCIbIX, 8 YACMHOCMU MEXHON02USL U30TUPO-
8aHHOU Neppy3un OOHOPCKUX JIE2KUX, NO3BONAI0-
Was He MOILKO COXPAHAMb, HO U PeaduIumupo-
8amv OOHOPCKUL Op2aH OJisl MPAHCHIAAHMAYUU.

Co30anbl omeuecmeeHHble CUCTEMbL 6CHOMO-
2amenbHo20 Kpo8oobpawenus 0Jisi 08YXdman-
HOU mpancnaanmayuu cepoya. Paspabomku

-

INNOVATIONS

AT SHUMAKOV CENTER
COUNTED AMONG

THE MOST

IMPORTANT
ACHIEVEMENTS

IN RUSSIAN SCIENCE
IN 2022

Dear esteemed colleagues,

On May 23, 2023, the Presi-
= dent of the Russian Academy of
Sciences, Prof. Gennady Kras-
nikov, presented a report befo-
re the General Assembly, the
Academy s supreme organ. Im-
portant strategic and intellectu-
al resource for solving Russia's
priority challenges were recog-
nized as the most significant sci-
entific achievements by Russian
scientists. These are innovative
developments based on breakt-
hroughs in fundamental science
and aimed at ensuring Russia’s technological
sovereignty.

Among the achievements recognized in the
field of medicine were inventions developed at
Shumakov National Medical Research Center
of Transplantology and Artificial Organs. These
were techniques and technologies for transplan-
tation of vital organs in children and adults.
Prominent among them is isolated lung perfu-
sion, which has shown to be highly effective in
preserving and rehabilitating donor organs for
transplantation.

Included in the list of achievements are Rus-
sian-made circulatory support systems designed
to facilitate two-stage heart transplant surge-
ries. The inventions are currently being mass



006e0eHbl 00 CMAdUU CEPULHO20 NPOU3B00CHEA,
uMeemcs YCHewHblli Onblm Ux KJIUHUYECKO20
npumenenus. Opucunaibhbie KOHCMPYKYUU
OmeyecmeeHHbIX CUCTEM 8CHOMO2AMENbHO20
Kp0O800OpaweHus 3ape2ucmpuposansl 8 popme
08YX MeAHCOYHAPOOHBIX 3A5I80K HA NAMEHMb.
3asepuienvl OOKIUHUYECKUE UCCTI008AHUSL Nep-
6020 8 MUpe UCKYCCMBEHHO20 JHCENYOOUKA Cepo-
ya 07151 neouampu4ecKux nayuenmos.

Paszpabomannvie mexunonocuu obecneuusa-
1om ygeauyeHue 00CmynHoCmu U 4ucia mpauc-
naaHmayuli cepoya, 1e2Kux 07 oemeil u 3poc-
JLIX, YAYUUeHUe KIUHUYEeCKUX pe3yibmamos
MPAHCNIaHMayuu, nO360JAI0M OMKA3AMbCA
0m 3apybedCHbIX AHAI0208.

IIpeocmasnennvie Hayunvie 0OCMUNCEHUS
HMUI] THUO um. ax. B.U. Illymaxosa 6 00-
Jacmu MmpaHCcnianmono2u U UCKyCCmeeHHbIX
0p2ano8 ybeoumenbHo 0eMOHCMPUPYION 803-
MOJHCHOCTD YCNEWHO20 PA3GUMUS HAYYHBIX PA3-
PAbOmMOK pOCCUTICKUX YUEeHbIX Om uoeu U QyH-
0AMEeHMAbHBIX UCCIE008AHUL 00 CEPULIHO2O
npou3600cmea NPOOYKMa U €20 KIUHUYECKO20
npumeHenust. Umenno makoti no0OXo0 omeeyaem
8b13068aM CE200HAUHE20 OHSI.

C ysaoicenuenm,
211a8HbLI PeOaKmop
axademux PAH C.B. [omve

produced and have been successfully applied in
clinical practice. Two international patents have
been filed to protect the original designs of these
circulatory assist systems. Preclinical studies
of the world’s first artificial heart ventricle for
pediatric patients have been completed.

All these inventions have increased the avai-
lability and number of heart-lung transplants
for children and adults, improved clinical trans-
plant outcomes, and eliminated the need for for-
eign systems.

The presented scientific achievements by Shu-
makov National Medical Research Center of
Transplantology and Artificial Organs demons-
trate convincingly that scientific inventions of
Russian scientists can be successfully developed
from the idea and fundamental research to mass
production of the product and clinical appli-
cation. It is this approach that meets today's
challenges.

Sincerely,

Sergey Gautier,
h Editor-in-chief, Russian Journal
1 of Transplantology and Artificial Organs.
Member, Russian Academy of Sciences
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INTEGRATED STRATEGY FOR PREVENTING DELAYED RENAL
GRAFT FUNCTION
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Objective: to determine the efficacy and safety of an integrated strategy aimed at preventing delayed renal graft
function (DGF). Materials and methods. From June 2018 to December 2022, 478 deceased-donor kidney trans-
plants were performed at Botkin Hospital, Moscow. The patients were divided into two groups: Group I consisted
of 128 patients who did not use the integrated strategy; Group Il included 67 patients in whom the DGF prevention
strategy was used at the perioperative stage. The integrated strategy involved the use of hypothermic oxygenated
machine perfusion (HOPE) using expanded criteria donors, the use of a second warm ischemia (SWI) elimination
device, personalized initial calcineurin inhibitor (CI) dosing, and use of alprostadil for high vascular resistance
in renal graft arteries. Results. DGF occurred in 5 of 44 patients (11.4%) that used the integrated strategy, and
in 13 of 44 patients (29.5%) in the control group. The differences were statistically significant (p = 0.034), there
was a medium strength relationship between the traits (V = 0.225). The use of the integrated DGF prevention
approach reduced the chances of developing DGF by a factor of 0.3 (95% CI: 0.1-0.95). The risk of DGF in the
integrated strategy group was 61.3% of the risk of DGF in the non-strategy group, thus the relative risk (RR)
is 1.63 (95% CI: 1.1-2.4). Median duration of graft function normalization was statistically significantly lower
in group II: 5 (IQR: 3-9) versus 15 (IQR: 7-19) days (p = 0.012). Mean length of hospital stay was 19.1 4.2
(95% CI: 14.5-26.1) bed-days in group I and 13.9 & 3.4 (95% CI: 9.3—17.2) bed-days in group II. Differences
in this indicator were also statistically significant (p = 0.043). Conclusion. The set of DGF prevention measu-
res, developed at Botkin Hospital, evidence-based and implemented in clinical practice, can reduce the burden
of modifiable risk factors of this complication significantly, thereby improving treatment outcomes for kidney
transplant recipients considerably.

Keywords: kidney transplantation, delayed renal graft function, risk factors.

INTRODUCTION

According to 2021 annual data report from the United
States Renal Data System (USRDS), the 5-year graft
survival rate for recipients of kidney from a deceased
donor was 77.6%, compared to 46.5% and 41.7% for
patients on peritoneal dialysis and hemodialysis, respec-
tively. Improvement in surgical technique, achievements
in transplantation immunobiology, increased availability
of kidney transplantation (K'Tx) as a result of better organ
donation coordination [1-4], have made KTx the gold
standard for treatment of patients with end-stage chronic
kidney disease (CKD) without absolute contraindications
[5, 6].

Organ shortage is a global problem in clinical trans-
plantology. One of the justified steps to reduce its burden
is the expansion of the donor pool through suboptimal
donors (expanded criteria donors) [7]. The donation cri-
teria expansion strategy, on one hand, allows increasing

the availability of transplant care. On the other hand,
however, the use of transplants obtained from subop-
timal donors is associated with increased incidence of
postoperative complications and shorter duration of graft
functioning, which has been reported by many authors.
One of such complications is DGF, which is associated
both with a higher number of early postoperative com-
plications and with worse long-term renal graft survival
outcomes [8].

Previously, we have identified potentially modifiable
risk factors for DGF [8] and preventive measures were
developed for each of them to reduce their impact on
renal graft [9-13].

The next stage of our work was to evaluate the ef-
fectiveness of the integrated strategy, which consisted of
the combined use of HOPE, use of an SWI elimination
device, personalized initial CI dosing, and use of alpros-
tadil for high vascular resistance.
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MATERIALS AND METHODS

From June 2018 to December 2022, 478 deceased-
donor kidney transplants were performed at Botkin Hos-
pital, Moscow.

Patients were divided into two groups: Group I
consisted of 128 patients in whom the integrated DGF
prevention strategy was not applied; Group II included
67 patients who used the strategy. Patient mean age was
46.91 +£9.9 (20-70) years. There were 49 women, mean
age was 46.26 = 9.4 (20-71) years. Men were 79, mean
age was 47.14 = 10.1 (20-71) years. All patients were
diagnosed with stage 5 CKD. CKD developed in 72 pa-
tients (56.3%) against chronic glomerulonephritis, in
9 patients (7%) as a result of autosomal dominant poly-
cystic kidney disease (ADPKD), in 8 patients (6.3%) as
a result of diabetic nephropathy, in 7 patients (5.5%) as
a result of chronic pyelonephritis, in 7 patients (5 in 6
(4.7%) against urogenital anomaly, in 5 patients (3.9%)
against nephroangiosclerosis, in 5 patients (3.9%) against
urolithiasis, in 5 patients (3.9%) against hemorrhagic va-
sculitis, and in 4 patients (3.0%) against focal segmental
glomerulosclerosis. There were 99 patients (77.3%) on
hemodialysis, 23 patients (17.9%) on peritoneal dialy-
sis, and 6 patients (4.8%) on predialysis. Preoperative
diuresis was present in 81 patients (63.2%) and absent
in 47 (36.8%). This was the first KTx for 107 patients
(83.6%), the second for 20 (15.6%) patients, and the third
for 1 (0.8%) patient. Median recipient BMI was 25.08
(IQR: 21-33) kg/m’. Increased levels of preexisting class
I antibodies were observed in 6 patients (4.7%), and class
IT in 8 patients (6.3%).

In all cases, KTx was performed from a deceased
donor. The kidney donor was recognized as a standard
donor in 86 cases (67.2%), as an expanded criteria donor
in 40 cases (31.3%) and as a donor after cardiac death in
2 cases (1.5%). Median donor age was 47 (IQR: 41-55)
years and BMI was 26.2 (IQR: 24.0-31.1) kg/m’. Me-
dian creatinine levels and ICU length of stay were 87.37
(IQR: 70-93) umol/L and 43 (IQR: 32.3-78.1) hours,
respectively. Vasopressor support was used in 101 donors
(78.9%), among whom 4/101 (3.9%) had a norepine-
phrine dose >1000 ng/kg/min or a second vasopressor
was connected.

Median cold storage time was 10.1 (IQR: 8.2-12.5)
hours. Median SWI time (vascular anastomosis formati-
on) was 41 (IQR: 31-51) minutes. Mean operative time
and intraoperative blood loss were 221.3 + 44.5 (95%
CI: 226.5-244.2) minutes and 115.3 + 75.2 (95% CI:
113.4-134.2) mL, respectively. In all cases, intraope-
rative Doppler ultrasound of the renal graft was per-
formed with determination of arterial resistivity index
(RD), the median of which was 0.7 (IQR: 0.63-0.85). A
standard technique was used to reduce the effect of SWI.
A triple-therapy regimen consisting of prolonged-release
tacrolimus, mycophenolic acid derivatives and methyl-

prednisolone was used in all cases as immunosuppressive
therapy in the early postoperative period. Basiliximab
was used intraoperatively in all cases for induction and
on day 4. Similarly, 500 mg of methylprednisolone was
administered intraoperatively on days 3 and 5. The target
tacrolimus trough level in the early postoperative period
was 10-12 ng/mL.

Group II included 67 patients in whom the integra-
ted strategy to the prevention of DGF was used at the
perioperative stage. Mean patient age was 45.53 + 10.7
(20-71) years. There were 22 women, the mean age was
45.43£10.6 (21-72) years. Men were 45, mean age was
45.67+10.1 (20-72) years. All patients were diagnosed
with stage 5 CKD. In 35 patients (52.3%) CKD deve-
loped against chronic glomerulonephritis, in 8 patients
(11.9%) against ADPKD, in 8 patients (11.9%) against
diabetic nephropathy, in 6 patients (9%) against chronic
pyelonephritis, in 6 patients (9%) against chronic tubu-
lointerstitial nephritis, and in 4 patients (5.9%) against
urogenital anomaly. There were 59 patients (88%) on
hemodialysis, 6 patients (9%) on peritoneal dialysis,
and 2 patients (3%) on predialysis. Preoperative diure-
sis was present in 52 patients (77.6%) and absent in 15
(22.4%). This was the first KTx for 64 patients (95.5%)
and the second for 3 (4.5%) patients. Median recipient
BMI was 25.66 (IQR: 21-32) kg/m’. Increased levels of
preexisting class I antibodies were found in 4 patients
(5.9%), and class II in 7 patients (10.4%).

In all cases, KTx was performed from a deceased
donor. The kidney donor was recognized as a standard
donor in 35 cases (52.2%), as an expanded criteria donor
in 26 cases (38.8%) and as a donor after cardiac death in
6 cases (9%). Median donor age was 49.6 (IQR: 45-56)
years and BMI was 26.9 (IQR: 24.6-31.3) kg/m’. Me-
dian creatinine levels and ICU length of stay were 89.9
(IQR: 74-98) umol/L and 45 (IQR: 32.3—78.1) hours,
respectively. Vasopressor support was used in 56 donors
(83.5%), among whom 4/56 (7.1%) had a norepinephri-
ne dose >1000 ng/kg/min or a second vasopressor was
connected.

The average perfusion time was 211.35+42.67 (180-
320) minutes. When perfusion was performed, median
static hypothermic preservation time was 278.35 £ 94.26
(250—450) minutes. Median SWI time (vascular anasto-
mosis formation) was 40 (IQR: 31-52) minutes. A device
developed at the clinic was used to reduce the effect of
SWI. Mean operative time and intraoperative blood loss
were 219.3 +45.3 (95% CI: 214.7-249.5) minutes and
117.9 = 74.1 (95% CI: 115.3-140.9) mL, respectively.
In all cases, intraoperative Doppler ultrasound of the
renal graft was performed with determination of RI, the
median being 0.76 (IQR: 0.6-1). To correct RI, patients
in this group received continuous infusion of alprostadil
at a dose of 120 pg per day. A triple-therapy regimen
consisting of prolonged-release tacrolimus, mycophe-
nolic acid derivatives and methylprednisolone was used
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in all cases as immunosuppressive therapy in the early
postoperative period. Basiliximab was used for induction
in all cases intraoperatively and on day 4. Basiliximab
was used intraoperatively in all cases for induction and
on day 4. Similarly, 500 mg of methylprednisolone was
administered intraoperatively on days 3 and 5. The star-
ting tacrolimus dose taken by the patient before surgery

was determined individually based on the patient’s age
and weight. Target tacrolimus trough level in the early
postoperative period was 10—12 ng/mL.

Methods and statistical analysis

The exclusion criteria for both groups were the fol-
lowing: primary nonfunction, postoperative complica-

Table 1
Comparative characteristics of perioperative factors in groups I and II
Indicator Group I (n=128) | Group Il (n=67) p
Sex:
Male 80 44 0.871
Female 48 22
Average age (years) 44.34 +£13.47 45.53 +£10.7 0.981
Diagnosis:
Chronic glomerulonephritis B 385
Polycystic kidney disease 1 ]
Diabetic nephropathy ] 6
Chronic pyelonephritis 7 6 0.645
Chronic tubulointerstitial nephritis 3 0 ’
Urolithiasis
7 4

Developmental anomaly > 0
Hemorrhagic vasculitis > 0
Hypertensive nephroangiosclerosis 1 0
Diuresis:
Adequate 83 52 0.798
Oligoanuria 45 15
Dialysis:
Hemodialysis 98 59
Peritoneal dialysis 22 8 0.674
Pre-dialysis patient 8 2
Transplant history:
First transplantation 109 64 0.791
Second transplantation 19 3 '
Third transplantation 0 0
Increased pre-existing antibodies:
Class 1 8 4 0.77
Class 11 9 7
Recipient median body mass index (kg/m?) 24.26 25.66 0.453
Donor type:
Standard DBD donor 83 35 0.56
Expanded criteria DBD donor 44 26
DCD donor 1 6 *0.007
Donor median age (years) 42.3 49.6 *(0.042
Donor median body mass index (kg/m?) 24.7 26.9 0.85
Donor median creatinine level (umol/L) 88.2 89.9 0.873
Donor median length of hospital stay (hours) 47 45 0.76
Donor vasopressor support:
No 19 11 0.59
Yes 109 56
Mean Fotal hypothermic preservation time (static + oxygenated 66145 + 159 4 649 + 123 8 0341
perfusion) (minutes)
Average hypothermic oxygenated machine perfusion (minutes) 0 214.7+49.1 *<(.001
Median second warm ischemia time (minutes) 43 40 0.74
Mean surgical time (minutes) 239.2+51.4 219.3+453 0.125
Median blood loss volume (mL) 1343 +£82.9 117.9+ 74.1 0.229
Median intraoperative resistive index 0.72 0.73 0.94

10
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tions requiring emergency graftectomy in the first week
after transplantation, and recipient death in the first
7 days. The groups were comparable in terms of basic
recipient characteristics, perioperative parameters, and
a number of donor characteristics except for age (p =
0.042) and proportion of asystolic donors (p = 0.007).
Detailed comparative characteristics are presented in
Table 1.

Due to significant differences in two important risk
factors for DGF — donor age and frequency of donors
after cardiac death (DCD) (p = 0.047 and p < 0.001, re-
spectively) — we performed pseudorandomization of the
compared groups by PSM (0.1 compliance (or matching
or conformity) tolerance). The resulting pseudorandomi-
zation groups had 44 patients each and were comparable
for donor age (p =0.732) and proportion of DCD donors
(p=0.612).

RESULTS

Analysis of the immediate results in the two study
groups after pseudorandomization showed that DGF
developed in 5 of 44 patients (11.4%) in the integrated
strategy group, and in 13 of 44 patients (29.5%) in the
control group. The differences were statistically signifi-
cant (p = 0.034) and there was a medium strength rela-
tionship between the traits (V = 0.225). The use of the
integrated preventive strategy reduced the chances of
developing DGF by a factor of 0.3 (95% CI: 0.1-0.95).
The risk of DGF in the integrated strategy group was
61.3% of the risk of DGF in the group that did not use
the strategy, thus RR = 1.63 (95% CI: 1.1-2.4). Median
duration of graft function normalization was statistically
significantly lower in group V: 5 (IQR: 3-9) versus 15
(IQR: 7-19) days (p = 0.012). Mean length of hospital
stay was 19.1 = 4.2 (95% CI: 14.5-26.1) bed-days in
group I and 13.9 + 3.4 (95% CI: 9.3—-17.2) bed-days in
group V. Differences in this indicator were also statisti-
cally significant (p = 0.043).

Clinical outcomes of treatment of kidney recipients
in groups I and II before and after pseudorandomization
are presented in Table 2.

DISCUSSION

DGF is a multifactorial problem that has a significant
negative impact on both immediate and long-term outco-
mes of KTx. This complication is enhanced significantly
by donor characteristics that transplant physicians cannot
correct. At the same time, there are a number of factors
that can have an additional damaging effect on the renal
graft at the stage of preservation (static hypothermic
preservation time), surgery (SWI time) and in the early
postoperative period (nephrotoxicity of Cls, increased
vascular resistance). The more donor-associated risk
factors for DGF, the more attention should be paid to
the correction of perioperative risk factors.

In our opinion, correction of potentially modifiable
risk factors should be carried out at all the above sta-
ges — preservation, surgery and in the early postoperative
period — since mitochondrial damage in kidney graft
cells can be prevented using HOPE, but severe ischemia-
reperfusion injury can be caused due to prolonged SWI
with development of high vascular resistance with im-
paired perfusion of the renal graft cortex. On the other
hand, a short SWI time and a perfectly selected initial CI
dose are not able to prevent severe ischemia-reperfusion
injury during prolonged static hypothermic preservation
with cell organelle death.

Clinical data obtained demonstrate the benefits of our
integrated DGF prevention strategy, which consists of the
use of HOPE for expanded criteria donors, the use of an
SWI elimination device, personalized initial CI dosing,
and the use of alprostadil for high vascular resistance in
renal graft arteries. There was a significant decrease in
DGEF incidence (p = 0.034) and median duration of DGF
(p = 0.012) compared with the control group. This led
to shorter average length of hospital stay (p = 0.043).

CONCLUSION

The set of DGF prevention measures, which were
developed at Botkin Hospital, evidence-based and im-
plemented in clinical practice, can reduce the burden of
modifiable risk factors of this complication significantly,

Table 2

Comparative analysis of treatment outcomes in groups I and II before and after pseudorandomization

Indicator Pre-pseudorandomization Post-pseudorandomization
Group | Group VI P Group | Group VI P
(n=128) (n=67) (n=44) (n=44)
Donor median age (years) 42.3 49.6 *0.042 46.7 47.1 0.732
Proportion of asystolic donors 1/128 (0.8%) 6/67 (9%) |*<0.001| 1/44 (2%) 3/44 (7%) | 0.612
Frequency of DGF 37/128 (28.9%) | 15/67 (22.4%) | 0.609 |13/44 (29.5%) |5/44 (11.4%) | *0.034
Median DGF duration (days) 13 6 *0.029 15 5 *0.012
Average length of hospital stay (bed-days)| 16.21 +8.4 15.37+4.2 0.312 19.1+4.2 13.9+3.4 |*0.043
Incidence of all complications 22/128 (22%) | 6/67 (8.9%) | 0.134 [12/44 (27.3%)| 3/44 (6.8%) | 0.27
Incidence of acute graft rejection 0 1/67 (1.4%) 0.89 0 0 1
In-hospital mortality 0 0 1 0 0 1
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thereby improving treatment outcomes for kidney trans-
plant recipients considerably.

The authors declare no conflict of interest.
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The paper presents a comparative assessment of different methods of treating symptomatic bladder outlet obst-
ruction (BOO) in patients with benign prostatic hyperplasia (BPH) who underwent kidney transplantation (KT).
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INTRODUCTION

Ninety-one years ago, on April 3, 1932, Soviet surge-
on, Yury Voronoy, performed the first kidney transplanta-
tion (KT) in the world. Since then, there have been major
breakthroughs in the field of KT in Russia and around
the world [1-3]. KT is championed as the gold standard
treatment for patients with end-stage kidney failure [3].

In 2018, over 95,000 KTs were performed worldwide
[1]. In the Russian Federation, the number of kidney
transplant surgeries increases every year [2].

In the early and late post-KT period, there is a high
likelihood of various complications [4—8]. Urological
complications in KT recipients, whose incidence is
3—-14%, causes longer hospital stay, graft dysfunction
and increased mortality [S—10]. One of the complications
is bladder outlet obstruction (BOO) in the background of
benign prostatic hyperplasia (BPH) [5, 6, 8, 11].

At the same time, the incidence of BPH-associated
BOO in the postoperative period increases every year, as
the age of recipients increases [4—8, 11, 12]. Urological
problems in transplanted kidney recipients are associated
with decreased graft survival and lead to higher morbi-
dity and mortality [13—-17].

The age of kidney transplant recipients increases eve-
ry year and, on average, exceeds 55 years [14]. However,
it should be taken into account that 50—70% of men over
50 years of age present with lower urinary tract symp-
toms (LUTS) associated with BPH; LUTS prevalence
reaches 80% in men aged 80 [17].

In the pre-transplant period, against oliguria accom-
panying chronic kidney disease, symptoms of chronic
urinary fade into the background and do not bother the

patient. The patient may have no characteristic comp-
laints. Whereas after successful KT, manifestations of
BOO on the background of BPH increase and signifi-
cantly worsen the quality of life (QoL) of patients.

In recent years, there have been significant advan-
ces in the treatment of urological complications, largely
due to advances in therapy [6—16, 18-21]. A compara-
tive analysis of the availability and efficacy of different
methods of treatment of BOO against BPH in kidney
transplant recipients is presented in this review.

METHODS OF TREATING SYMPTOMATIC BOO
IN BPH PATIENTS WHO UNDERWENT KIDNEY
TRANSPLANTATION

Treatment of BOO in KT recipients can be therapeu-
tic, surgical, or combined [18, 19].

It is necessary that the above approaches be perso-
nalized after analyzing the comorbidities, age of the
patient, size of the prostate gland, etc. [20-27]. After
careful examination, the patient’s management tactics are
determined: dynamic monitoring, drug therapy or surgi-
cal treatment [20-26]. Surgical treatment is indicated if
conservative approaches to BOO therapy fail [20-27].

Drug therapy for BOO in BPH patients
who underwent kidney transplantation

Given the progressive nature of the disease, BPH
medication therapy is carried out for a long time, in some
patients — for themk entire life. In BPH treatment in all
patients, several kinds of medicines are used. However,
the basic therapy consists of three groups of drugs: al-
pha-1 blockers (A1Bs, adrenergic alpha-1 receptor ant-
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agonists), S-alpha-reductase inhibitors (5-ARIs), phos-
phodiesterase type 5 (PDES) inhibitors [20-26, 28-31].

In the general population, drug treatment of BPH-
associated LUTS in kidney transplant recipients initially
includes alpha blockers and finasteride in most cases
[31]. Medication therapy with A1Bs can be used as the
first stage of treatment. Adrenergic alpha-1 receptor an-
tagonists are first-line drugs and are used for moderate
to severe lower urinary tract syndromes. The action of
these drugs begins 48 hours after intake [28, 30].

Currently, five drugs of this group are used in clinical
practice: alfuzosin, doxazosin, silodosin, tamsulosin,
terazosin [28, 30, 32-34]. The differences between the
listed drugs lie in their tolerability, which is due to their
pharmacodynamics and pharmacokinetics. A1Bs are ef-
fective in correcting LUTS symptoms, but do not reduce
prostate size or protect against the development of acute
urinary retention in the long term. Tamsulosin is the most
commonly used A1Bs in the world [28, 33].

Several randomized, placebo-controlled clinical trials
(RPCCTs): three phase III RPCCTs and two phase IV
RPCCTs have been performed to investigate the effec-
tiveness of A1Bs in a subgroup of patients with severe
BOO [28, 30, 32, 33].

Disease severity was assessed by two or more of
the following criteria: International Prostate Symptom
Score (IPSS), QoL score, maximum urinary output (Q,,..)
<5 mL/s or residual bladder volume >100 mL, prostate
volume >50 mL [30]. The main endpoint of the study
was the change in IPSS score relative to baseline.

Comparison of silodosin and placebo among patients
with severe LUTS revealed statistically significant diffe-
rences in favor of the active treatment group compared
to the placebo group in terms of improvements in QoL,
IPSS, its subscores, and Q,,,.. 53% of patients with se-
vere LUTS and a baseline total IPSS score >20 included
in a phase III placebo-controlled RPCCT showed an
8-19 improvement in IPSS scores after treatment, 10.2%
improved their IPSS score by 0—7 points, and 36.8%
showed no significant improvement from baseline. The
corresponding figures for patients receiving placebo were
36.6%, 4.8%, and 58.6%. The proportion of patients
receiving silodosin who reported improvement (5-6
to 0—4), no effect, and worsening (0—4 to 5-6) of QoL
scores was 44.2%, 54.7%, and 1.1%, respectively, and
the same rates among patients receiving placebo were
26.4%, 70.6%, and 3.0% (p = 0.0009) [30].

Thus, silodosin monotherapy provides statistically
significant clinical improvement in the group of patients
with severe BOO. These results correlate with the data
obtained in the study of patients receiving tamsulosin or
alfuzosin, and confirm the favorable pharmacodynamic
effect of this class of drugs [30, 32]. It was noted that
IPSS scores in patients with severe LUTS against the
background of tamsulosin therapy at a dose of 0.4 mg/
day improved by an average of 5.8—14.3 points [30].
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AB are more effective in severe than in minor mani-
festations of LUTS [31]. Debruyne et al. [30] found mean
improvements in IPSS scores assessing bladder filling
and emptying by 1.9 and 3.9 points, respectively, among
patients with severe BOO who received tamsulosin at a
dose of 0.4 mg/day. These results support the assumption
that the effect of AB is mainly to reduce obstruction. Also
Debruyne et al. [30] showed an improvement in QoL
after 12 months of treatment with tamsulosin 0.4 mg/
day. Improvement in Q,,, was clinically insignificant.
This conclusion is consistent with previously published
data demonstrating non-significant correlations between
improvements in [PSS parameters and changes in Q,,,,
results against the background of AB therapy [32].

Incomplete reported data on prostate volume, resi-
dual urine volume, adverse events (AEs), and isolated
outcomes and consequences constitutes a limitation of
the aforementioned RPCCTs [28, 30, 32, 33]. As a con-
sequence, results must be interpreted with caution, since
severe BOO symptoms may be associated with late sta-
ges of bladder wall remodeling [34].

Nevertheless, it can be concluded that daily AB admi-
nistration significantly improves QoL against the back-
ground of reduced severity of BOO, especially in patients
with severe LUTS [23, 33]. In this group, drugs provide a
30—40% reduction in the IPSS score and remain effective
for several years [35, 36]. Adverse events associated with
the use of alpha-blockers include abnormal ejaculation
due to decreased or absent seminal fluid, dizziness, and
postural hypotension [35, 36].

In moderate to severe LUTS, prostate volume excee-
ding 40 cm’, 5-alpha-reductase inhibitors, dutasteride
and finasteride, are prescribed and are associated with
a reduced risk of BPH progression against a reduced
incidence of acute urinary retention [36—39].

5-alpha-reductase inhibitors help to reduce IPSS by
15-30%, reduce prostate volume threefold from the initi-
al volume, increase in Q,,, by 1.5-2 ml/s, reduce the risk
of acute urinary retention, and reduce the frequency of
surgical interventions in a long-term (more than 1 year)
run. The effect of this group of drugs comes slower than
that of 5-ARIs, and is more noticeable with large prostate
volumes. Adverse events observed in patients receiving
5-ARlIs, include erectile dysfunction, decreased libido
and less often ejaculatory dysfunction, retrograde eja-
culation and gynecomastia [23].

Muscarinic receptor antagonists can be used against
a background of moderate to severe LUTS, although this
group of drugs is associated with increased incidence of
acute urinary retention [20, 22-24].

With BPH progression and with large prostate gland
volume, large residual urine volume, low Q,,,,, and age
>62 years, surgical treatment should be considered [40].
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Non-drug methods of treatment
of symptomatic BOO in BPH patients
who have undergone kidney transplantation

Until the 1970s, the only available treatment and re-
lief for LUTS was open adenomectomy (for very large
prostate) or endoscopic surgery in the form of transure-
thral resection to remove or resect prostatic tissue [41].

In the general population, surgical procedures per-
formed for infravesical obstruction in patients with
BPH who have undergone renal transplantation include
minimally invasive surgical treatments, such as laser
techniques, vaporization techniques, mono- and bipolar
resections, open, laparoscopic and robotic adenomecto-
my, etc. [18, 19, 21, 42, 43].

Transurethral resection of the prostate (TURP) is one
of the methods of surgical treatment of BOO against
BPH in kidney transplant recipients [44—47]. Against the
background of the high efficiency of TURP in controlling
LUTS, long-term adverse effects or adverse events, such
as erectile and ejaculatory dysfunction, risk of urinary
incontinence, and other complications, have been noted
[44-48].

Minimally invasive surgical treatments have emerged
as an alternative to TURP, successfully reducing BOO
symptoms, while minimizing side effects and compli-
cations, and reducing the length of hospital stay [43].
These include transurethral electrovaporization (Reziim
technique), transurethral enucleation, laser enucleation,
urolifting, and temporary implantable nitinol device [43].

Electrovaporization involves vaporization of the pro-
state using high-frequency and high-power currents with
coagulation of the underlying layers, without capillary
bleeding and without coagulation of large vessels and
venous sinuses [49, 50]. Bipolar vaporization involves
simultaneous bipolar resection and vaporization [49, 50].

Rezum water vapor thermal therapy (Reziim System,
Boston Scientific, Marlborough, Massachusetts) is an in-
novative minimally invasive surgical treatment approved
by the US Food and Drug Administration (FDA) in 2015
to reduce prostate tissue volume associated with BPH,
including central zone and/or middle lobe hyperplasia
[49-50]. The accumulated thermal energy (540 calories/
ml H,0) is transferred as vapor to the prostate tissue.
Thermal effects do not occur beyond the target treatment
area [49, 50], thus eliminating the limitations of conduc-
tive heat transfer seen in transurethral needle ablation
of the prostate (TUNA) and transurethral microwave
thermotherapy (TUMT) [51-54].

The most unique feature of this technique is the pos-
sibility to influence the lateral and central zones of the
prostate gland. Complex anatomical variants, such as
intravesical prostatic protrusion, can be treated without
affecting sexual function [53]. This technique has been
used throughout the United States and Europe for 5 years
since FDA approval [49-58]. According to the multi-
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center, prospective, blinded, controlled trial of water
vapor heat therapy (Reziim II Study, NCT01912339),
the wide use of this technique is attributed to sustained
relief of LUTS, improved QoL, and long-term respon-
se to treatment [49—58]. An RPCCT (Rezum II Study,
NCTO01912339) showed that BPH heat therapy has cli-
nically significant results and a proven long-term effect
[49, 51-53]. Five years after the procedure, a 30% im-
provement in IPSS and no recurrence of BPH were found
[49-57]. Despite the fact that the majority of patients had
pronounced manifestations of LUTS at inclusion in the
study (72.5% with IPSS 19-35), these parameters im-
proved in comparison with the initial ones 3 months after
a single water vapor heat therapy procedure, without a
negative effect on erectile function [49-58].

Other minimal surgical techniques, such as prostatic
urethral lift (PUL) or other implantable devices, provi-
de symptomatic relief without tissue removal [59—-61].
However, repeated interventions are required to achieve
a permanent reduction in LUTS severity with urethral
lift surgery [60, 61].

Patients in the general population who may be candi-
dates for water vapor thermal therapy are often referred
for more invasive surgical techniques such as TURP,
holmium laser enucleation of the prostate, or other treat-
ments that have a high risk of bleeding, longer recovery
time, reduced erectile function, and other undesirable
side effects [62—65].

In 2018, a study was performed on the long-term
outcomes of treatment of lower urinary tract symptoms
caused by BPH using a single Rezim® System water
vapor thermotherapy treatment with daily drug therapy:
doxazosin and/or finasteride [63]. Thermal therapy resul-
ted in a 50% improvement in IPSS scores at 36 months
(p <0.0001). The improvement in symptoms was more
pronounced than with one of the drugs, but similar to
that with the combined drugs (p < 0.02 and 0.73, res-
pectively). Q... improved by 4-5 mL per second after
thermal therapy and doxazosin, while thermal therapy
was superior to finasteride and combination drugs at 24
and 12 months.

Thus, a single session of water vapor thermal the-
rapy provided effective and sustained improvement in
symptom scores with a lower observed rate of clinical
progression compared with daily long-term use of phar-
maceuticals [63].

High-tech methods of LUTS treatment, such as tran-
surethral enucleation of the prostate with a holmium or
thulium laser, are now widely used [66—69].

Laser enucleation involves excising the prostate
gland up to its surgical capsule, and the enucleated tis-
sue is then moved into the bladder and removed [66—69].
Holmium laser enucleation of the prostate (HoLEP) is
used for moderate to severe LUTS against a prostate vo-
lume exceeding 80 cm’ [67, 68], and the risk of bleeding
against anticoagulant therapy is reduced.
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In 2020, data from a multicenter, retrospective pilot
comparative study of the efficacy, safety and complica-
tions, registered within 1 year, after the following in-
terventions were published: holmium laser enucleation
of the prostate, greenlight photoselective vaporization
of the prostate (GL-PVP) and TURP performed after
KT [70].

From January 2013 to April 2018, 60 BPH endosco-
pic surgical procedures in KT recipients were perfor-
med: 17 patients in the HOLEP group, 9 in the GL-PVP
group, and 34 in the TURP group. Age, body mass index,
preoperative serum creatinine, preoperative IPSS score,
preoperative Q,..., preoperative prostate-specific antigen,
medical history of acute urinary retention, urinary tract
infection and indwelling urethral catheter were similar
in all study groups. Mean preoperative prostate volume
was higher in the HOLEP group. The rate of overall post-
operative complications was statistically higher in the
HoLEP group (11/17 [64.7%] vs 1/9 [11.1%] vs 12/34
[35.3%] in HOLEP group, GL PVP group, and TURP
group, respectively, p = 0.02). After interventions, Q
were comparably improved in both groups [70].

Considering the above data, it can be concluded that
the rate of postoperative complications is higher with
HoLEP procedure, in comparison with GL-PVP, for the
treatment of BPH after KT [70]. One-year efficacy is
similar in HOLEP, GL PVP, and TURP groups [70].

One year later, data from a study was published to
compare the efficacy and safety of water vapor thermal
therapy using the Rezim™ system and PUL using the
Urolift™ system in men with lower urinary tract symp-
toms due to BPH [71].

From December 2017 to November 2019, consecu-
tive patients who underwent Rezim™ and Urolift™
procedures in two urology centers were retrospectively
considered. Only patients with a prostate size less than
80 mL were included.

Atotal of 61 (52.1%) and 56 (47.9%) patients under-
went Rezum™ and Urolift™ procedures, respectively.
At 12 months, higher IPSS improvement was observed
in the Rezum™ group (median:4 [IQR 3-5]) than in
the Urolift™ group (median:8 [IQR 7-12]), without
statistical difference (p = 0.08). Improvement in QoL
at 12 months was similar in the two groups (p = 0.43).
Reintervention rates were 25% (Urolift™) and 8.3%
(Rezum™), p = 0.24. Erection and ejaculatory function
scores did not change significantly in either treatment
group.

Results have shown that both Rezum™ and Urolift™
provide clinically significant improvements in symptoms
and QoL, although the Rezum™ procedure appeared to
be more effective in the immediate and long-term post-
operative period [71].

TURP is the gold standard treatment for BPH in 30—
80 cm® prostate volumes with moderate to severe LUTS
[18-21]. Monopolar TURP is a well-established option
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for surgical treatment of BOO due to benign prostatic
enlargement. However, this intervention continues to
be associated with a significant risk of postoperative
complications [72]. In the light of this, new techniques
have been developed to reduce the risk of complications.
Unlike monopolar TURP, bipolar TURP uses energy
confined between the active electrode (resection loop)
and the return electrode located on the resectoscope tip
or sheath, and lower voltage, theoretically eliminating
the risk of TURP syndrome and reducing thermal damage
to surrounding tissue [72].

Despite existing studies on the efficacy and safety of
monopolar and bipolar TURP over the past decade, there
remains uncertainty about the differences between these
two surgical techniques. Systematic reviews published
prior to 2020 that compared these surgical techniques
[73-78] did not include a significant number of recently
published randomized controlled trials and did not al-
ways adhere to strict methodological standards.

A comprehensive systematic electronic literature
search was carried out up to 19 March 2019 via CEN-
TRAL, MEDLINE, Embase, ClinicalTrials.gov, Pub-
Med, and WHO ICTRP. Handsearching of abstract
proceedings of major urological conferences and of re-
ference lists of included trials, systematic reviews, and
health technology assessment reports was undertaken to
identify other potentially eligible studies. No language
restrictions were applied. Randomized controlled tri-
als, comparing monopolar and bipolar TURP in men
(>18 years) for the treatment of LUTS secondary to BPH,
were selected.

A total of 59 RPCCTs with 8924 participants were
included. The mean age of the included participants was
67 years; mean prostate volume was 39-83 cm’.

Based on the results of this review, it was shown that
bipolar TURP and monopolar TURP relieve LUTS both
to a similar degree. Bipolar TURP probably reduces the
severity of clinical manifestations of TURP syndrome
and postoperative blood transfusion compared to mono-
polar TURP. The impact of both procedures on erectile
function is probably similar. The moderate certainty of
evidence available for the primary outcomes of this re-
view suggests that there is no need for further RPCCTs
comparing bipolar TURP and monopolar TURP [70].
The most severe complication after prostate gland TURP,
with an incidence >7%, is bleeding requiring blood trans-
fusion [70].

In patients in the general population with prostate
gland volume <30 cm?’, transurethral incision of the pro-
state (TUIP) [79], in which electrosurgical dissection of
the prostate gland tissue is performed using a resecto-
scope loop, is indicated [79].

According to a small study [80] of the early and long-
term outcomes of TURP and TUIP procedures performed
in the first month following KT, at a median of 19 days
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(range 8-30 days), due to BOO against BPH, no AEs
were found.

In the early postoperative period, 5 patients (13.1%)
developed urinary tract infection. The mean Q,,, (22.4 +
11.1 mL/sec) increased significantly (p < 0.001). At the
end of follow-up, the groups did not differ in Q,,,, and
IPSS scores (P = .89, P = .27, P=.08, and P = .27).
Among postoperative complications, the incidence of
urinary tract infections and retrograde ejaculation was
higher in the TURP than in the TUIP group (12.7% ver-
sus 6.2% and 68.1% versus 25%, respectively), whereas
urethral strictures were more common in the TUIP group
(12.5% versus 6.3%).

Thus, TURP and TUIP techniques have been shown
to be equally safe and effective in the surgical treatment
of BPH-induced urinary retention in KT recipients with
a prostate volume <30 cm’ [80, 81].

As shown above, prostate volume is the main crite-
rion for choosing the method of surgical treatment of
BPH [49-82].

Open adenomectomy is the most effective and unfor-
tunately, the most invasive method of surgical treatment
of BPH in patients with a prostate volume >80 cm’. After
this intervention, the effect is most durable [19-21].

Laparoscopic adenomectomy is a minimally invasive
surgical procedure that is an alternative to open adeno-
mectomy in patients with a prostate volume >90-100 cm®
[19-21].

TUNA is less effective than TURP among patients in
the general population; it is reserved for patients with
severe comorbidities, as this procedure does not require
hospitalization of the patient and general anesthesia [84].

In prostate artery embolization, blood arteries of the
prostate gland are occluded by introducing emboli [85,
86]. With this intervention, acute urinary retention epi-
sodes are more frequent in the postoperative period [87].

Prostatic stent is used in patients with contraindica-
tions to surgical intervention. This procedure is accom-
panied by a temporary reduction in LUTS and frequent
AEs, so its use is limited.

Robotic surgery has shown high efficiency on the
background of significant correction of LUTS, exclusion
of postoperative complications and fast recovery after

surgery [83].
CONCLUSION

The kidney is the most transplantable organ in the
world. In the early post-KT period, urinary retention
caused by BOO can directly affect the success of trans-
plantation. Accurate assessment and optimal treatment
of LUTS in renal transplant candidates and recipients is
crucial for improving the QoL and preserving allograft
function [88-98].

LUTS should be carefully evaluated before KT. Post-
operative symptoms of moderate to severe LUTS should
be carefully investigated so that early intervention can
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prevent graft compromise and associated complications.
If indicated, BOO surgery can be performed early after
renal transplantation [99—101].

Evidence suggests that many of the proposed treat-
ments for BPH-associated BOO developing after KT can
offer effective relief of LUTS. Nevertheless, a number
of factors may influence the personalized choice of a
particular intervention for each patient. This decision
depends on patient characteristics like age, comorbidi-
ties, severity of LUTS, concomitant treatment such as
ongoing anticoagulant therapy and unpredictable drug
interactions. It is necessary to balance the desired results
with possible risks. Possible effects on sexual function,
frequency of reoperation, and the cost of treatment must
be considered.

Despite all the advantages of minimally invasive obs-
truction therapies, several obstacles limit their wider ad-
option, the first of which are equipment limitations. For
example, urolifting requires a special elongated lens, and
Reziim requires a special computerized radiofrequency
steam generator [102].

The second limitation in the new technology is the
cost, which is well over €1,000 just for the equipment,
in addition to the requirement to perform the procedures
in specially designated operating conditions [102]. As
cost-benefit analysis has shown, the cheaper minimally
invasive methods were €900 more expensive than drug
therapy for 2 years [102].

Based on a review of disparate literature data, there
is insufficient evidence to offer a reliable recommenda-
tion for a specific treatment technique for BOO in all
BPH kidney recipients. Further clinical trials with longer
follow-up comparing different interventions with routine
and evidence-based methods are required.

The authors declare no conflict of interest.
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Objective: to evaluate the effectiveness of a new device for second warm ischemia (SWI) elimination in kidney
transplantation (KT). Materials and methods. The study included clinical and experimental stages. The clinical
stage included 63 patients out of 219 who underwent KT at Botkin Moscow City Clinical Hospital between July
2018 and August 2022. The inclusion criteria were kidneys from donation after brain death (DBD) donors with
expanded criteria or kidneys from donation after circulatory death (DCD) donors, and an SWI time greater than
45 minutes. The first group consisted of 24 recipients operated on using the new SWI elimination device. The
second retrospective control group consisted of 39 patients where sterile ice bags were used at the implantation
stage. The groups had no statistically significant differences in the main recipient and donor characteristics, as
well as in perioperative parameters. Also, from November 2021 to April 2022, 23 kidney autotransplantation
experiments in female Landrace pigs were performed. The animals were cared for in accordance with the Euro-
pean Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes
(Strasbourg, 18 March 1986). Efficiency of different SWI elimination techniques was compared on two experi-
mental models: standard donor (group 1, n = 12) and asystolic donor (group 2, n = 11). Results. In the clinical
trial group, mean graft temperature (t,) before reperfusion was statistically significantly lower in group 1 using
the special SWI elimination device: 6.4 + 1.7 °C (95% CI 3.2-8.5) versus 22.1 + 2.3 °C (18.1-24.6), p < 0.001.
The risk of delayed graft function (DGF) was 3.86 times higher (95% CI 1.11-13.43) with the standard SWI
elimination technique. In the experimental group, in the subgroups using the new device (n = 12), graft t, before
reperfusion was 5.1 £+ 0.4 °C (95% CI 4.5-5.8), whereas in the ice bag subgroups (n = 11), t,, was 29.3 + 1.3 °C
(95% CI27.7-30.8), which was significantly higher (p < 0.001). The overall 1-week survival of the experimental
animals was significantly higher in the SWI elimination device subgroup (logrank p = 0.036). Conclusion. The
developed device is effective in eliminating SWI of renal graft.

Keywords: kidney transplantation, second warm ischemia, delayed graft function, DGF, SWI.

INTRODUCTION

Kidney transplantation (KT) is the gold standard the-
rapy for end-stage kidney disease in patients without
absolute contraindications for KT [1]. Delayed graft
function (DGF) is one of the most frequent postoperative
complications. According to various reports, DGF occurs

preservative injury. To prevent graft heating during va-
scular anastomosis formation, various methods of graft
surface cooling have been suggested. The classic tech-
nique for elimination of second warm ischemia (SWI) is
to wrap the kidney in a sterile ice bag [11]. It is univer-
sally used but comes with a number of disadvantages.
For example, during implantation, ice may melt or spill

in more than 20% of cases on average [2, 3]. It should
be noted that DGF is associated with many long-term
adverse effects of LT, including increased incidence of
postoperative complications and decreased graft survival
[3-8].

Prolonged secondary warm ischemia time (>45 mi-
nutes) is one of the significant risk factors for DGF [9].
It has been found that with every minute of formation
of vascular anastomoses, graft temperature increases on
average by 10 °C [10], which can aggravate its ischemic

into the wound, resulting in not achieving optimal graft
cooling. This probably gave rise to the development of
other methods of SWI elimination by means of “pa-
ckages” made of silicone, polyurethane, polyethylene
and other materials [9, 12—14]. Many of these devices
are complex and expensive.

In our previous work, prolonged SWI was strongly
associated with DGF [15]. This was the reason for deve-
loping a new SWI elimination device, whose efficiency
we evaluated in experimental and clinical conditions.
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MATERIAL AND METHODS

From July 2018 to November 2021, 219 isolated LTs
from deceased donors were performed at the transplant
ward of Botkin Hospital. In order to eliminate SWI of
the graft, standard packaging in an ice bag was used
in all cases. During retrospective analysis of treatment
outcomes, it was found that there was prolonged SWI
time (>45 minutes) in 61 cases (27.9%). These patients
were 1.98 (95% CI: 1.04 to 3.77) times more likely to
develop DGF, which was statistically significant (p =
0.035). In order to prevent ischemic injury to the graft
during implantation, our center developed a special SWI
elimination device.

Description of the special SWI elimination
device

The device is a gauze/fabric pack for a renal graft
and an ice slush. It has three spaces isolated from each
other. The middle space has two openings through which
it communicates with the external environment. The re-
nal vascular pedicle and the ureter is placed into these
openings. Ice chips are placed in the two outer spaces
that do not communicate with the environment (Fig. 1).

All three spaces are closed from above by tightening
a purse-string suture. During formation of vascular ana-
stomoses, the purse-string suture can be loosened, and
ice chips can be added to the outer spaces as needed
(Fig. 2). Upon completion of formation of vascular ana-
stomoses, the device is dissected along the anterior wall
and disposed of.

The safety and efficacy of the developed device in
comparison with the standard SWI elimination technique
based on the standard ice bag were studied in an expe-
riment and then, in clinical conditions.

Experimental stage

From November 2021 till April 2022, we carried out
23 experiments on kidney autotransplantation in female
Landrace pigs with the average weight of 31 + 1.4 (from
29 to 34) kg. Preoperative preparation, anesthetic sup-
port, care of the animal in the postoperative period, and
withdrawal from the experiment were all performed in
accordance with the European Convention for the Pro-
tection of Vertebrate Animals used for Experimental and
other Scientific Purposes (Strasbourg, 18 March 1986).
A comparative study of the efficacy of different SWI
elimination methods was performed in the experimental
models of the standard donor (n = 12) and asystolic donor
(n=11). The study design is shown in Fig. 3.

Kidney autotransplantation was performed according
to the following protocol:
1. Midline total laparotomy, kidney mobilization from

the retroperitoneal space. At this stage, the anatomical

features of each of the renal pedicles were evaluated

23

Crushed ice

Inner bag
for kidney graft

Outer bag
for crushed ice

Opening for the ureter
Opening for renal vessels

Fig. 1. SWI elimination device. Placing the kidney

Kidney
in the inner gap

Ice
in outer gaps

Fig. 2. SWI elimination device. Tightening the purse-string
suture

and a decision was made as to which kidney would

be subsequently transplanted (Fig. 4, a, b).

a) when performing KT in the standard donor mo-
del, immediate cold preservation was performed
after the future graft has been removed;

b) when performing KT in the asystolic donor mo-
del, before removal and preservation of the fu-
ture graft, its vessels were clamped with atrau-
matic clamps for 30 minutes (Fig. 4, c).

Removal of the contralateral kidney for the most ac-

curate assessment of graft function after surgery.

Custodiol HTK solution was used in all cases for sta-

tic cold preservation. After perfusion, the graft vessels

were treated on a back-table. The median cold ische-
mia time of the renal graft was 180 minutes (IQR:

175-190).

Before implantation, the aorta and inferior vena cava

were mobilized in the lower half of the abdominal

cavity.

. The kidney was implanted by means of arterial and

venous anastomoses with the main vessels in an end-
to-side manner. Experimental conditions made it pos-
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sible to create identical prolonged implantation times
in each operation. Thus, the median second warm
ischemia time was 70 minutes (IQR: 70-75). We used
the SWI elimination device (Fig. 5, b) and the stan-
dard ice bag technique (Fig. 5, a) in 12 experiments
and 11 experiments, respectively).

6. Upon completion of vascular anastomosis for-
mation, we performed graft reperfusion, formed urete-
roneocystostomy anastomosis, performed revision and
layer-by-layer suturing of the wound.

At the stages of graft immersion into the wound and
immediately before reperfusion, its surface temperature
was recorded using a remote thermometer at a distance
of 2-3 cm (Fig. 6).

Laboratory monitoring of graft function was per-
formed for 7 days after surgery: creatinine, urea, blood
gases and electrolytes were determined once every

2 days. Daily diuresis was also monitored during the
first 3—4 days, then the urethral catheter was removed for
humanitarian reasons. Euthanasia under anesthesia was
used to withdraw the animals from the experiment. After
the animal’s death, an autopsy was performed followed
by morphological study of the renal autogratft.

The presence of oliguria (<500 ml/day) at postopera-
tive day 3—4 and/or hyperkalemia (>6.0 mmol/l) within a
week after surgery were considered as criteria for DGF.
If DGF developed, the animal was withdrawn from the
experiment ahead of time. We assessed and compared the
dynamics of creatinine and potassium levels, daily diure-
sis rates and frequency of DGF between the subgroups.

Clinical stage

The study included 63 patients operated at Botkin
Hospital from July 2018 to August 2022. The inclusion

Kidney autotransplantation
in experiment
n=23

Group 1. Standard donor model
n=12

—

Subgroup 1.1. Subgroup 1.2.
SWI elimination device Ice bag
n==6 n==6

Group 2. Asystolic donor model

—

Subgroup 2.1. Subgroup 2.2.
SWI elimination device Ice bag
n==6 n=>5

Fig. 3. Experimental stage of the comparative study of SWI elimination techniques

Fig. 4. Experimental kidney autotransplantation in a pig model: nephrectomy stage (intraoperative photo): a, midline total
laparotomy, installing the retractors; b, isolation of the right kidney from retroperitoneal space, vascular stem dissection; c,
placing clamps on renal vessels
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criteria were: use of a renal graft obtained from a DBD
donor with expanded criteria or DCD donor, and pro-
longed SWI time (>45 minutes). A patient was excluded
from the study if they developed primary nonfunction,
died or underwent emergency graftectomy within 7 days
after surgery, and if hypothermic oxygenated machine
perfusion was used during organ preservation. Preopera-
tive examination, KT and postoperative management of
the recipients were performed in accordance with natio-
nal clinical guidelines. A prolonged-release tacrolimus-
based triple-drug immunosuppression regimen was used
as a supportive immunosuppressive therapy. The starting

dose of the drug was administered at 0.2 mg per kg of
the recipient’s weight and was taken before surgery. The
target tacrolimus level was considered to be 10—12 ng/
ml. Delayed graft function was defined as the need for
hemodialysis within week 1 after surgery.

The first group consisted of 24 kidney transplant reci-
pients who used the developed special SWI elimination
device during the operation. Among them were 14 men
(58.3%) and 10 women (41.7%). Median recipient age
was 48 (IQR: 39-55) years, median BMI was 27.5 (IQR:
23.0-31.0) kg/m*. The main causes of end-stage renal
disease were chronic glomerulonephritis (16/24, 66.7%),

Fig. 5. Experimental kidney autotransplantation in a pig model: implantation stage (intraoperative photo): a, implantation
using an ice bag; b, implantation using the special SWI elimination device

T #

Fig. 6. Measuring the graft surface temperature with a remote
thermometer

diabetes (3/24, 12.5%), and others (5/24, 20.8%). Median
residual daily urine output before transplantation was
300 (IQR: 100-600) ml. In all cases, the kidney graft
was obtained from an expanded criteria brain-dead do-
nor. Median donor age was 65 (IQR: 54—68) years, the
median BMI was 34.0 (IQR: 27.2 to 36.0).

Retrospective control group 2 consisted of 39 patients
who had used an ice bag for SWI elimination during sur-
gery. Among them were 28 men (71.8%) and 11 women
(28.2%). Median recipient age was 51 (IQR: 39-54)
years, median BMI was 26.0 (IQR: 24.0-28.3) kg/m’.
The main causes of end-stage renal disease were chro-
nic glomerulonephritis (21/39, 53.8%), diabetes (4/39,
10.2%), chronic tubulointerstitial nephritis (3/39, 7.7%),
and others (11/39, 28.2%). Median residual daily uri-
ne output before transplantation was 300 (IQR: 0—700)
ml. In 37 cases (94.9%), the kidney graft was obtained
from an expanded criteria brain-dead donor; in 2 cases,
the graft was procured from a donor with irreversible
effective circulatory arrest (5.1%). Median donor age
was 62 (IQR: 53—-67) years, median BMI was 32.5 (IQR:
25.3-34.5).
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The groups had no statistically significant differences
in the main recipient and donor characteristics, as well
as a number of perioperative parameters. Detailed com-
parative characteristics are presented in Table 1.

Statistical analysis

Statistical processing and data analysis were perfor-
med using IBM SPSS Statistics 26 version for Microsoft
Windows (USA). Mann—Whitney U test was used to
compare two groups of quantitative indicators, given
the small sample size, regardless of the distribution type.
Qualitative data were compared using Pearson’s chi-
squared test or Fisher’s exact test to determine the OR
and 95% CI, as well as the closeness of association of the
studied characteristics according to Cramer’s V. Survival
analysis was performed using Kaplan—Meier estimate
with determination of statistically significant differen-
ces using Mantel-Cox long-rank test. Differences were
considered statistically significant at p < 0.05.

RESULTS
Experimental stage

In all 23 experimental operations, mean graft tempe-
rature before immersion into the wound was 4.8 + 1.1
(95% CI: 4.2-5.9) °C and did not differ between sub-
groups (p > 0.05). In subgroups 1.1 and 2.1, where SWI
elimination was performed with the developed device
(n=12), mean graft temperature at the completion of va-
scular anastomoses was 5.1 £ 0.4 (95% CI: 4.5-5.8) °C,
whereas in subgroups 1.2 and 2.2 featuring ice bags (n =
11)itwas 29.3 + 1.3 (95% CI: 27.7-30.8) °C, which was
statistically significantly higher (p < 0.001).

Life-threatening surgical complications developed
in the first 3/23 (13.04%) experiments: renal autograft
artery thrombosis (n = 2) and massive lymphorrhea in the
abdominal cavity (n = 1). These animals were withdrawn
from the experiment early.

In group 1 (experimental model of KT from a stan-
dard donor), we found statistically significant differences
in creatinine levels on day 1, 3 and 5, and diuresis rates

on postoperative day 1 between the subgroups. In sub-
group 1.1, the differences were statistically significant-
ly higher (p < 0.05). In contrast, the studied subgroups
had no significant differences in potassium levels (p >
0.05), and in no case was there DGF. The results of the
comparative study in group 1 are presented in Table 2.

Morphological study showed that in group 1 (experi-
mental kidney autotransplantation in the standard donor
model), renal grafts implanted using the standard SWI
elimination technique, had slightly more pronounced
microscopic signs of renal tubular injury (Fig. 7).

In the experimental kidney autotransplantation group
in the asystolic donor model, there were no surgical com-
plications and associated mortality. In subgroup 2.1 fea-
turing the special SWI elimination device, a condition
meeting the DGF criteria accepted for experimental ani-
mals developed in one case (1/6, 16.7%). As a result, the
animal was withdrawn from the experiment on postope-
rative day 4. In subgroup 2.2, in turn, DGF developed in
4 out of 5 cases (80%), and therefore the animals were
withdrawn from the experiment on postoperative day 2,
4, and 5. Thus, the survival rate of experimental animals
in postoperative week 1 was statistically significantly
higher in the “special SWI elimination device” subgroup
(log-rank p = 0.036). Plots of survival of experimental
animals with immediate renal graft function depending
on the SWI elimination method used are shown in Fig. 8.

Morphological study revealed that in group 2 (experi-
mental kidney autotransplantation in the asystolic donor
model), grafts implanted using the ice bag SWI elimina-
tion technique, had significantly more pronounced signs
of renal tubular necrosis and injury (Fig. 9).

Clinical stage

Of the 63 cases selected in the clinical phase of the
study, there were no hospital mortality or severe surgical
complications of KT (Clavien—Dindo >II) in the early
postoperative period. mean graft temperature before re-
perfusion was statistically significantly lower in group
1 that used the developed special SWI elimination de-

Table 1
Comparative characteristics of the groups based on the SWI elimination method
Parameter Group 1 Group 2 p-value
SWI elimination device Ice bag
n=24 n=39
M IQR M IQR

Recipient age (years) 48 39-55 51 39-54 0.657
Recipient’s BMI (kg/m?) 27.5 23.0-31.0 26.0 24.0-27.3 0.725
Residual diuresis (ml) 300 100-600 300 0-700 0.756
Donor age (years) 65 54-68 62 53-67 0.645
Donor’s BMI (kg/m?) 34.0 27.2-36.0 32.5 25.3-35.0 0.238
Cold preservation time (min) 725 550-820 775 640-790 0.343
Second warm ischemia time (min) 58 50-65 62 55-75 0.411
Highest tacrolimus C, in the first week (ng/ml) 19.2 17.0-25.1 22.4 18.6-28.3 0.19
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vice: 6.4 £ 1.7 (95% CI: 3.2-8.5) °C versus 22.1 £2.3
(18.1-24.6) °C (p < 0.001).

In the retrospective group, DGF developed in 17 of
39 recipients (43.6%), which was statistically signifi-
cantly lower than in group 1: 4/24 (16.7%) (p = 0.032).
The odds of developing DGF for the standard SWI eli-
mination technique were 3.86 times higher (95% CI:
1.11-13.43) and there was a moderate association bet-
ween the traits (V = 0.277). The average length of stay
in the hospital in group 1 was 14.5 +4.4 (12 to 18) bed
days, which was also statistically significantly lower (p =
0.024) than in the retrospective control group — 18.3 +

3.2 (16 to 25) bed days. The results of the clinical phase
of the study of the safety and efficacy of the developed
SWI elimination device in comparison with the standard
method are presented in Table 3.

DISCUSSION

DGF, according to Russian and foreign authors, is a
common early post-transplant complication in recipients.
Undoubtedly, its increased frequency is mainly associa-
ted with the inevitable — expansion of the deceased donor
selection criteria, in view of the enormous demand for
KT. At the same time, understanding the extreme urgency

Table 2

Dynamics of laboratory and clinical indicators of graft function after kidney autotransplantation
in the standard donor model

Parameter Subgroup 1.1 Subgroup 1.2 p-value
SWI elimination device Ice bag
n=>5 n=4
M IQR M IQR
Creatinine (before surgery) 53.4 52.0-54.2 53.0 52.2-54.0 0.758
Creatinine (day 0), umol/l 159.2 156.4-163.0 173.2 158.1-175.1 0.152
Creatinine (day 1), umol/l 252.0 235.3-282.1 324.8 301.4-356.5 0.031
Creatinine (day 3), umol/l 221.4 213.3-253.6 345.0 322.4-398.3 0.008
Creatinine (day 5), umol/l 168.9 142.2-211.5 234.4 201.6-269.5 0.043
Potassium (before surgery), mmol/l 4.3 4.3-4.5 4.2 4.1-4.5 0.823
Potassium (day 0), mmol/l 4.7 4.4-5.0 4.9 4.5-5.0 0.743
Potassium (day 1), mmol/l 4.0 3.8-43 4.5 3.9-4.7 0.521
Potassium (day 3), mmol/l 4.4 43-5.4 53 4.2-53 0.213
Potassium (day 5), mmol/l 4.7 4.3-4.8 4.6 4349 0.642
Diuresis (day 1), ml 1200 1000-1200 600 600-700 0.025
Diuresis (day 2), ml 1500 1300-1600 1300 1200-1500 0.342
Diuresis (day 3), ml 1300 1000-1500 1400 1100-1400 0.412

Fig. 7. Microscopic examination of kidney grafts after kidney autotransplantation in the standard donor model: a, after using
the special SWI elimination device; b, after using the standard SWI elimination technique



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXV N2 2-2023

of this problem, taking into account the increased risk of  is necessary to strive to influence every modifiable factor
complications and decreased long-term graft survival, it  that increases the risk of DGF.

Table 3

Outcomes of treatment of renal transplant recipients in the early postoperative period depending
on the SWI elimination technique used during surgery

Parameter Group 1 Group 2 p-value
SWI elimination device (n = 24) Ice bag (n = 39)
Mean graft temperature before reperfusion 6.4+ 1.7 (3.2-9.5) °C 17.1+£2.3 (13.1-24.6)°C | 0.013
DGF frequency 4/24 (16.7%) 17/39 (43.6%) 0.032
Length of hospital stay 14.5 +4.4 (12-18) 18.3+3.2 (16-25) 0.024
Hospital mortality 0 0 1
Complications (Clavien—Dindo >II) 0 0 1
oo |— E— . —
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Fig. 8. Survival with immediate renal graft function in the early postoperative period depending on the SWI elimination tech-
nique used during kidney autotransplantation in the asystolic donor model

Fig. 9. Microscopic examination of kidney grafts after kidney autotransplantation in the asystolic donor model: a, after using

a special SWI elimination device; b, after using the standard SWI elimination technique (yellow arrows indicate foci of acute
tubular necrosis)
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Both in many works and in our study, prolonged
SWI time was a statistically significant and modifiable
risk factor for DGF (p = 0.035). Nevertheless, the need
for SWI elimination to date, is not clear. According to
a retrospective study by Karipineni et al. (2014), SWI
elimination did not improve graft function after surgery
and did not influence long-term outcomes [12]. This was
probably due to the fact that DGF has many risk factors
on both the donor and recipient side, which was not taken
into account by the authors when forming comparison
groups. In contrast, Kaminska et al. (2016) investigated
the effect of SWI elimination on paired kidneys and, by
virtually eliminating the effect of donor-side DGF risk
factors, the authors obtained the expected result: SWI
was an independent predictor of DGF and acute renal
graft rejection in both single- and multivariate analyses,
confirming the need to eliminate it [ 14]. The authors also
noted that grafts obtained from donors with expanded
criteria are probably more sensitive to SWI.

We took this assumption as the basis, and it was re-
flected in two stages of the study. The first experimental
stage was performed on large pigs, a generally recog-
nized optimal model for preclinical studies in nephro-
transplantology. The use of experimental model of kid-
ney autotransplantation made it possible at the planning
stage of the study to exclude potential risk factors of
DGEF besides the one under study at the planning stage
of the study: all experimental operations were performed
in pigs of the same breed, age and body weight, and use
of kidney autograft made it possible to exclude immu-
nological conflict. Also, experimental conditions made
it possible to create identical cold preservation time and
SWI time in the groups. In KT from a standard donor,
DGF did not develop in any of the cases in our study.
Probably, the contribution of SWI time factor alone is not
enough for the development of severe ischemic injury
and poor initial graft function. However, when combined
with other risk factors, prolonged vascular anastomosis
formation can lead to DGF. Thus, in the model of kidney
transplantation from an asystolic donor, DGF incidence
in the subgroup using the standard SWI elimination me-
thod was 4.8-fold higher than that using the developed
SWI elimination device, which was statistically signifi-
cant (p = 0.036).

Thus, we have proved that the developed device al-
lows for more effective cooling of the renal graft during
formation of vascular anastomoses, even under prolon-
ged implantation periods (p < 0.001). The use of this
device in KT from a standard donor can slightly improve
graft function, but without affecting the DGF incidence.
Its use in KT from an asystolic donor significantly re-
duces the severity of graft ischemic injury and DGF
incidence (p = 0.036).

Indeed, prolonged SWI is often an unpredictable risk
factor for DGF. Patients with end-stage renal disease,
being on hemodialysis for a long time, almost always
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have atherosclerotic lesion and/or calcinosis of iliac ar-
teries. When transplanting a kidney from suboptimal
age donors, the aortic area and the renal artery wall may
also be affected by atherosclerotic process. So, even with
an experienced surgeon, vascular reconstruction may
require more time, during which graft heating is inevi-
table. Our SWI elimination device allows to maintain an
optimally low graft temperature for long during implan-
tation, in contrast to the classical ice bag technique (p <
0.001), which we demonstrated both in an experiment
and in a clinical study. “Effective” SWI elimination with
the developed new device was associated with statisti-
cally significantly lower incidence of DGF (p = 0.032)
and length of hospital stay (p = 0.024) in patient groups
comparable in terms of the main risk factors of DGF.

Thus, the use of our developed special SWI elimi-
nation device significantly reduced the burden of DGF
and, thus, improved treatment outcomes in recipients of
a kidney obtained from a suboptimal donor.

CONCLUSIONS

1. Prolonged SWI time (>45 minutes) is a statistically
significant risk factor for DGF (p = 0.035).

The most sensitive to SWI are grafts obtained from
expanded criteria donors. We provided evidence to
this in an experimental model of kidney autotrans-
plantation from an asystolic donor. The incidence of
DGF in “ineffective” SWI elimination can reach 80%.
. Our developed special SWI elimination device allows
to optimally cool a graft during the entire implantati-
on procedure, even if the surgery is prolonged. This
is in contrast to the classical ice bag technique (p <
0.001).

The use of the developed special SWI elimination
device in clinical practice reduces DGF incidence
safely and effectively (p = 0.032) for grafts obtained
from expanded criteria donors and with prolonged
implantation time.

2.
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PERCUTANEOUS LEFT VENTRICULAR ASSIST DEVICE

AS A SHORT-TERM MECHANICAL CIRCULATORY SUPPORT
BEFORE HEART TRANSPLANTATION IN PATIENTS

WITH HIGH PRE-TRANSPLANT PULMONARY HYPERTENSION
(SERIES OF CLINICAL CASES)
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In certain categories of patients with end-stage heart failure (HF), short-term mechanical circulatory support (MSC)
is successfully used as a mechanical “bridge” to heart transplantation (HTx). In predominantly left-ventricular
(LV) dysfunction, the use of isolated coronary artery bypass, especially amidst high pulmonary hypertension
(PH), seems to be a more physiological method of short-term MSC. Objective: to present the results of a series
of clinical cases of the use of percutaneous left ventricular assist device (pLVAD) before HTx in potential reci-
pients with predominantly LV dysfunction and concomitant high PH. Materials and methods. Three potential
heart recipients with predominantly left-sided HF and high pre-transplant PH (pulmonary vascular resistance,
PVR, 4.7-6.6 Wood units) who required MSC due to progression of hemodynamic disorders were included in the
study. A standard venous extracorporeal membrane oxygenation (ECMO) cannula (26 F) was used for percutane-
ous left atrial-femoral artery (LA—FA) bypass. The cannula was passed from the transfemoral route through the
interatrial septum into the left atrial cavity. A paracorporeal centrifugal pump provided blood injection through a
standard arterial ECMO cannula (15 F). Results. pPLVAD unloaded the left ventricle effectively (PCWP reduced
from 27-32 to 15-20 mmHg), reduced pre-transplant PH (mean pulmonary artery pressure (mPAP) reduced from
45-53 to 28-33 mmHg) and improved systemic hemodynamics (cardiac index (CI) increased from 1.8-1.9 to
2.1-2.6 /min/m* and mean arterial pressure (mAP) from 56-59 to 70—75 mmHg). All these created the prere-
quisites for subsequent successful HTx. Against the background of pLVAD, transpulmonary pressure gradient
(TPG) decreased from 15-25 to 13—15 mmHg, and PVR decreased from 4.7—6.6 to 2.7-3.4 Wood units. pLVAD
flow rate was 2.9-3.8 L/min or 1.38-1.83 L/min/m’ at 4700-7100 rpm. pLVAD duration ranged from 4 (n = 1)
to 7 (n = 2) days. All patients underwent successful HTx. Conclusion. pLVAD is a highly effective method of
short-term MSC in potential recipients with predominantly LV dysfunction and concomitant high PH, leading to
rapid regression of the dysfunction against the background of left ventricular unloading. This short-term MSC
technique can be successfully realized using standard ECMO cannulas and centrifugal pumps of any modification,
without requiring additional special equipment.

Keywords: heart transplantation, mechanical circulatory support, pulmonary hypertension.

INTRODUCTION

Despite the progress in development of technology

of central hemodynamic disorder (biventricular, LV-pre-
dominant or RV-predominant acute heart failure (AHF)

and clinical application of implantable left ventricular
assist device (LVAD) systems, short-term mechanical
circulatory support (MSC) by mono-, biventricular or
total cardiac bypass remains one of the options for as-
sisted circulation, which is successfully used in certain
categories of patients as a mechanical “bridge” to heart
transplantation (HTx) [1, 2].

The leading method of short-term MSC before trans-
plantation is venoarterial extracorporeal membrane oxy-
genation (VA-ECMO), which, regardless of the character

or decompensated heart failure (HF), provides simulta-
neous support of systemic circulation and pulmonary gas
exchange [3]. However, in AHF or acute decompensated
HF, VA-ECMO is a non-physiological method of MSC,
whose use may be accompanied by aggravated LV sys-
tolic dysfunction, leading to LV overload and pulmonary
edema [4].

In LV-dominant dysfunction, the use of isolated coro-
nary artery bypass in LV dysfunction seems to be a more
physiological method of short-term MSC [5]. As one of
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the short-term MSC options for this type of cardiac pum-
ping disorder, a percutaneous LV assist system called the
TandemHeart percutaneous left ventricular assist device
(CardiacAssist, Inc; Pittsburgh, USA), providing draina-
ge of blood from the left atrium (LA) using a specially
designed cannula, passed through the femoral vein and
interatrial septum into the LA cavity, and subsequent in-
jection with an external centrifugal pump through an ar-
terial cannula into the femoral artery, was developed and
introduced into clinical practice [6]. The effectiveness of
TandemHeart in AHF/acute decompensated HF of vari-
ous genesis has been demonstrated; it has been shown
to be used as a method of pre-transplant MSC in HTx
[7]. Besides, the use of percutaneous LVAD (pLVAD)
seems to be more reasonable in potential recipients with
high pre-transplant pulmonary hypertension (PH). This
allows to estimate its degree of regression against volu-
metric unloading of the left heart and to make a choice
between expediency of urgent HTx or long-term MSC
using implantable LVAD [8].

We have developed an alternative approach to pLVAD
implementation, using standard venous and arterial
ECMO cannulas and a centrifugal pump as a short-term
MSC method in potential cardiac recipients. This may in-
crease the availability of this assisted circulation method.

The aim of the study was to present the results of our
own series of clinical observations of the use of pLVAD
as a method of pre-transplant MSC in potential heart
recipients with LV-dominant dysfunction and accompa-
nying high pulmonary hypertension (PH).

MATERIALS AND METHODS

The pLVAD program as a method of short-term pre-
transplant MSC in potential cardiac recipients began in
2022, representing 2.9% of all cases of short-term pre-
HTx MSC in a given year (3 of 103). Short-term MSC
was used in 103 (48.6%) of the 212 HTx performed in
2022.

Clinical, hemodynamic, and echocardiographic ma-
nifestations of LV-dominant dysfunction associated with
high pre-transplant PH were considered indications for
this pre-transplant MSC method (Table 1).

The study included 3 patients (all men); the main
parameters of their clinical, laboratory and instrumental
examination before pLVAD implantation are presented
in Table 2.

The pLVAD was implanted under intubation anest-
hesia in an operating room equipped with a fluoroscopic
unit. Transesophageal echocardiography was also used
to control atrial septal puncture (ASP) and positioning
of the venous ECMO cannula tip in the left atrial lumen.
LA cannulation was performed from percutaneous trans-
femoral venous access similarly to the previously descri-
bed proprietary LA drainage technique for left atrial (LA)
unloading (decompression) during peripheral VA-ECMO
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Table 1

Indications for pLVAD as a method
of mechanical circulatory support before heart
transplantation

SBP <90 mmHg
mAP <60 mmHg

rAP <14 mmHg
PCWP >25 mmHg

CI <2.0 L/min/m?
VIS >5

rAP/PCWP <0.8
TAPSE >1.8 cm

TPG >12 mmHg
PVR >3.5 Woods unit
No left atrial thrombus

No stenosing atherosclerosis (over 25%) of lower limb
arteries

Note: SBP, systolic blood pressure; mAP, mean arterial pres-
sure; RAP, right atrial pressure; PCWP, pulmonary capillary
wedge pressure; CI, cardiac index; VIS, vasoactive inotropic
score; TAPSE, tricuspid annular plane systolic excursion;
TPG, transpulmonary pressure gradient; PVR, pulmonary
vascular resistance.

[9, 10]. The difference was in passing a larger diameter
venous ECMO cannula into the LA cavity through the
ASP (a 26 F venous ECMO cannula was used in all
cases). The main pLVAD insertion stages were:

1. Anesthesia induction and tracheal intubation.

2. Pulmonary artery catheterization (Swan—Ganz ther-
modilution catheter).

Insertion of transesophageal echocardiography probe
Right or left femoral artery puncture and cathete-
rization (creating a guaranteed vascular access) to
facilitate subsequent insertion of peripheral arterial
ECMO cannula.

Femoral artery puncture and catheterization (single-
lumen catheter, diameter 14 G) on the side of subse-
quent cannulation with an arterial ECMO cannula to
ensure guaranteed lower limb perfusion (mandatory
condition).

Right femoral vein puncture and passing through its
lumen in ascending direction with a long transseptal
Endrys steel needle for LA puncture, including a
curved external needle (diameter 17 G, length 75 cm)
and an internal needle (diameter 19 G) with a curved
elongated tip 22 G.

Image-guided LA transseptal puncture with fluoro-
scopic and echocardiographic imaging (Fig. 1).
Insertion of a transseptal catheter (8.5 F in diameter)
into the LA cavity (see Fig. 1).

Insertion of super stiff guidewire (Amplatz Super
Stiff J-tip guidewire 260 cm) into the LA cavity and
further into one of the pulmonary veins through a
transseptal catheter (see Fig. 2).

W
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10. Sequential dilatation of the puncture hole in the ASP  12. Insertion of arterial ECMO cannula into the femoral

using dilators from venous ECMO cannulas of in- artery (15 F diameter).

creasing diameter (18, 20, 22, 24 and 26 F). 13. Connecting the venous and arterial ECMO cannula
11. Insertion of venous ECMO cannula through the ASP to the LVAD paracorporeal circuit lines (Fig. 4).

into the LA cavity (Fig. 3). 14. Initiation of percutaneous paracorporeal LVAD.

Table 2

Data of clinical, laboratory and instrumental examination of potential heart recipients before pLVAD
implantation (n = 3)

= Parameter

'i:; Sex Age Height | Weight | Body sur- | HF (stages) NYHA AF VIS Waiting
A~ (years) (cm) (kg) face (m?) list (days)
1 M 41 176 60 1.75 2B 4 No 12 7

2 M 40 184 87 2.11 2B 4 Yes 6 4

3 M 57 182 86 2.10 2B 4 No 8 15

= Parameter

'% LA (cm) |LA(mL) | RV (cm) | LVEDV |LVEF (%) | MV (regurgi- | TV (regurgi- | TAPSE HR mAP
A (mL) tation grade) | tation grade) | (cm) (mmHg)
1 4.7 85 2.6 179 18 3.0 1.5 2.3 105 59

2 6.4 165 3.4 374 16 3.0 2.0 1.9 94 56

3 5.3 112 3.2 228 19 3.0 2.0 2.2 110 57

= Parameter

'«q-—;f rAP PASP PCWP PCWP CI, TPG PVR pHv BEv Lactate
A~ | (mmHg) | (mmHg) | (mmHg) | (mmHg) | L/min/m’ | (mmHg) |(Woods unit) (mmHg) | (mmol/l)
1 8 69 53 32 1.9 21 6.4 7.38 -2.8 2.1

2 10 74 54 29 1.8 25 6.6 7.37 -0.4 1.9

3 11 62 45 27 1.8 18 4.7 7.44 1.6 2.4

k= Parameter

'«% PvO, | SvO,, % Na Urea | Creatinine | Total biliru- ALT AST | Total pro- INR
A | (mmHg) (mmol/L) | (mmol/L) | (umol/L) | bin (umol/L) | (units/L) | (units/L) | tein (g/L)

1 35.7 66.6 128 3.6 40.3 25.5 6.6 12.9 67.2 1.31

2 39.0 72.0 131 9.7 39.8 52.1 17.3 28.7 58.7 1.33

3 27.0 54.3 142 11.2 84.1 144.6 38.6 117.7 57.6 1.31

Note: HF, heart failure class according to Strazhesko—Vasilenko; NYHA, New York Heart Association (NYHA) functional
class; AF, atrial fibrillation; VIS, vasoactive inotropic score; LA, left atrium; RV, right ventricle; LVEDV, left ventricular end-
diastolic volume; LVEEF, left ventricular ejection fraction; MV, mitral valve; TV, tricuspid valve; TAPSE, tricuspid annular
plane systolic excursion; HR, heart rate; mAP, mean arterial pressure; RAP, right atrial pressure; PASP, pulmonary artery
systolic pressure; mPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; CI, cardiac index;
TPG, transpulmonary pressure gradient; PVR, pulmonary vascular resistance; ALT, alanine transaminase; AST, aspartate
transaminase, INR, international normalized ratio.

Fig. 1. Image-guided transseptal puncture for access to the left atrium and insertion of transseptal catheter (8.5 F diameter, in-
dicated by red arrows) into its cavity using echocardiographic-fluoroscopic fusion imaging. AV, aortic valve; LA, left atrium;
IAS, interatrial septum; RV, right ventricle; RA, right atrium, TV, tricuspid valve
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Percutaneous LVAD was performed using Medos
DeltaStream blood pump with a centrifugal pump (16 ml
filling volume) (see Fig. 4).

Hypocoagulation was performed by continuous in-
fusion of unfractionated heparin, maintaining the target
level of activated clotting time at 140—160 sec.

Immediately before the start of cardiopulmonary by-
pass (CPB), during HTx surgery under transesophageal

echocardiographic control, the venous ECMO cannula
was brought down from the LA cavity to the level of the
intrahepatic inferior vena cava, which corresponded to
the 35-40 cm mark at the percutaneous entrance site. At
this stage, blood was drained from left to right through
the formed artificial defect in the ASP (Fig. 5). At all
subsequent stages, including the CPB period and early
postperfusion period, and taking into account the absence

Fig. 2. Insertion of a super-stiff guidewire (Amplatz Super Stiff J-tip guidewire 260 c¢m, indicated by red arrow) into the left
atrial cavity via transseptal catheter. LA, left atrium; IAS, interatrial septum; RA, right atrium

A

Fig. 3. Insertion of venous ECMO cannula (26 F) through the interatrial septum into the left atrial cavity. LA, left atrium; IAS,

interatrial septum; RA, right atrium
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of a membrane oxygenator in the circuit, extracorporeal
blood flow was maintained at no more than 0.5 I/min to
reduce admixture of venous blood pumped through the
femoral arterial ECMO cannula into systemic circulati-
on. In the case of severe heart graft dysfunction requiring
post-transplant MSC, a membrane oxygenator was inte-
grated into the extracorporeal circuit and thus switched
to peripheral VA-ECMO. With a stable optimal cardiac
graft function and no signs of delayed dysfunction of
the transplanted heart, the venous and arterial ECMO
cannulas were removed no earlier than 12 hours after the
end of HTx surgery.

RESULTS

Uncomplicated LA puncture and cannulation was per-
formed from percutaneous transfemoral venous access in
all cases. Surgical intervention for percutaneous bypass
lasted for 48 to 74 minutes. All patients were activated
within 1 hour after the end of surgery and were on spon-
taneous breathing on oxygen therapy (4—6 1/min) until
HTx. Percutaneous LVAD unloaded the left heart effec-
tively (PCWP reduced from 27-32 to 15-20 mmHg),
pre-transplant PH reduced (mPAP reduced from 45-53

to 28-33 mmHg) and systemic hemodynamics impro-
ved (CI increased from 1.8-1.9 to 2.1-2.6 I/min/m* and
mAP from 56-59 to 70-75 mmHg), which set the sta-
ge for subsequent successful HTx (Table 3). Against
the background of pLVAD, TPG decreased from 21 to
13 (patient 1), from 25 to 15 (patient 2), from 18 to
14 mmHg (patient 3), PVR from 6.4 to 2.9 (patient 1),
6.6 to 3.4 (patient 2), 4.7 to 2.7 Wood units (patient 3).
The pLVAD flow rate was 2.9—3.8 L/min or 1.38-1.83 L/
min/m’ at 4700-7100 rpm. pLVAD lasted for 4 (n = 1)
to 7 (n = 2) days.

The patients underwent HTx from male donors 54
(patient 1), 40 (patient 2), and 46 (patient 3) years of age
with ischemia time of 167, 150, and 160 minutes, respec-
tively. Two patients (patient 1 and 2) did not show ear-
ly cardiac graft dysfunction. Hence, the extracorporeal
pre-transplant LVAD circuit was removed 5 and 7 hours
after the end of the surgical intervention, respectively.
The highest dopamine and adrenaline doses in the early
posttransplant period in both patients were 6 pug/kg/min
and 40 ng/kg/min, respectively. Patient 3 had hemo-
dynamic and echocardiographic signs of biventricular
cardiac graft dysfunction, which required posttransplant

Fig. 4. Patient with pLVAD (a, red arrows indicate blood flow direction) and blood drainage from left atrium into venous
ECMO cannula (26 F) (b, indicated by red arrow). Ao, aorta; LA, left atrium; RA, right atrium

Fig. 5. Atrial septal defect (indicated by red arrows) formed after removal of drainage cannula from the left atrial cavity, with

left-to-right blood shunt

35



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXV N2 2-2023

MSC. A membrane oxygenator was integrated into the
extracorporeal circuit of the pre-transplant LVAD, and
it was transformed into a peripheral VA-ECMO, whose
blood flow rate, centrifugal pump rpm and duration of
application were 2.7 L/min, 6800 per min and 3 days,
respectively. All patients survived and were discharged
from the hospital. At the end of the follow-up period (De-
cember 31, 2022), all patients were alive. The follow-up
period for the patients was 119 (patient 1), 90 (patient
2), and 35 (patient 3) days.

DISCUSSION

Despite the fact that according to ISHLT, over 50%
of HTx are performed in patients with long-term pre-
transplant MSC by implanted LVAD method, individual
transplant centers, usually having a large annual volume
of heart transplants, also adopt the practice of urgently
performing them in patients with short-term MSC [11].
VA-ECMO remains the most commonly used short-
term MSC before HTx with a predominant peripheral
technique for its implementation [12]. VA-ECMO, si-

multaneously improving systemic blood flow and gas
exchange, ensures survival to emergency HTx in most
patients [13]. However, being a non-physiological me-
thod of MSC in patients with AHF or acute decompen-
sated HF, which includes the majority of potential heart
recipients, VA-ECMO can be accompanied by exacer-
bation of LV dysfunction, leading to left heart overload,
pulmonary vascular congestion and pulmonary edema
[14]. To resolve this pathological condition, various me-
chanical LV unloading methods have been proposed [15].
In potential cardiac recipients with LV-dominant fai-
lure (e.g., coronary heart disease), the use of isolated
LVAD appears to be a more physiological and effective
method of pre-transplant MSC. However, implementa-
tion of paracorporeal LVAD requires sternotomy with
central cannulation of the left atrium or left ventricle
and aorta. This increases the traumaticity not only of
the LVAD, but also of subsequent HTx, which becomes
a repeated surgical intervention with increased risk of
peritransplant complications and death [17].

Table 3
Central hemodynamic parameters before and against the background of pLVAD (n = 3)
Parameter Study phase Patient 1 Patient 2 Patient 3
Before LVAD 105 94 110
HR (mins) Day 1 after LVAD 89 91 93
Before HTx 84 90 88
Before LVAD 59 56 57
mAP (mmHg) Day 1 after LVAD 69 73 72
Before HTx 70 71 75
Before LVAD 9 10 11
rAP (mmHg) Day 1 after LVAD 10 9 10
Before HTx 8 8 9
Before LVAD 53 54 45
PCWP (mmHg) Day 1 after LVAD 40 38 32
Before HTx 33 33 28
Before LVAD 32 29 27
PCWP (mmHg) Day 1 after LVAD 22 19 18
Before HTx 20 18 15
Before LVAD 3.3 3.8 3.8
CO (L/min) Day 1 after LVAD 4.5 4.3 4.7
Before HTx 4.5 4.4 4.9
Before LVAD 1.9 1.8 1.8
CI, L/min/m? Day 1 after LVAD 2.6 2.0 2.2
Before HTx 2.6 2.1 23
Before LVAD 21 25 18
TPG (mmHg) Day 1 after LVAD 18 19 14
Before HTx 13 15 13
Before LVAD 6.4 6.6 4.7
PVR (Woods unit) Day 1 after LVAD 4.0 4.4 3.0
Before HTx 2.9 34 2.7

Note: HR, heart rate; mAP, mean arterial pressure; RAP, right atrial pressure; mPAP, mean pulmonary artery pressure; PCWP,
pulmonary capillary wedge pressure; CO, cardiac output; CI, cardiac index; TPG, transpulmonary pressure gradient; PVR,
pulmonary vascular resistance.
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The introduction into clinical practice of pLVAD
technique implemented as TandemHeart pLVAD was
aimed at increasing efficiency and reducing MSC trau-
maticity in patients with LV-dominant AHF or decom-
pensated HF [17]. The method is based on LA transfe-
moral transvenous cannulation (21 F diameter) with a
specially designed cannula with a beak-shaped, curved
dilator to facilitate passage through the atrial septum.
Arterial blood drained from the LA is pumped using a
centrifugal pump through the femoral cannula (15 F dia-
meter) into the systemic circulation [18]. LA cannulation
is performed under fluoroscopic and echocardiographic
control in an X-ray operating room. The pLVAD proce-
dure lasts for 14 to 25 minutes [19].

The successful experience of using TandemHeart
pLVAD as a highly effective short-term MSC before
HTx as well as in severe cardiac transplant rejection
has been demonstrated [7]. There is also accumulated
experience of successful application of this short-term
MSC technique in the treatment of patients with acute
fulminant myocarditis of various etiology, myocardial
infarction, as well as a method of preventive MSC du-
ring endovascular coronary interventions and transca-
theter aortic valve replacement of high operational risk
[20, 21]. TandemHeart pLVAD was used as a short-term
MSC before implantation of long-term LVAD (bridge to
bridge) systems [8].

Like any high-tech treatment method, short-term
MSC realized using TandemHeart pLVAD has both ad-
vantages and disadvantages related to the risk of various
complications. Transfemoral transvenous LA cannulati-
on requires to be performed in the X-ray operating room
conditions and by X-ray endovascular surgeons with
extensive experience in transseptal LA puncture, consi-
dering the risk of aortic and atrial perforation. LA cannu-
lation is associated with the risk of thrombosis at the LA
cannula site, which increases the risk of cardioembolic
complications [22]. If the drainage cannula depth into
the LA cavity is insufficient, it can be dislocated into the
right atrium, which will result in venous blood injection
into systemic blood flow that will require either MSC
termination or its transformation into VA-ECMO by in-
tegrating into the membrane oxygenator circuit [22]. In
addition, there is a risk of lower limb ischemia due to
cannulation of the return (arterial) cannula of the femo-
ral artery. Possible complications include bleeding and
purulent inflammation in the femoral cannulation site,
arteriovenous fistula, femoral nerve damage, lympho-
cele, etc. [23]. The incidence of vascular complications
with percutaneous LVAD ranges from 4.0 to 9.7 [24].

Introduction of transcatheter, minimally invasive
LVAD techniques (e.g., Impella) has led to a reduction in
the use of TandemHeart pLVAD [1]. However, the use of
this MSC method seems still relevant in potential cardiac
recipients with LV-dominant intracardiac hemodynamic
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disorders when implementing emergency HTx programs
using short-term assisted circulation techniques.

Given the absence of a registered TandemHeart
pLVAD in the Russian Federation, we assumed that this
short-term MSC technique can be successfully imple-
mented by using a standard venous ECMO cannula of the
required size and design, which can be performed from
transfemoral venous access through the right atrium and
ASP into the LA cavity, provided there are radiological
endovascular surgeons with experience in transseptal
LA puncture. We have chosen the Medos venous ECMO
cannula, which, unlike other counterparts, has no late-
ral drainage holes and will provide isolated drainage of
arterial blood from the LA without admixture of venous
blood from the right heart and inferior vena cava. In ad-
dition, one of the indications for pLVAD use was acute
decompensated HF with LV-predominant intracardiac
hemodynamics, requiring short-term MSC, and accom-
panied by high, borderline pre-transplant PH.

A series of presented clinical cases demonstrated the
high hemodynamic efficiency and safety of this tech-
nique of pre-transplant short-term MSC by percutaneous
paracorporeal LVAD. Application of this MSC method
not only improved systemic hemodynamics, but also
regressed PH to the level allowing to perform HTx by
orthotopic technique effectively without development of
severe right ventricular dysfunction of the heart trans-
plant. In the absence of rapid PH regression, percuta-
neous LVAD can be used as an intermediate method of
assisted circulation before implantation of a long-term
LVAD (bridge-to-bridge) system [25]. If early dysfunc-
tion of the transplanted heart occurs, the pre-transplant
LVAD circuit can be used for post-transplant VA-ECMO
after integration of the membrane oxygenator. Our pre-
sented experience of short-term MSC by percutaneous
LVAD can be used in the domestic medical practice
not only as auxiliary circulation before HTx, but also
in other clinical situations accompanied by critical LV
dysfunction.

CONCLUSION

Percutaneous left ventricular assist device is a high-
ly effective short-term MSC method in potential heart
recipients with dominant LV dysfunction and conco-
mitant high pulmonary hypertension, leading to rapid
regression of the dysfunction against the background
of LV unloading. Depending on the clinical situation,
pLVAD can be considered a method of short-term MSC
before urgent HTx or implantation of long-term MSC
systems. This short-term MSC technique can be suc-
cessfully implemented using standard ECMO cannulas
for femoral transfemoral cannulation and centrifugal
pump of any modification, without requiring additional
special equipment.

The authors declare no conflict of interest.
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Medical management of end-stage chronic heart failure (HF) has evolved significantly over the past few decades.
With a better understanding of the pathophysiology of HF, new pharmacological agents have been synthesized.
However, survival in this cohort of patients with medical treatment remains extremely low. This has stimulated the
development of surgical methods of treatment. Recent technological advances in the development of mechanical
circulatory assist devices have made possible a single-stage implantation of two centrifugal pumps as an alter-
native to a total artificial heart. Today ventricular assist devices can be implanted to provide both univentricular
and biventricular support depending on the severity of hemodynamic disorders, target organ damage, likelihood

of recovery and heart transplantation.

Keywords: heart transplantation, mechanical circulatory assist device, heart failure, circulatory support.

Despite all the efforts by doctors and scientists, nearly
300,000 patients worldwide die of HF as a primary or
contributory cause each year [1]. Heart transplantation
(HTx) remains the gold standard therapy for end-stage
HF. However, this operation is severely limited by the
number of available donor organs. That is why implan-
tation of the left ventricular assist device (LVAD) has
become the only and most effective alternative option
to help this cohort of patients. Since the first LVAD was
approved by the U.S. Food and Drugs Administration
(FDA), the number of implanted devices has grown eve-
ry year and now exceeds the number of heart transplants
performed [2].

For many years, the development of surgical methods
of treating HF was focused on restoring and maintaining
the pumping function primarily of the left ventricle. As
a result, much less attention has been paid to the stu-
dy of pathogenesis and ways of maintaining right heart
function. However, in the majority of cases, end-stage
HF represents a biventricular heart dysfunction. In such
cases, LVAD implantation is not only ineffective, but
also associated with a high risk of right ventricular (RV)
dysfunction. Thus, according to studies, right ventricular
(RV) dysfunction is estimated to occur in 10% to 30% of
patients post-LVAD implantation [3—5]. Data from the
Interagency Registry for Mechanically Assisted Circu-
latory Support (INTERMACS) show that even with the
current level of development of LVAD systems, 1-year
survival for those with biventricular failure remains un-
changed in different periods (2006-2012/2013-2016) at
56% versus 55%, respectively [6]. According to J.K. Kir-
klin et al., 368 biventricular assist devices (BiVADs)
were implanted in 2011, with survival rates decreasing

as the duration of biventricular mechanical support in-
creased: 70% at 3 months, 62% at 6 months, 55% at
12 months, and 53% at 24 months of intervention [7].

Despite the discovery of a number of predictors of
RV dysfunction (published literature identifies at least
25 different potential predictors of severe RV failure
in LVAD recipients) post-LVAD implantation, most of
them have low specificity and sensitivity and therefore
are of low effectiveness in clinical practice [5, 8—12].
The absence of precise predictors of RV dysfunction has
forced clinicians to use intraoperative decision-making
tools based on the results of hemodynamic parameter
studies after LVAD implantation or within hours/days
after implantation. Lack of exact data and algorithms
lead to longer decision-making in choosing a right heart
mechanical support method, and also the optimum model
of the device. Because of this, clinical results of this stra-
tegy were suboptimal, which explained the significant
morbidity and mortality [13].

The bulkiness of the early LVAD models ruled out
the possibility of concurrent implantation of two pumps
in order to realize biventricular cardiac support [14—16].
For this reason, the only way to restore hemodynamics
of pulmonary circulation was to use temporary extracor-
poreal mechanical circulatory support techniques [17].
Unfortunately, extracorporeal devices had a number of
drawbacks — poor blood compatibility, high infection
rate, high frequency of cerebrovascular complications
and the need for a long hospital stay. This reduced the
quality of life of patients significantly and triggered sci-
entific interest in the development of implantable devices
[18, 19].
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Over the past decades, LVAD models have undergone
significant technological improvement. However, the
desire of surgeons to replicate the success of LVADs and
implant the developed models of long-term mechanical
circulatory support devices in the right side came with a
number of challenges [6, 20]. The first models of devices
implanted as BiVAD were pulsatile models. One of the
most recognizable biventricular support devices was the
Thoratec VAD system (Abbott Laboratories, Chicago, I1-
linois). Post-implant actuarial survival was 69.1 + 5.0%,
48.7 +5.5%,41.9 = 5.5%, and 38.4 + 5.6% at 1 month,
1 year, 3 years, and 5 years, respectively. Because of
the ease of implantation, the device was widely used in
patients with cardiogenic shock [21, 22].

Another pulsatile pump model currently used as a
BiVAD is the EXCOR VAD (Berlin Heart AG, Berlin,
Germany). This device has been widely used in the pedi-
atric group. Despite the extracorporeal connection sche-
me and significant limitations in the postoperative period,
EXCOR VAD is the only method of saving children with
HF, it allows waiting for a donor organ. According to
S.E. Bartfay et al., the overall 5-year survival rate after
EXCOR Berlin Heart implantation was 90% for children
and 75% for adults (P = 0.3), with a 1-year survival rate
of almost 80% [23].

Subsequently, pulsatile models replaced axial and
centrifugal pumps that generate continuous flow, such
as the Jarvik-2000 VAD model (Jarvik Heart, NewYork,
NY) [24-27]. According to the last report from INTER-
MACS, 618 continuous-flow BiVADs have been implan-
ted [6]. The HeartMate II LVAD (Thoratec, Pleasanton,
CA) has long been one of the best LVAD models because
of the low risk of device thrombosis. However, limited
experience of using this device for biventricular support
has been published in the literature, since, due to signifi-
cant dimensions of the device, single-stage implantation
of two pumps required complete ventricular removal
[28-30].

For this reason, miniaturization of engineered device
models remains an important challenge for engineers.
One widely known miniaturized device model is the
Impella RP device (Abiomed Inc., Danvers, Massachu-
setts), approved in 2015 by the FDA as a percutaneous
temporary support device. Later, a number of studies
proved the high efficacy of this device as a right ven-
tricular assist device (RVAD) in the short term. In the
RECOVER RIGHT study, the survival rate was 78%,
significantly higher than for open RVAD implantation
options [31-33]. In 2019, a clinical case study of mini-
mally invasive BiVAD was published; the Impella 5.0
and Impella RP (Abiomed, Inc, Danvers, Massachusetts)
were first successfully used as devices. This was the first
successful case of using a single-stage implantation of
this device model as a bridge to transplantation in BiVAD
configuration [34].
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The small profile and possibility of intrapericardial
concurrent insertion of two HeartWare HVAD devices
(Medtronic Corp, Minneapolis, Minnesota) have genera-
ted great interest in application of this device as a BIVAD
[35-40]. According to A. Loforte et al., the 1-year survi-
val in a series of 13 implantations of HeartWare HVAD
as BiVAD was 62% [36]. According to T. Krabatsch et
al., HeartWare HVAD model was implanted as a BIVAD
in 17 patients. The postload for the right device was arti-
ficially increased by local reduction of the outflow tract
diameter, and the effective length of the inlet cannula
was reduced by adding two 5-mm silicone rings. The
30-day survival rate was 82%, with 59% of patients being
discharged home. In this patient series, postoperative
bleeding was the most frequent complication (6 patients)
[41]. A small series of S. Shehab et al. reported 100%
survival in 3 patients and 54% survival in 13 patients
[42]. In F.A. Arabia et al., 1-, 6- and 12-month survival
rates post-BiVAD implantation (HeartWare HVAD mo-
del) were 89%, 68% and 62%, respectively. Moreover,
there was no statistical difference in survival in compa-
rison with the patients who received LVAD/temporary
RVAD [43].

Recently, there have been a number of publications
describing experience with the HeartMate I1I (Thora-
tec Inc., USA). J. Lavee et al. evaluated the safety and
clinical efficacy of the HeartMate III in a BiVAD confi-
guration in 14 patients at 6 medical centers worldwide.
Nine of these patients (64%) were alive as of January 1,
2018. Eight of the 9 had continued on BiVAD support
for 95 to 636 (mean 266) days: 7 at home, and 1 suc-
cessfully transplanted after 98 days of BiVAD support.
Five patients died after 10, 60, 83, 99, and 155 days of
support, respectively. The causes of death were sepsis in
three patients, as well as hemorrhagic stroke and right
pump thrombosis [44]. According to D. McGiffin et al.
in a series including 12 patients, actuarial survival at
18 months was 91.7%. At 18 months after the procedure,
5 patients (41.7%) had undergone cardiac transplanta-
tion, 5 patients (41.7%) were alive and on biventricular
support, 1 patient had died (8.3%), and 1 patient had
device explantation for myocardial recovery (8.3%) [45].

Despite the existing world experience in the use of
BiVAD, the surgical technique for device implantation
is still under discussion. Insertion of an LVAD inflow
cannula through the left ventricular (LV) apex or dia-
phragmatic wall is considered convenient and safe in
most cases. Placement of the RVAD inflow cannula into
the RV cavity or right atrium remains less clear. Howe-
ver, RVAD thrombosis is one of the major problems of
BiVAD with an event rate of 30% to 37% in early reports
[42, 46—48]. The multicenter and recent single-center
HeartMate III study as a BiVAD showed a lower rate of
thrombosis (7—20%), but the inflow spigot and outflow
tract locations remain an open question [44, 45].
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The study in these series showed a trend towards a
better result in the case of right atrial (RA) cannulation.
However, it is unclear what factors contribute to more
frequent right pump thrombosis. Potential advantages of
RA cannulation may be the convenient positioning of the
pump in the right pleural cavity compared with intrape-
ricardial RVAD placement over the diaphragm, and the
absence of RV and interventricular septum compression
by the pump body. Whereas right ventricular cannulation
can lead to ‘swallowing’ of the tricuspid valve leaflets
or subclavian structures. This complication was often
observed in the case of implantation of pulsatile RVAD
models, where one of the solutions was tricuspid valve
dissection. It should be kept in mind that although remo-
val of tricuspid valve leaflets helps to solve the problem
of ‘swallowing’ by the pump and partially thrombosis of
the device, still in case of mechanical device failure, the
patient will need immediate restoration of quasi-normal
RV function. Another reason for higher frequency of
RVAD thrombosis is the need to reduce rotor speed to the
maximum allowable values in order to optimize pulmo-
nary circulation hemodynamics. However, in the case of
devices implementing hydrodynamic suspension of the
rotor, such modes threaten to unbalance the rotor position
in the pump cavity and to increase the risk of thrombosis.
For this reason, the latest HeartMate I1I fully magnetic

suspension centrifugal pump compares favorably with
its predecessors. In a number of studies, the low rate of
thrombosis reported when using the HeartMate I1I as an
LVAD has also been noted in the RVAD configuration
[33, 35].

The inflow cannula of mechanical circulatory support
devices was designed based on LV geometry and is unsu-
itable for RA and RV cannulation. Therefore, in the case
of RA cannulation, in order to reduce the intraluminal
length of the RVAD inflow cannula, the pump profile was
increased using felt plates glued together using Bioglue
(CryoLife, Guildford, UK) (Fig.).

In reviewing the outcomes of inflow cannula place-
ment for RVAD in a study by E.J. Maynes et al., pump
thrombosis occurred at a similar rate between RA can-
nulation and RV cannulation groups: 3/10 (30.0%) ver-
sus 6/20 (30.0%), respectively. However, Kaplan—Meier
analysis when censored for transplant showed higher
survival with RA HVAD compared to RV HVAD (P =
.036), with an estimated survival at 1 year of 91.7%
(95% CI 77.3-100.0) in RA HVAD versus 66.2% (95%
CI 48.9-89.6) for RV HVAD [51].

The series by S. Shehab et al. showed a higher inci-
dence of pump thrombosis with inflow cannula implan-
tation in the right ventricle compared with placement
in the right atrium (50% versus 14%) [42]. The authors

Fig. Preparation of the RVAD inlet cannula [49, 50]
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concluded that this complication may have been asso-
ciated with post-implant RV remodeling, which led to
reduced chamber size [36, 39, 42].

Another object of controversy has been the RVAD
outflow tract, since a number of surgeons have suggested
the possible effectiveness of narrowing and lengthening
the RVAD outflow line in order to optimally switch the
two devices [48, 49]. On the contrary, in the BiVAD
group by C. Lo etal., 9 out of 14 cases did not use RVAD
outflow tract reduction [52]. A similar point of view is
shared by E. Potapov et al., who point out that there is
no need to narrow the outflow tract, and also recommend
reducing the length of the prosthesis and anastomose the
latter with the pulmonary trunk at an angle of 90° [48].

The timing of the decision to use BiVAD plays a key
role in treatment outcomes. For example, according to
T. Kuroda et al., 40% of BiVAD patients (HeartMate
III model) received RVAD within 0-2 days post-LVAD
implantation, and 23% of RVAD implantations were
performed within 3—14 days [53]. Severe late RV failu-
re among LVAD patients requiring mechanical support
3—12 months post-LVAD implantation is very rare [54].
Therefore, if BiIVAD placement after LVAD implanta-
tion occurred earlier, the duration of BiVAD support is
expected to be short (up to 17 days) [55-57].

J. Vierecke et al. investigated 37 long-term BiVADs,
342 LVAD + short-term RVAD implants and 34 total arti-
ficial heart (TAHs). Berlin Heart Excor (n =5), HeartWa-
re HVAD (n = 22), Thoratec pVAD (n = 10) were used as
models for RVAD. The 1-year survival rate was 55% for
patients with a continuous flow BiVAD; 52% for patients
with an LVAD + short-term RVAD; 37% for patients with
pulsatile BiVADs; and 36% for patients with a TAH. The
adverse events profile remained high, with no significant
difference among pump types. After 3 months of LVAD +
short-term RVAD support, 46.7% still required ongoing
support, and only 18.5% were weaned from RVAD sup-
port; 33.1% died. Device freedom from dysfunction and
thrombosis was similar across all groups at 18 months
(P=0.63): 83% in patients with TAH, 82% in the pulsati-
le BiVAD model group, 95% in continuous-flow BiVAD
patients, and 86% for patients with LVAD + short-term
RVAD. Freedom from neurological deficit at 1 year was
84% for the TAH group, 73% for the pulsatile BIVAD
flow, 76% for the continuous-flow BiVAD, and 94% for
the LVAD + short-term RVAD group with no statistical
difference between the investigated groups (P =0.091).
According to the authors, the LVAD + short-term RVAD
group had the most favorable outcomes in terms of sur-
vival and freedom from complications. The possibility
of easy weaning from extracorporeal RVAD models was
an additional advantage [58].

The J.C. Cleveland Jr et al. study comparing LVAD
and BiVAD implantation outcomes (Heartmate IP, VE,
VXE, and Heartmate II LVAD models (Thoratec, Ple-
asanton, CA); the MicroMed Debakey Child left VAD
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(MicroMed, Houston, TX); Thoratec IVAD and PVAD
pumps (Thoratec)) reported 6-month survival rates of
86% for LVADs and 56% for BiVADs (p <.0001). Ad-
verse event rates, expressed as episodes / 100 patient-
months for the BiVAD group compared with LVAD,
were significantly higher for infection (33.2 vs 14.3),
bleeding (71.6 vs 15.5), neurologic events (7.9 vs 2.6),
and for device failure (4.9 vs 2.0) [59].

The question of choosing an optimal pump model for
BiVAD is still open. For example, a group of authors led
by A.C.W. Baldwin et al. report successful performance
of BiVAD cardiac support with two different device mo-
dels. In this case, after implanting a HeartMate Il model
as an LVAD and performing temporary RV support with
CentriMag (Abbott Laboratories; Abbott Park, Ill) for
long-term RVAD support, the patient was implanted with
a HeartWare HVAD model [60]. A similar experience is
also described in the works of J.J. Eulert-Grehn et al.
and S. Saito et al. [47, 61].

In arecent study by D.M. Mancini et al., it was shown
that 26% of patients after LVAD implantation, after se-
veral months of mechanical circulatory support, restored
LV pumping function, so that the devices were ultimately
explanted [62]. A similar strategy can be successfully
implemented in the case of BiVAD support. According
to E. Potapov et al., in a series of 10 patients treated
with BiVAD, 3 cases showed a recovery of normal RV
function to the extent that the RVAD device was stopped
without explantation. Two patients were left with suc-
cessfully functioning LVADs, one patient died of sepsis
[63].

Thus, the strategy of concurrent implantation of two
non-pulsatile mechanical circulatory support devices in
a BiVAD configuration can be considered an effective
alternative treatment option for patients with biventri-
cular heart failure. Moreover, the latest HeartMate 111
centrifugal pump, fully magnetically levitated, can be
used as a TAH in clinics that are unable to use the ori-
ginal TAH models. However, the issue of predictors of
device-related complications requires further research.
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Postoperative pericardial effusion (PPE) represents a very common complication in cardiac surgery. Accumulation
of a significant amount of free fluid in the pericardial cavity is a multifactorial process. Identifying the cause is not
always possible. This complication occurs more frequently in patients after heart transplantation than in patients
who underwent reconstructive cardiac surgery. Having hemodynamically significant effusion requires surgical
evacuation of fluid from the pericardial cavity. This can affect the postoperative period and increase the length
of stay at the hospital. For this reason, developing and ensuring widespread use of methods for prevention of this

complication are urgent and relevant tasks.
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Objective: to provide data on practical application
of the pericardial window procedure in heart transplant
recipients for preventing significant pericardial effusion
formation.

INTRODUCTION

Heart transplantation (HT) remains the gold-stan-
dard therapy in end-stage heart failure. The efficacy of
HT today is not under dispute because of its significant
advantage over drug therapy and alternative surgical
interventions. Each year, about 300 HT surgeries are
performed in the Russian Federation. This number is
rising steadily. It is obvious that introduction of new
methods of treatment and prevention of complications in
this field is necessary to further develop and strengthen
the position of transplantology in the Russian Federation.
For many years now, the Shumakov National Medical
Research Center of Transplantology and Artificial Or-
gans (hereinafter referred to as Shumakov Center) in
Moscow has remained the absolute leader in terms of
the number of HTs performed. Since 2016, the center
has performed about 200 HTs per year, which is the best
indicator among all institutions in the world today [1].
The accumulated experience allows to reliably assess the
current issues regarding the course of the postoperative
period in HT recipients in the Russian Federation, in-
cluding the incidence and significance of complications.

PPE is one of the most common findings after cardiac
surgery [2—7]. This complication is also characteristic of
cardiac recipients. The incidence of PPE in this group of

patients is significantly higher due to different immuno-
logical and surgical components [2, 3]. Large pericardial
effusions can cause compression of heart chambers, lea-
ding to decreased hemodynamic parameters. The only
way to treat such conditions is additional surgical inter-
vention, an undesirable event that affects the postopera-
tive period. Today, one of the ways of radical prevention
of this complication in reconstructive cardiac surgery
is the pericardial window procedure or posterior peri-
cardiotomy in one-stage with the main stage of surgery
[8—11]. This method is widely used in clinical practice
due to its simplicity, efficiency and safety.

At present, it is difficult to speak about the breadth of
application of the procedure in cardiac transplantation
practice. However, it is worth considering the effective-
ness of its use in reconstructive cardiac surgery [12—15].
This surgical technique can reduce the incidence of pe-
ricardial effusions, the number of drainage operations
performed and the length of stay in the hospital. Cur-
rently, this technique is used at Shumakov Center for HT
recipients. Given the novelty and lack of clear indications
for use, the effect on the postoperative period in cardiac
transplant patients is being studied.

MATERIALS AND METHODS

In order to analyze the effectiveness of the method
of surgical prevention of PPE in HT recipients, we per-
formed the pleuropericardial window technique in 22 re-
cipients at Shumakov Center during the main stage of
surgery from December 2021 to December 2022. For
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the purpose of objective analysis of the procedure, selec-
tion criteria were not used, and the pericardial window
was performed randomly. The average time of stay and
follow-up at the surgical hospital was 19 = 10.3 days.
Patient mean age was 45.9 £ 10.3 years, 86% men, 14%
women. The prevalent pre-transplant diagnoses were:
dilated cardiomyopathy (59%) and ischemic cardiomyo-
pathy (36%). The vast majority of patients (95%) had no
history of previous cardiac surgery. The mean time of the
main stage of surgery was 51 = 10.5 minutes. Cardio-
pulmonary bypass time was 103.7 + 17.7 minutes. Heart
graft ischemic time was 175.9 + 62.8 minutes. The data
of 190 patients who underwent HT in 2022 at Shumakov
Center were used for comparison. The presence of se-
vere pericardial effusion that required repeated surgical
intervention due to signs of hemodynamically significant
compression of the heart chambers and volume of free
pericardial fluid >300 mL were assessed.

SURGICAL TECHNIQUE

The pericardial window procedure consists of excis-
ion of a 3-4 c¢cm” area of the pericardium using electro-
coagulation below the left diaphragmatic nerve, 4-5 cm
down from the left inferior pulmonary vein (Fig. 1). After
completion of the main stage of the operation, it is sug-
gested to place a 27-30 F pleuropericardial drainage tube
through the pericardial window into the left costophrenic
angle in order to drain both the pleural cavity and the pe-
ricardial cavity (Fig. 2). The duration of pleuropericardial
drainage should be no more than 72 hours from the time
of surgery when the discharge rate reaches <100 mL per
day. When the tube is removed, the skin defect should be
sutured to prevent pneumothorax and pneumopericardi-
um. After removal of the drainage tube, negative pressure
in the pleural cavity creates active aspiration from the
pericardial cavity, provided the latter is airtight. Thus,
redistribution of fluid volume changes the character and
significance of clinical manifestations of the effusion
process. Besides, the pleural cavity is characterized by
a greater resorption surface, which allows in some cases
to be limited to conservative methods of treatment.

RESULTS

A standard protocol for assessing the presence of ef-
fusion in the pericardial cavity during echocardiography
(EchoCG) was used, including daily examination during
patient follow-up in the intensive care unit (ICU) and
pericardial ultrasound twice a week after transfer to the
surgical ward. The average amount of fluid content in
the pericardial cavity was found to be 50—100 mL in
95% of patients, which is an acceptable norm and does
not require active treatment. Only one patient, despite
surgical prophylaxis, had massive pericardial and pleural
effusion that required drainage of the pericardial cavity
on day 27 after transplantation and two pleural cavity
drainage procedures, which was due to hypoalbumine-
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mia, deficiency of plasma coagulation factors, decre-
ased diuresis and hypodynamic patient against edema
syndrome. The patient also had fibrin clots in the pe-
ricardial cavity along the contour of the right ventricle
and hemorrhagic discharge during drainage. This may
indicate signs of delayed bleeding resulting from blood
clotting disorders. Two more patients had significant
left-sided pleural effusion, which required evacuation of
fluid from the pleural cavity. Hydrothorax can be one of
the predictable features of the method and develop due
to fluid outflow through the pericardial window into the
pleural cavity [10]. Of course, pleural effusion is also
an undesirable postoperative event in this group of pati-
ents. But this complication does not affect hemodynamic
characteristics of the graft, and surgical manipulation of
evacuation of significant volume of fluid from the pleural

Fig. 1. Image of optimal localization of the pericardial win-
dow relative to the nearest anatomical structures

Fig. 2. An example of placement of a pericardial drainage
tube after completion of the main stage of the operation
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cavity compared to pericardial cavity drainage is a much
gentler intervention, not requiring patient sedation.

In the group of patients who underwent HT without
undergoing a pleuropericardial window, severe pericar-
dial effusion requiring surgical evacuation of fluid was
noted in 16.3% of cases. This shows the advantage of
the presented procedure and the difference between the
groups by more than 10% p > 0.05 (Fig. 3).

DISCUSSION

At first glance, such a complication as fluid accumu-
lation in the pericardial cavity does not have obvious
negative consequences for patients and sometimes is not
considered by clinicians as a serious problem requiring
special attention. However, as practice shows, the incre-
ase in free fluid volume in the pericardial cavity in the
early postoperative period negatively affects the patient’s
hemodynamic parameters, can cause arrhythmia, lead
to compression of the heart chambers and cardiac tam-
ponade. According to global statistics, PPE occurs in
approximately 6—35% of patients after cardiac surgery
[16-22]. According to the 20192022 statistics from our
institution, this complication leads to significant heart
graft dysfunction and requires additional surgical inter-
vention in 15-20% of cases. It has been noted that HT
recipients account for an average of 83% of all patients
who underwent cardiac surgery and required drainage
of the pericardial cavity in the postoperative period in
the operating room. This once again proves the predis-
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position of this category of patients to accumulation of
pathological amounts of pericardial fluid.

From our point of view, the most optimal method of
radical treatment of large pericardial effusion is drainage
of the pericardial cavity through subxiphoid access. This
intervention does not require additional incisions and is
performed by opening the sternotomy suture in the lower
third for 56 centimeters and evacuating fluid, followed
by placement of a drainage tube. The main advantage of
subxiphoid access is the possibility to perform complete
evacuation of pericardial effusion, which is not always
possible when performing pericardial puncture, espe-
cially when accumulation is encysted along the posteri-
or surface of the heart [23-25]. Pericardial puncture is
also an effective procedure that is used as the method of
choice in many institutions, and the procedural success
rate is 97%. However, a prerequisite is to perform the
procedure under ultrasound guidance, optimal ultrasound
window, or to perform the puncture in an X-ray operating
room [26]. Although drainage procedures and pericar-
dial punctures have long been used as a safe treatment
strategy in patients with this complication, it is worth
bearing in mind that these surgical manipulations cause
additional emotional stress for the patient, may increase
length of stay at the hospital due to the need for extended
follow-up, and are among the undesirable postoperative
events in terms of clinical and economic factors.

Techniques for surgical prevention of severe peri-
cardial effusion are used worldwide and are becoming
increasingly common in reconstructive cardiac surgery
due to the revealed effectiveness with regard to postope-
rative atrial fibrillation — reduced amount of effusion and
decreased inflammatory response [12—15]. Pleuroperi-
toneal shunting using pericardial window or posterior
pericardiotomy can significantly reduce the risk of hy-
dropericardium, which is especially relevant in patients
after heart transplantation. The advantage of performing
a pleuropericardial window during the main surgical
phase is to prevent the buildup of significant pericardial
effusion due to effusion redistribution and, as a conse-
quence, reduce the incidence of complication.

Given the data obtained, it can be concluded that
surgical prevention of pericardial effusion in patients
after heart transplantation by shunting is effective due
to absence of signs of pathological fluid accumulation
in 95% of cases, which exceeds by 10% the indicator of
patients who did not undergo pericardial window during
the operation. This technique can improve the efficiency
of medical care for patients with end-stage heart failu-
re, preventing this complication in patients after heart
transplantation.

The question about indications and contraindications
for the use of the method in everyday practice in heart
transplant recipients is open because of the need to iden-
tify the main predisposing risk factors and determine
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the probability of complications such as formation of
hydrothorax due to fluid distribution.

CONCLUSION

The use of pleuropericardial window as a surgical

method for prevention of significant PPE after heart
transplantation may reduce the risks of repeated surgical
interventions aimed at evacuating severe hydropericardi-
um, and improve the early postoperative period.

The authors declare no conflict of interest.
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Three-dimensional (3D) printing is a method of creating a material object layer-by-layer in space from a virtual,
mathematical model. 3D printing is based on additive technologies — a step-by-step formation of a structure by
adding material to the base. 3D bioprinting is the fabrication of functional biological structures that mimic human
organs and tissues. Analysis of scientific publications showed that in the near future, viable and fully functional

artificial copies of individual human organs and tissues can be obtained.

Keywords: 3D bioprinting, additive technologies, biofabrication, tissue-engineered constructs, artificial

organs, transplantology.

INTRODUCTION

Organ and tissue transplantation is a widely used
method of treating severe organ pathology, extensive,
irreparable damage to internal organs and tissues [1,
2]. Unfortunately, this method has major drawbacks —
graft rejection, graft dysfunction, internal bleeding,
postoperative infection, risk of malignant tumors, and
complications associated with the use of nonspecific
immunosuppressants [3, 4].

Another unresolved problem in transplantology is
the global shortage of donor material. A working group
of the Russian Transplant Society and the Shumakov
National Medical Research Center of Transplantology
and Artificial Organs, Moscow, Russian Federation annu-
ally collect, process and analyze data on organ donation
and transplantation in Russia. According to estimates
by Russian experts, only one tenth of those in need of
organ transplantation in Russia have their annual need
met (the need for organ transplantation in Russia is at
least 11,000 kidney transplants per year; 2,000 for liver;
1,100 for heart, including heart-lung; 800 for lungs; 300
for pancreas) [5-8].

The development of additive technologies, research
in regenerative medicine, tissue engineering, immuno-
logy (search for solutions to the biocompatibility pro-
blem), cryobiology (technologies for long-term storage
of organs and tissues), materials science (biomaterials,
synthetic materials, composite/hybrid materials), are
essential for the development of modern methods of
compensating the functions of damaged or lost organs
and tissues [9-19].

The promise of 3D bioprinting was first demonstrated
in 1988. Using ordinary office equipment (an inkjet prin-
ter) and software (standard graphic editor), it was shown
that cells and cell adhesion proteins can be accurately
positioned in space according to predetermined coordi-
nates [20]. Currently, functional biological systems for
in vitro studies, anatomical bioequivalents of various
human tissues and organs with a complex, multicom-
ponent structure are created using 3D bioprinting [21].
In the technological process, highly specialized (organ-
specific) cells, growth factors, and various biocompatible
materials are used [22], which provides adequate con-
ditions for long-term functioning of the created tissue-
engineered construct [23, 24]. In the global 3D bioprin-
ting industry, consumer trends have been formed, the
main research groups of developers and manufacturers
have been identified. Based on existing basic additive
technologies and the 3D bioprinting technique, methods
for obtaining artificial organs and tissues, biocompatible
matrices are being actively developed. The global 3D
bioprinting market is valued at $1.4 billion and is pro-
jected to reach $4.4 billion by 2028 [25].

The main leading companies in the field of 3D bio-
printing are presented in Table 1 [26, 27].

Chinese company Sichuan Revotek and American
company Organovo are the two leading companies by
the number of received patents for inventions related to
3D bioprinting [28].

The leading country in this field is the USA, where a
kind of “roadmap” — a scenario for the commercializa-
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tion of regenerative medicine technologies in the field
of tissue engineering and organ regeneration from 2000
to 2060 — has been created (Fig. 1) [29].

This scenario consists of the following stages [10]:

2000-2015, using the results of research in the field
of tissue engineering and regenerative medicine to form
a new global market of technologies, equipment and
consumables;

2015, creation of new kinds of biopolymers to com-
pletely replace synthetic biodegradable matrices;

2025, creation of industrial biotechnological comple-
xes for cultivation of autologous cells and development
of tissue engineering technologies based on these cells;

2050, development of technologies for converting
allogeneic cell genotype into autologous cell genotype;

2060, opening of a network of commercial reposito-
ries (tissue banks) for obtaining and long-term storage

of personalized artificial bioequivalents of organs for
a particular recipient.

BASICS OF 3D BIOPRINTING

The main component of any 3D bioprinter is a three-
axis (X-Y-Z) positioning manipulator (Fig. 2).

The software controls the trajectory of automated sys-
tem movement along the X, Y, Z axes and dosed supply
of cellular elements, growth factors and other biomate-
rials into the created 3D structure. Thus, this technology
turns virtual computer models (prototypes) of various
organs into real artificial organs [30].

Currently, manufacturing companies offer a wide
range of bioprinters for printing with live cells, which
have different design and technical solutions. However,
these devices retain the same operating principle for all
models — layer-by-layer application of cell populations
placed in a biocompatible support base (soluble hydro-

Table 1
Major companies leading the global 3D bioprinting market
America Europe Asia

Countries: Countries: Countries:
— USA; — Germany; —  China;
— Canada. — France; — Japan;
Companies: —  Switzerland; —  South Korea;
— Aspect, Acther, SE3D, Orga- |- Sweden. — Singapore.

novo, Tevido, BIOLIFE 4D, Companies: Companies:

Seraph Robotics, BioRobots, — Ourobotics, Poietis, 3Dynamic, Envi- |- Sichuan Revotek, Regenovo Bio-

ASLS, nScrypt sionTEC, regenHU, REGEMAT 3D, tech, ROKIT, Cyfuse, Pensees and

GeSiM, CELLINK, and 3D Bio Bio3D Tech

Scenario for commercialization of regenerative medicine in tissue engineering

and organ regeneration from 2000 to 2060 in the United States

. 2025

Development

of industrial
technologies
(technology scaling)

for autologous cell
culture and tissue
engineering technologies

.2015

Complete
replacement
of synthetic
i) biodegradable
2000-2015 matrices
Commercialization With biopolymer
of research results ~ Matrices
in the field
of tissue engineering

Creation

2050 of commercial banks
Development for the creation
of technologies and storage

of bioartificial organs
(“spare parts”)

for a particular
recipient

for conversion

of allogeneic genotype
into autologous
genotype

Fig. 1. Roadmap for the commercialization of regenerative medicine technologies in the United States [29]
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gels) from the print head to the cell population building
surface [31].

POSSIBLE OPTIONS FOR 3D BIOPRINTING

3D bioprinting is mainly based on three central ap-

proaches [32].

1. Continuous (extrusion) method: a constant stream

comes from a syringe or special dispenser. Extrusion-

based bioprinters use a mechanically or pneumati-

cally driven system that places cells in the form of a

filament.

Intermittent (droplet) method: inflow of microdro-

plets. Droplet-based bioprinters use heat-, piezo-, or

acoustic-driven mechanisms to deposit droplets of
cell suspension at high throughput.

. Laser bioprinters use a non-contact method of ap-
plying a biomaterial, where high-frequency pulsed
energy of the laser beam transfers a hydrogel drop
containing cells to the receiving surface. This bioprin-
ting method is referred to as “laser direct writing”.
This technology makes it possible to create structures
with a density of 10® cells per 1 cm® and a resolution
of 1 cell at high speed [33].

BIOMATERIALS FOR 3D BIOPRINTING

To obtain a functioning tissue-engineered construct,
it is necessary to use carriers made of biomaterials with
predetermined characteristics — natural, synthetic or
composite materials. When choosing the most suitable
materials and their production methods, it is necessary

to simultaneously take into account many biological,
physical and chemical parameters which determine in-
ternal architectonics, resorption time, biocompatibility
(immunological reactivity), controlled release of bioac-
tive substances (specific extracellular matrix proteins,
growth factors, cytokines) in the matrix, which are re-
sponsible for proliferation and growth of cells regula-
ting parenchymal-stromal and intercellular interactions
[34-36]. Pore size and overall matrix porosity (Fig. 3 and
4) influence the rate of diffusion, drainage and delivery
of oxygen, nutrients, various regulatory factors, removal
of metabolic products due to formation of microvascu-
lature, other homeostasis processes that are necessary to
prevent ischemic injury and long-term preservation of
full-fledged biological properties and physiological func-
tions of the created tissue-engineered construct [36, 37].

It has been experimentally proven that with pore dia-
meters exceeding 500 um, cell migration is impossible
because cells do not recognize the surface. Matrices with
multiple, homogeneous and communicating pores (up to
70% porosity), having diameters from 50 pm to 500 pum,
are ideal for the creation of tissue-engineered constructs
[38, 39].

In recent years, biopolymers have been increasingly
used as materials for creating biodegradable 3D matri-
ces (Table 2). Unlike biodegradable synthetic polymers,
biopolymers or their composites containing bioactive
substances meet, to the greatest extent, the main requi-
rements for matrices in tissue-engineered constructs,

such as [40]:

Heating unit
+37 °C

Direct microextrusion

or microdroplet inflow

000000000000
— B0 0001

Microdosing unit

Microdoser

. Z axis
Syringe

_~ dispenser

X-Y axis

z
X)\y

Computer-aided design
program

Fig. 2. Schematic representation of 3D bioprinting device
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— Dbiocompatibility of the product and its decomposition
products;

— presence of biostimulating properties;

— ability to regulate biodegradation time;

— ability to neovascularize and neoinervate;

— withstand loads, provide strength and stability of
tissue-engineered constructs, maintain viability
of cellular elements;

— full connection to cell populations, stimulation and
control of their growth;

— sterilization with preservation of biological and medi-
cal-technical characteristics of the obtained structure.
Encapsulation of cells within a semi-permeable bio-

polymer hydrogel is an attractive procedure that allows

preserving the viability of cell populations during bio-
printing [41]. Swedish researchers suggested using cellu-
lose nanofibers in combination with cells. Chondrocytes
bioprinted in nanocellulose exhibited a cell viability of
86% in the printed structure after 7 days of 3D culture

WD22. Tmm (170

[42]. Biodegradable matrices with up to 70% volumet-
ric porosity were created based on aliphatic polyethers
containing bioactive components such as hydroxyapatite,
enzymes, growth factors and drugs [43]. It is important
to consider the effect of various bioactive substances
produced by the body in the course of responding to the
implantation of a tissue-engineered construct — develop-
ment of oxidative stress characterized by a high content
of compounds that react by a free-radical mechanism
[44]. Free radicals are capable of destroying cell memb-
ranes, damaging DNA molecules, and causing oxidative
destruction of mitochondria. The method of creating
tissue-engineered constructs based on microstructured
biopolymer hydrogel matrices with antioxidant and an-
tiradical activity seems promising [10, 45]. Advantages,
disadvantages, as well as prospects of using some of the
materials studied so far are presented in Table 3 [35, 46].

It should be noted that matrix elasticity has an in-
fluence on cell growth and differentiation. This should

Fig. 3. Micrograph of a matrix based on beta-tricalcium phosphate (B-TCP) obtained by scanning electron microscopy. 3-TCP
granules contain multiple micropores ranging in size from 100 um to 400 pum; total matrix porosity 75%. (a), macrostructure;

(b), microstructure

TNV &
LB
oo

A
-

>

Fig. 4. Micrograph of collagen-based matrix obtained by scanning electron microscopy. (a), macrostructure; (b), microstruc-
ture, numerous micropores ranging in size from 50 pm to 500 um
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Table 2
Biopolymer materials most commonly
used in tissue engineering and regenerative
medicine [10]

Biopolymer Source
Alginates Polysaccharide from brown seaweed
Collagen, elastin | Extracellular matrix protein
Gelatin Thermally denatured collagen
Chitosan Chitin der.ivative (source: crayfish,
crabs, shrimp)
Silk fibroin Cocoon protein (silkworm)
Spidroin Cobweb protein
Hyaluronic acid | Extracellular matrix component

be considered when choosing a carrier. However, soft
polymers do not allow recreating an organ structure at
micro- and nano-levels (Fig. 5).

THE CURRENT STATE OF RESEARCH
IN THE FIELD OF 3D ORGAN BIOPRINTING

Numerous scientific publications confirm the promi-
sing use of 3D bioprinting both for research purposes
and in clinical practice [47]. Constructs mimicking the
myocardium [48], bone and cartilage tissue [49], blood
vessels with multiple branches [50], skin [51], and peri-
pheral nerves [52] were created. A liver model was pre-
sented to study pharmacokinetic processes (absorption,
excretion, distribution and metabolism) in vitro [53].
For 3D bioprinting of spheroids, Japanese researchers
used spherical cell aggregates consisting of chondrocy-
tes, fibroblasts, bone marrow mesenchymal stem cells

to create a miniature model of the trachea [54]. Scientists
from Switzerland have created a functioning model of the
alveolar-capillary membrane consisting of endothelial
cells, basal membrane and alveolar epithelial cells [55].
Successful experiments were performed on models of
laboratory primates to implant individual structural and
functional components of the bronchopulmonary com-
plex [56]. A technology has been developed for creating
single-layer models of alveolar, bronchial and intestinal
epithelium cells as a basis for complex structures of the
airways and gastrointestinal tract, which can be used
to assess the toxicity of pharmacological drugs [57]. A
method for printing blood vessels using tissue spheroids
with lumen, which form a complete vascular network
when fused with each other, has been proposed [58]. It
has been shown that vessels made only of cells, without
any dense supporting scaffolds, can rapidly mature in a
bioreactor and acquire properties comparable to those of
natural blood vessels [59]. Multicellular spheroids com-
posed of human umbilical vein endothelial cells (40% of
all cell populations), human aortic smooth muscle cells
(10%) and normal human dermal fibroblasts (50%) were
used for 3D bioprinting of the blood vessel model. After
culturing in a perfusion bioreactor, the resulting model in
the form of a tubular structure (inner diameter of 1.5 mm)
was successfully implanted into the abdominal aorta in a
rat [60]. Researchers from Carnegie Mellon University
(Pittsburgh, USA) developed a method for bioprinting
heart and blood vessels using collagen, alginate, and
fibrin as supporting materials. Since the structures made
of the materials chosen by the researchers collapsed un-
der their own weight during 3D printing, it was decided

Table 3
Main groups of materials for 3D bioprinting (advantages, disadvantages and prospects for use)
Material Advantages Disadvantages Challenges Prospects
Natural oriein. bio- Risk of immune response, | Development of
origin, . Limitations in fabrica- | biodegradation, difficulties |bioactive matrices with
. . compatible, properties . . . . " . .
Biomaterials ; tion of materials with in fabricating multicompo- |predetermined charac-
of natural tissues are . . . I Y .
specified parameters nent matrices with addition | teristics, obtaining new
preserved . . : .
of synthetic materials composite materials
. . Rls.k of developing Fabrication of materials Eabrlgatlon O.f compo-
. Polymeric materials an immune response, L site biomaterials with
Synthetic . . Lo e . | (biomimetics) based on the .
. with reproducible pro- | chemical instability, dis- o SO predetermined charac-
materials . . . . |principles realized in living o
perties ruption of homeostasis in teristics, development
. . nature . . .
surrounding tissues of bioactive matrixes
. Ideal combination of thammg fon-ummunoge- Development of bioac-
Hybrid mate- X nic matrixes with natural . . .
. natural and synthetic None . ) . |tive matrixes with pre-
rials olymer properties tissue properties and possi- determined properties
POLymer prop bility of biodegradation prop
Risk of rejection reaction as
Materials Natural origin, pre- a consequence of possible . .
. i . : ' Obtaining organoids
derived from | servation of the tissue L . |failures in the organ de- >
) ) . | Donor material is requi- o and functional mo-
decellularized |structural architectonics cellularization technology; . .
. . red - X . dels of bioengineered
tissues and that existed before de- obtaining a carrier while
. . organs
organs cellularization preserving all the characte-
ristics of natural tissue
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to use a special gelatin scaffold to create organs. Then
the temperature of the finished model was raised to a
cell-friendly 37 °C, causing the gelatin support bath to
melt in a nondestructive manner. This method was named
FRESH (Freeform Reversible Embedding of Suspended
Hydrogels) [61]. Using single cell-derived spheroids
from human mesenchymal stem cells, a model of the
urethra was created. The resulting structure was placed
in a bioreactor for subsequent differentiation of stem
cells into uroepithelial cells. After 10 days of maturation
in the bioreactor, the tissue-engineered construct was
successfully transplanted into a rat [62]. Recent prec-
linical studies indicate the possibility of transplanting
3D constructs from allogeneic human pancreatic beta
cells in the treatment of type 1 diabetes [63]. Preclini-
cal studies on animal models of acute liver failure are
being conducted on the possibility of using allogeneic
3D constructs consisting of a combination of primary
hepatocytes and human mesenchymal stem cells in the
treatment of patients suffering from acquired or genetic
liver diseases [64]. A technology of neural tissue creation

Natural human tissues -
Arterial wall

Venous wall

using human-induced pluripotent stem cells (hiPSCs)
derived from neural progenitor cells (NPCs) has been
developed [65].

We obtained ring models of smooth muscle tissue of
the human respiratory tract and intestine that responded
to chemical stimulation in the form of contraction and
relaxation of smooth muscle fibers. The fibers contracted
when exposed to physiological histamine levels (0.01—
100 uM) and relaxed when exposed to salbutamol, a drug
used to relieve asthma attacks. Addition of transforming
growth factor beta (TGF-f) to the airway muscle rings
caused an increase in unstimulated muscle contraction
and a decrease in response to salbutamol, a phenomenon
also seen in chronic lung disease. The results show that
3D bioprinted smooth muscle is a physiologically rele-
vant model in vitro, which can be used to study disease
pathways and the effect of novel therapeutic agents on
acute contraction and chronic tissue stenosis [66]. Re-
searchers from Cornell University, USA, have developed
a method of individual 3D bioprinting of intervertebral
discs, which is ideal for a particular patient [67]. Note-

Kidney Prostate Cartilage Compact bone
Liver Heart / myocardium Tendons / ligaments
Mammary gland Brain Cornea Skin Spongy (cancellous) bone
Elastic
modulus
100 Pa 1 kPa 10 kPa 100 kPa 1 MPa 10 MPa 100 MPa 1 GPa 10 GPa 100 GPa
Synthetlc polymers Creation of microstructures (micrometer / 1079
D Thermal curin Creation of nanostructures (nanometer / 10~%)
& PMMA
UV curing
Thermoplastic i
Biodegradable thermoplastic PU-based PGA
Electricall i
I:I ectrically conductive pNIPAM PDMS PLA
. Gels [
PEG PCL PLGA
gelatin PEDOT| || PANi
olyacrylamide |:| PP
Elastic Poyaery a
modulus
100 Pa 1 kPa 10 kPa 100 kPa 1 MPa 10 MPa 100 MPa 1 GPa 10 GPa 100 GPa

Fig. 5. Mechanical properties of natural human tissues and synthetic polymers. PDMS, polydimethylsiloxane; PU, polyure-
thane; PEG, polyethylene glycol; pNIPAM, poly-N-isopropylacrylamide; PMMA, polymethylmethacrylate; PS, polystyre-
ne; PLGA, polylactic-co-glycolic acid; PGA, polyglycolic acid; PLA, polylactide; PCL, polycaprolactone; PANi, polyanili-
ne; PPy, polypyrrole; PEDOT, poly-3,4-ehtylenedioxythiophene. Source: Annals of Biomedical Engineering, 2012; 40 (6),

1339-1355
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worthy is the report on the creation of a bionic ear based
on calf chondrocytes, hydrogel (alginate) and silver na-
noparticles. The created construct repeats the anatomical
shape of the human ear, has a built-in inductive antenna
for capturing electromagnetic vibrations in the Hz and
GHz ranges [68].

EXAMPLES OF SUCCESSFUL
COMMERCIALIZATION OF 3D BIOPRINTING
METHODS

Organovo (San Diego, CA, USA). Organovo was the
first company to develop and market NovoGen Bioprin-
ter” Platform, a 3D bioprinting equipment. The technolo-
gical parameters of the platform make it possible to crea-
te functional models of bone tissue, tissue of the liver,
kidney, intestine, skin, blood vessels, skeletal muscle,
eye tissue, malignant tumors of the breast and pancreas
[69, 70]. Multicellular tissue-engineered constructs with
predetermined functions are created for pharmaceutical
companies [71-73]. A significant success achieved by the
company was the creation of an in vitro functioning 3D
model of liver tissue (ExVive™ Human Liver Tissue).
Primary human hepatocytes, Kupffer cells, stellate cells
(Ito cells) and endotheliocytes were used in the creation
of the model [74]. The resulting model functioned stably
for 40 days [75, 76]. The company’s specialists presented
a three-layer model of the human vessel wall. All cell po-
pulations within the created construct were functionally
active [77, 78]. The company is actively developing the
technology to create a bioequivalent of the kidney [79].

TeVido Biodevices (4ustin, Texas, USA). The com-
pany specializes in the production of a personalized
artificial nipple-areola complex used in the final stage
of breast reconstruction after radical mastectomy [80].
Another area of activity is the development of vascula-
rized skin substitutes for the treatment of vitiligo, chronic
wounds and burns. Autologous stem cells isolated from
the patient’s adipose tissue and dermis are used in the
process of creating bioconstructs [81].

Nano 3D Biosciences (Houston, Texas, USA). The
company develops a technology for creating tissue sphe-
roids in a magnetic field (magnetic 3D bioprinting) for
subsequent use in bioprinting. This technology makes
it possible to obtain tissue models for in vitro studies in
the shortest possible time [82—84].

Tissue Regeneration Systems (Plymouth, Michigan,
USA). The company develops and manufactures polyme-
ric implants for replacement of bone tissue defects. The
company’s products are certified by the U.S. Food and
Drug Administration and are widely used in dentistry,
maxillofacial surgery, traumatology and orthopedics, and
neurosurgery [85].

nScrypt (Orlando, Florida, USA). Software deve-
lopment, production of biocompatible materials and
equipment for 3D bioprinting — BFF (BioFabrication
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Facility) complex. In the process of printing, it is possible
to simultaneously use up to 4 different types of biocom-
patible materials, including live cell populations. The
capabilities of the complex allow creating defined struc-
tures up to 10 um in diameter (the diameter of a human
red blood cell is 7 to 10 um), with a minimum working
volume of material in the dispenser of 100 picoliters. In
2019, 3D bioprinting of human myocardial tissue was
performed onboard the International Space Station, in
zero gravity, together with the research biotechnology
(space biotechnology) company Techshot (USA). Earth’s
gravity does not allow printing biological objects of large
size — hydrogel bases do not hold their shape, spreading
out under their own weight. The experiment proved the
efficiency of a specially designed additive system under
weightlessness [86].

The same companies (nScrypt and Techshot), with fi-
nancial support from The Geneva Foundation (a nonpro-
fit organization that funds research in military medicine),
together with the United States Military Academy West
Point, the Uniformed Services University, within the
framework of research program 4D Bio3 (4-Dimensional
Bioprinting, Biofabrication and Biomanufacturing — an
interdisciplinary program of biomedical research and
practical implementation of advanced biotechnologies
for the US Army needs) [87], tested a shockproof version
of the BFF — nRugged bioprinter. The equipment was
deployed at the base of a U.S. Army medical unit in the
desert terrain of North Africa, in the immediate vicinity
of the active combat zone [88, 89].

During BFF field trials, a variety of tools and medical
consumables were produced for both the military medi-
cal service and large multidisciplinary military hospitals,
such as:

— disposable blade holder pens;

hemostatic supplies;

dressing material using antibacterial hydrogel;

A functional meniscus model based on human mes-
enchymal stem cells and hydrogel as a matrix;
acsurgical model of the 9th thoracic vertebra (Th 9)
[90].

The choice of the meniscus as the object of the ex-
periment was due to the high frequency of knee joint
injuries among military personnel (meniscus injuries in
military personnel occur 10 times more frequently than
in civilians) [91]. The digital model used to print the
meniscus was sent as an electronic file from the United
States — this was the first demonstration of cyberfabri-
cation, in which information about complex structures
is transmitted via satellite communication to a remote
location to produce a functional model [90].

Advanced Solutions Life Sciences, (Louisville, Ken-
tucky, USA). The company develops 3D bioprinting soft-
ware. These programs are used to create 3D computer
models for subsequent fabrication of complex tissue-
engineered constructs [92]. The in-house bioprinting
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equipment BioAssemblyBot is a certified, fully robotic
multifunctional device with a 6-axis EPSON robotic
arm [93] for printing functional models of different tis-
sues and organs, and implants with complex geometric
forms [94]. The design features of the equipment allow
printing vascularized tissue-engineered constructs for
clinical application directly in the operating room —
in situ bioprinting under aseptic conditions [95].

MicroFab Technologies Inc (Plaino, Texas, USA).
The company is a pioneer in the field of liquid bioprin-
ting (ink-jet dispensing). Currently, together with the
US Armed Forces Institute of Regenerative Medicine
and one of the leading medical research centers, Wake
Forest Institute for Regenerative Medicine, the company
is developing the technology of accelerated regenerati-
on of skin burn wounds. The main goal of this project
is to develop a method of bioprinting the skin directly
onto the damaged area [96]. Another promising area of
the company’s activity is the creation of special sheath-
conductors (bioabsorbable nerve guidance conduits)
used for the growth of peripheral nerves. This construct
is placed between the damaged sections of the nerve.
The distal and proximal ends of the injured nerve are
connected to the guidance conduit, and the nerve grows
and regenerates within the conduit. Later the guidance
conduit is completely resorbed [97].

ETEC (Dearborn, Michigan, USA). The company
produces 3D Bioplotter system using technologies de-
veloped at Freiburg Materials Research Center. They
produce complex tissue-engineered constructs from va-
rious biocompatible materials [98—100]. 3D Bioplotter
can simultaneously print using five different materials
and their mixtures (living cell populations, polymer hy-
drogels, ceramics, metals) of different consistency (from
paste-like to liquid), it is possible to use material of any
origin, different concentration and with any additives
(Table 4). Each user can use their own printing parame-
ters [101].

The technology is based on extrusion from a syringe.
The advantage of using a syringe-based material delivery
system is the ability to 3D print at room temperature,
which allows for inclusion of live cellular material in
your printed designs. 3D Bioplotter comes with four
types of print heads:

— Low temperature (2 °C to 70 °C);
— High temperature (30 °C to 250 °C);

— Ultra-high temperature (30 °C to 500 °C);
— UV-emitting (when used for printing photopolymer
materials).

Cyfuse Biomedical (Tokyo, Japan). Tissue-engi-
neered constructs are created on in-house equipment
Regenova Bio 3D Printer using the scaffold-free biofa-
brication method. In the process of creation, spheroids
are used — spherical cell aggregates formed from auto-
logous or allogeneic cell populations of various origin.
The method is based on the ability of living cells to form
spherical aggregates when cultured on non-adhesive sur-
faces. Tissue spheroid is a group of 15 to 20 thousand
cells interconnected to form a spatial three-dimensional
structure in the shape of a sphere. Spheroids ranging in
size from 400 to 600 pm can be single-cell, consisting of
one type of cells, or multi-cellular, formed from different
types of cells and biomaterials. During printing, fabric
spheroids are “threaded” on a metal base formed from
the thinnest needles (reminiscent of the kenzan, a base
for attaching flowers when making Ikebana flower). Each
needle is 1 cm long and 170 pum in diameter; the needles
are arranged in a strictly defined sequence (9 x 9 or 26 X
26) at intervals of 400 um from each other) [102]. The
capabilities of Micro Needle Array Technology (MNAT)
make it possible to make tissue constructs from different
types of cell populations. Then, the resulting construct is
incubated until the spheroids join together to form large
cellular associates capable of independently synthesizing
extracellular matrix components and forming a given
structure. This technology opens up great opportunities
for tissue and organ bioengineering [103]. In the future,
it is possible to print pancreatic islets, myocardium, and
skin [104, 105].

Regenovo Biotechnology (Hangzhou, China).
The company designs and manufactures 3D bioprin-
ting equipment — Regenovo 3D bioprinter, BIO-AR-
CHITECT X. A distinctive feature of the device is the
high speed of model making. Special nozzles allow you
to simultaneously create different types of fabrics with a
high level of resolution. The presence of a high-precision
infrared laser makes it possible to check the quality of
the internal structure of the fabric during production.
The 3D bioprinter uses an innovative microcomputed
tomography system to print a wide range of tissues and
organs (including skin, muscle, cartilage, bone, tendons,
liver tissue). According to forecasts by the company, it

Table 4
Materials used when working with 3D Bioplotter
Bone tissue regeneration | Targeted drug transport (drug | Soft tissue biofabrication, organ bioprin- | Prototyping 3D
release) ting models
Hydroxyapatite (HA) Polycaprolactone (PCL) Suspensions of living cell populations Polyurethane (PU)

Poly-D,L-lactide-co-glycoli-

Tricalcium phosphate (TCP) | ;b1 G

Agar, chitosan, alginates, hyaluronic acid

Silicone

Titanium (paste) Poly-L-lactide (PLLA)

Gelatin, fibrin, agarose, collagen

Acrylates
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will be possible to carry out mass production of artificial
tissues and organs for transplantation in 15-20 years. In
addition to the equipment production, the company pro-
duces 3D printing biomaterials. Currently, the company
offers more than 20 types of biomaterials from organic
and inorganic polymers. Cell survival in Regenovo ma-
terials is 90%; they function for up to four months [106].
RegenHU (Switzerland). A software developer and
manufacturer of equipment (bioprinters) and consuma-
bles based on collagen hydrogels. In the process of 3D
bioprinting of functionally active bioequivalents of hu-
man skin, bone and cartilage tissues, up to 9 different
components (cells, tissue spheroids, various biomateri-
als) are used simultaneously [107, 108]. A personalized
3D model of the human medial meniscus based on col-
lagen hydrogel and autologous mesenchymal stem cells
isolated from the patient’s bone marrow was created. The
obtained prototype was the starting point for subsequent
development of technologies for manufacturing indi-
vidual implants designed to replace damaged menisci
[109]. The technology for creating a skin bioequivalent
that is morphologically and functionally comparable with
the native human skin has been developed [110]. A new
concept of creating personalized myocardial tissue has
been proposed. Cell populations and extracellular mat-
rices were isolated from patients’ adipose tissue (omen-
tum). The cells were reprogrammed into pluripotent stem
cells, and the extracellular matrix was transformed into
a personalized collagen hydrogel. After mixing the cells
with the hydrogel, the cells were differentiated into car-
diomyocytes to create immunocompatible and vascula-
rized patient-specific myocardial tissue [111].
Osteopore International, Singapore. Production of
personalized implants for neurosurgery, traumatology,
maxillofacial surgery and dentistry made of biodegradab-
le polycaprolactone (PLC). PLC is a biodegradable poly-
mer that can be completely disintegrated and reabsorbed
in vivo through hydrolysis. The porous microstructure
of the material, which mimics the structure of natural
human cancellous bone, ensures colonization of bone
marrow by cell populations, development of a network of
vessels of the microvasculature. Complete replacement
(bioresorption) of a PLC-based implant by the patient’s
own bone tissue occurs within 18—-24 months [112—-114].
OxSyBio, United Kingdom. 3D bioprinting technolo-
gies are based on the use of hydrogel microdroplets (po-
lymersomes) covered with a lipid layer. Living cells are
placed in the polymersomes, which protects the cellular
material from damage during the printing process. Each
droplet is the same size as a cell and can be positioned
to within 1 pm. With this printing method, structures of
various geometric shapes can be formed. The created
constructs conduct electrical impulses, like nerve cells, in
a certain direction. Significant advances have been made
in the development of biomaterials for the treatment
of wound surfaces. There are plans to create complex
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organs by combining synthetic materials with live cell
cultures to create organs and tissues for transplantation
[115,116].

FUTURE PROSPECTS AND DUAL-USE
TECHNOLOGIES

Analysis of domestic and foreign research publica-
tions on this topic has indicated that it is possible to
come up with technologies for creating fully functio-
ning artificial organs using 3D bioprinting by the end of
the next decade [117]. However, at present, the use of
bioprinted tissues and organs in preclinical studies and
in clinical practice is very limited [118, 119]. A number
of significant technological problems need to be solved
for this purpose. The resulting 3D printed constructs are
static, they are not capable of reproducing the natural
dynamic nature of tissue — processes of natural regene-
ration and repair, which include conformational chan-
ges in the structure [120]. It is necessary to improve the
characteristics of biomaterials capable of supporting cell
proliferation and differentiation [121-123]. A promising
direction is the creation of biocompatible matrices made
from biomaterials and cellular elements that respond to
stimuli, such as temperature, pH, humidity, electricity,
magnetic field, light, sound waves or to a combination
of these stimuli [124]. The development of models that
change their morphology over time, according to the
given stimuli from the environment, has already begun
[125]. Creation of vascularized models is an extremely
difficult task [126, 127]. For human tissues and organs of
normal anatomic shape and size, it is necessary to deve-
lop technologies that allow integrating blood vessels into
the created model. The existing 3D bioprinting methods
do not allow for simultaneous formation of blood vessels
and other elements forming the parenchyma and stroma
of the organ [128]. Full-fledged vascularization ensu-
res long-term, adequate functioning of the bioprinted
construct [129]. More advanced bioprinters are needed
to create the vascular component in the printed model;
the resolution and speed of current equipment are in-
sufficient [130, 131]. Below are the optimal technical
characteristics of the equipment for 3D bioprinting of
the future [132]:

— high degree of freedom and speed of movement in
space, allowing to apply biomaterials to uneven sur-
faces of the damaged organ and to restore lost tissue
€X tempore;

high resolution and accuracy of printing, allowing to
apply biomaterials an accuracy that corresponds to
the structure of native tissue;

possibility of simultaneous use of various types of
biomaterials for making heterocellular tissues similar
by structure and functions to those of native tissue;
compactness for work in sterile conditions (laminar
flow box);
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possibility to sterilize biomaterials in the process of
bioprinting;

full automation that facilitates bioprinting without
user intervention;

versatility, which allows users to modify and expand
the technical capabilities of the equipment for multi-
purpose use;

ease of use, allowing users with minimal skills and
experience to operate the equipment.

It should be noted that any revolutionary technology
always has dual-use potential [133, 134]. The possibili-
ties of using the 3D bioprinting method in the creation
of new classes of weapons, means of combat support,
special and dual-use products are presented in Table 5

gnificantly expand the possibilities of practical transplan-
tology [137-140]. Broad prospects are opening up for the
development of new medical devices and pharmacologi-
cal preparations, in vitro studies of the effects of various
bacteriological, chemical and physical factors on the
human body: bacteriology, immunology (ex vivo creation
of an artificial immune system), toxicology, radiation
biology, and radiation medicine [141-143]. The use of
3D printing for preoperative planning and production of
phantom organs for educational purposes will improve
the professional skills of surgeons and enable them to
repeatedly refine the surgical technique, thus requiring
less time to perform the operation. Organ models can
completely replace experiments on laboratory animals,

[135, 136].
CONCLUSION

Further improvement of 3D bioprinting technologies
will solve the problem of donor material shortage and si-

significantly reduce the cost of drug development and
reduce the time required for laboratory trials [ 144—146].

We hope that the information presented in this review
will be informative for creating fully functional anato-
mical bioequivalents of human organs using additive

Table 5
Potential for 3D bioprinting
Application Description
The use of hybrid biomaterials with stealth characteristics to create clothing and
Camouflage

coatings that are hardly visible in radar, infrared and other spectrums

Combat identification

Biomarkers for identifying one’s own and allied soldiers (the biological analogue of
the friend-or-foe identification system)

Computers, databases

DNA-based computers, biological models for computer algorithms. Associative
memory, computing devices using biomaterials. Artificial intelligence — proteins as a
means of working with information and energy

Foodstuff

Nutritional supplements to protect the digestive system from adverse environmental
factors

Remote monitoring of soldier’s
health

Creation of implantable biosensors allowing real-time remote monitoring of body
vital functions in combat conditions, environmental control for timely warning of
enemy use of weapons of mass destruction

Lightweight armor

Protection of soldiers and combat systems, protective coatings with living tissue
characteristics, creation of self-healing armor for body protection

Protection of combat electronic
systems from ionizing radiation and
electromagnetic radiation

Incorporation of hybrid biomolecules into components of electronic systems,
biomolecular-based diodes and transistors

Combat robotics

Biological prototype constructs for creating self-propelled bionic platforms, creation
of anthropomorphic robot

Reducing equipment size and
weight

Molecular electronics, biochips, nanotechnology

Environmental monitoring systems
in a battle zone

Creation of miniature diagnostic systems (mini lab on a chip) to detect and recognize
chemical, biological and radioactive substances

Military field therapy, military field
surgery

Acceleration of wound regeneration, creation of artificial tissues and organs

Artificial immune system (creation
of 3D human immune system)

Vaccines with a shortened period of immunity, creation of protection (on the basis
of gene and cell technologies) against weapons of mass destruction, new methods of
treatment of wounded servicemen.

Biological approach to maintaining combat capability in extreme conditions:

The possibility of designing a fundamentally new complex protein (protein machine)
that can neutralize a pathogenic organism within 24 hours;

Studying the mechanisms of regulation and expression of new genes and substances
created by the body as it enters and exits extreme conditions;

DNA editing in a living organism,;

Biomolecules that can neutralize the effects of prolonged lack of sleep
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technologies based on 3D bioprinting. The near future
will confirm or refute our expectations and predictions.

The authors declare no conflict of interest.
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Despite great progress in the field of biomaterials for tissue engineering and regenerative medicine, the high
requirements placed on artificial matrices (matrices, carriers, scaffolds) are the reason for the ongoing search for
natural or synthetic extracellular matrix mimetics. Among such materials, decellularized umbilical cord (UC) stroma
appears to be very attractive — it has a high content of hyaluronic acid, cytokines, and growth factors, and there
are no ethical restrictions for its production. Decellularized UC stroma has been found to promote cartilage, liver
tissue and nerve tissue repair, as well as wound healing. The review critically analyzes and summarizes published
data on the ability of decellularized UC stroma to maintain the necessary conditions for adhesion, migration,
differentiation and functional activity of adherent cells, thus stimulating the internal (physiological) regenerative
potential of tissues. Literature was searched for in the following electronic databases: Medline/PubMed (www/ncbi.
nlm.nih.gov/pubmed), Cochrane library (https://www.cochrane.org), and eLIBRARY/Russian Science Citation
Index (https://www.elibrary.ru). Inclusion criteria were the presence of biomaterials obtained from decellularized
human UC stroma. Exclusion criteria for papers included research objects as decellularized umbilical cord vessels
(veins and arteries) and umbilical cord cell cultures. Twenty-five original articles in English and Russian were
selected for analysis of the products obtained, their applications, decellularization methods and research results.

The review also discusses the prospects for decellularized umbilical cord in medicine.

Keywords: umbilical cord stroma, decellularization, extracellular matrix, regenerative medicine, tissue

engineering.

The concept of tissue engineering is to create func-
tionally active cell-engineered constructs (CECs) to sti-
mulate physiological regeneration of damaged tissues or
tissue-engineered constructs (TECs)/tissue equivalents
formed in vitro or in vivo, intended for temporary/per-
manent replacement of irreversibly damaged organs and
tissues [1-3].

The main components of CECs/TECs are: cells and
a cell carrier (synonyms: scaffold, framework, matrix or
artificial matrix) whose function is to deliver and retain
cells in the implantation site [4]. The most interesting are
extracellular matrix (ECM) mimetics that mimic the na-
tural ECM in composition and can maintain the viability
and functional activity of cells for a long time, creating
the necessary microenvironment for them [1, 5, 6].

When creating CECs/TECs in vitro, reproduction of
not only biochemical but also biomechanical stimuli,
which ensure the vital activity of cells in the body, is
an important condition for achieving a high degree of
resemblance to the natural tissue [7]. To simulate in vit-
ro biomechanical forces, such as compression, tension,
shear force, and hydrostatic pressure, special devices —

bioreactors — are used, and for each organ the complex
of such influences is individual [6-8].

An alternative way is the formation of CECs/TECs
in the body by implanting a cell-free artificial matrix
into the body. The task is to ensure migration of the
recipient’s own cells to it and stimulate their prolifera-
tion with subsequent replacement of the damage by a
functionally active tissue [9]. Cell-free products created
by decellularization from the biomaterial of animal or
human organs and tissues have shown high bioactivity. In
addition, such a product can be manufactured in advance
and applied without prior preparation. This potentially
accelerates its introduction into clinical practice and is
of particular importance for military medicine [10-11].

Among them, decellularized umbilical cord stroma
(Wharton’s jelly, WJ) seems promising [12]. The W] is
a connective tissue that forms the bulk of the umbilical
cord in humans and other mammals. The ECM obtained
from WJ-derived mesenchymal stem cells (MSCs) con-
tains structural components (collagens types I, I1, I11, IV,
V, VI, XI1I, X1V, fibronectin, fibrillin and high-molecular-
weight hyaluronic acid and sulfated glycosaminoglycans
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(GAGs) such as chondroitin sulfates, heparan sulfate,
dermatan sulfate) and numerous growth factors such
as insulin-like growth factor (IGF-1) and IGF-binding
proteins (IGFBPs) 1, 2, 3, 4 and 6, transforming growth
factor alpha (TGF-a) and platelet-derived growth fac-
tor (PDGF), fibroblast growth factors (aFGF, BFGF),
epidermal growth factors (EGFs), various isoforms of
transforming growth factor beta (TGF-B1, 2, 3), vascu-
lar endothelial growth factor (VEGF), cytokines (with
predominance of anti-inflammatory), matrix metallopro-
teinases (MMPs) and matrix metalloproteinase inhibitors
(TIMPs). Expression of several immunomodulatory cy-
tokines, such as RANTES (regulates activation, normal
T-cell expression and secretion), interleukin receptor 6
(IL-6R), interleukin 16 (IL-16) and interferon gamma
(IFN-y), and proinflammatory cytokines, such as mac-
rophage colony stimulating factor (MCSF), macrophage
stimulating protein 1-alpha (MIP1a) were also found;
tumor necrosis factor la and 1B receptor superfamily
(TNF-RI and TNF-RII), interleukin 1 receptor antagonist
(IL1RA), and wound healing-related cytokines including
intercellular adhesion molecule 1 (ICAM-1), granulocyte
stimulating factor (G-CSF) [13-17]. In addition, ECM
derived from WJ-derived MSCs supposedly has immu-
nomodulatory and some bacteriostatic effects [16, 17].
It has been described that decellularized WJ promotes
cartilage repair [17], liver tissue [19], nerve tissue [20]
and wound healing [21-23].

However, to the best of the authors’ knowledge, no
review has so far attempted to critically evaluate and
summarize the evidence regarding the regenerative po-
tential of decellularized UC stroma.

REVIEWED DATABASES AND SEARCH RESULTS

The literature search was conducted in electronic
databases Medline/PubMed (www/ncbi.nlm.nih.gov/
pubmed), Cochrane library (https://www.cochrane.org),
and eLIBRARY, Russian Science Citation Index (https://
www.elibrary.ru).

The following terms were used as a search query in
Medline/PubMed: (umbil*[title] AND decell*[title]) OR
(whart*[title] AND decell*[title]) OR (umbil*[title] AND
acell*[title]) OR (whart*[title] AND acell*[title]) OR
(umbil*[title] AND extracel*[title] AND matr*[title]) OR
(whart*[title] AND extracel*[title] AND matr*[title]).
Date of last search: March 19, 2023.

The following terms were used as a search query in
Cochrane library: (extracell* AND umbil*) OR (decell*
AND umbil*). Date of last search: March 25, 2023.

The following terms were used as a search query in
eLIBRARY: decell* umbil* (search query 1), extracell*
matrix* umbil* (search query 2), decellularization and
umbilical cord (search query 3), “extracellular matrix”
and umbilical cord (search query 4). Date of last search:
March 25, 2023.

Inclusion criteria were: the presence of materials
obtained from decellularized human UC stroma in the
study. Full-text original articles in English and Russian
were used in literature analysis. Exclusion criteria for
articles were the use of decellularized vessels (veins and
arteries) of the umbilical cord, as well as the study of
umbilical cord cell cultures without using its ECM. In
addition, conference proceedings, reviews, and preprints
of articles were not included in the study.

The literature search process is shown in Fig. 1.

Z
e
g
O Publications found: Publications found: Publications found:
) Medline/PubMed eLIBRARY Cochrane library
g n=103 n=317 n=25
o
8
— v v v
Publications checked:
S n=425
& v
~
Q Publications checked: L, Excluded by criteria:
i n=425 n =400
- v
e
0 Total publications included in the review:
] —
— n=25
O
&

Fig. 1. Flow diagram of the literature search employed for this review
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The initial search resulted in 425 publications. First of
all, the results of the search for publications in each of the
selected databases manually excluded articles on decellu-
larization of umbilical cord vessels, the use of umbilical
cord mesenchymal cells and their vesicles. Next, litera-
ture reviews and 2 clinical studies with no description of
UC-derived products were excluded (decellularization
was not confirmed). At the last stage, 4 repetitions were
excluded: 3 publications were duplicated in the PubMed
and eLIBRARY databases [17, 24, 25], one publication
was reflected twice as a result of a PubMed search (pu-
blication [26] and its correction [27]). In 3 publications,
the authors used only centrifugation as WJ processing.
No quantitative control of genetic material content was
presented. This was the reason for their exclusion from
consideration in the review [10, 28, 29]. The results of
another study were also decided not to be considered —
the product obtained by the researchers was a fraction of
the supernatant obtained after exposure of W1J to trypsin
[30]. So, 25 articles were included in the study [11, 12,
16-21,24-26, 31-44]. Eight described only in vitro stu-
dies [18, 19, 24, 25, 31-33, 37], four described only in
vivo (animal) studies [34, 41, 43, 44], and 10 included
both types of preclinical trials [11, 16, 17, 20, 21, 26,
35,36, 38, 42]. No clinical studies meeting the inclusion
criteria were found.

MAIN PARAMETERS AND RESEARCH RESULTS
OF INCLUDED PUBLICATIONS

Results of the published works demonstrate that de-
cellularized WJ (dWJ) refers to a biocompatible material
capable of stimulating cell proliferation and positively
influencing the regeneration processes of damaged or-
gans and tissues (Table).

Gupta et al. when creating a matrix for vascular tissue
engineering from silk fibroin, dWJ was functionalized
to improve the remodeling properties and immunomo-
dulation of the recipient response to introduction of the
polymeric material. Powder of lyophilized dWJ was
mixed with silk fibroin (5 mg dW1J per 1 ml of silk so-
lution) before matrix molding. After lyophilization, the
prosthetic porous vessel was coated with a nanofiber
layer. The solution for obtaining the material by elec-
trospinning consisted of silk fibroin and polycaprolac-
tone in hexafluoro-2-propanol. After crosslinking using
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and
N-hydroxysuccinimide in 80% ethanol for 12 hours, the
scaffolds were washed in sterile water on a shaker for
12 hours and stored at 4 °C until further use [11]. Basiri
et al. added dWJ, obtained using a similar technique, to
a silk fibroin hydrogel before gelation. The biomaterial
thus obtained, exhibited mechanical properties similar
to those of cartilage [31].

Li et al. used dWJ as a cell carrier supporting the
phenotypes and differentiation potential of hematopoietic
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progenitor cells [24]. Kehtari et al. demonstrated the abi-
lity of such a matrix to provide a microenvironment that
promotes hepatocyte differentiation of pluripotent cells
by activating transcription factors [19]. Azarbarz et al.
presented the results of dWJ conjugated with gelatin fora
3D cell culture system. The differentiation of MSCs into
insulin-producing cells was shown, confirmed by incre-
ased expression of insulin-specific genes and increased
insulin release in response to glucose stimulation [32].

W1 is a reservoir of peptide growth factors involved
in chondrogenesis. Xiao et al. showed that human dWJ
can be a good alternative biomaterial for cartilage tissue
engineering [33]. The biomechanical properties of dWJ
and its homogeneous porous structure were sufficient to
support rabbit chondrocytes cultured on them. Produc-
tion of GAGs, collagen types I and 11, and aggrecan by
the cells was demonstrated [33]. At the same time, in a
study by Foltz et al., during tracheal defect replacement,
no chondrocyte recruitment into biocompatible dWJ and
chondrocyte-induced collagen production were found. At
the same time, the structure and physical characteristics
of the biomaterial provided the necessary maintenance
of tracheal patency [34]. Penolazzi et al. showed the
therapeutic potential of dWJ and its effect on the functio-
ning of degenerated intervertebral disc cells. The authors
suggested that dWJ implantation may be sufficient for the
functional repair of degenerated intervertebral discs [25].

A study by Jadalannagari et al. noted the migration
of WJ-derived MSCs into the dWJ thickness on day 2.
At the same time, the authors observed cell proliferation
when cultured on dWJ, which, however, was lower than
when cultured on the culture plate. Using a flat bone
defect model, it was shown that human dWJ promoted
adhesion and penetration of viable osteocytes into the
biomaterial [26]. Yuan et al. used decellularized UC stro-
ma for tendon healing. After cell removal, dWJ retained a
significant amount of GAGs and collagen, preserved mi-
crostructure and tensile strength. The three-dimensional
porous structure of dWJ promoted tenocyte migration,
attachment, and proliferation. In an in vivo study, the de-
cellularized product promoted tendon regeneration [35].

A study by Mann et al. established the stimulating
effect of cryopreserved human dWJ on restoration of
the integrity of a rat spine after intrauterine repair of
spina bifida. The resulting biomimetic ECM improved
organized cell growth and reduced acute inflammati-
on [36]. In another study, a tissue-engineered coating
consisting of rat adipose tissue MSCs and human dWJ
accelerated healing of a rat tail wound. Reduced tail
volume, improved angiogenesis and lymphangiogenesis
were recorded [21].

Some researchers emphasize the applicability of hu-
man umbilical cord products to stimulate regeneration of
different tissues. Dubus et al. showed by mass spectro-
metry in prepared lyophilized dW1J the presence of struc-
tural and adhesive proteins involved in wound healing
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General characteristics and results of studies included in this review
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Continuation Table

1 2 3 4 5 6 7 8 9
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Note: SDS, sodium dodecyl sulfate; PBS, phosphate-buffered saline; HUVEC, human umbilical vein endothelial cells; WJ,
Wharton’s Jelly; dW1J, decellularized Wharton’s jelly; IPCs, insulin-producing cells; MSCs, mesenchymal stem cells; SAAs,
surface active agents; FBS, fetal bovine serum; EDTA, ethylenediaminetetraacetic acid.
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process, such as collagen, fibronectin, tenascin, lumican,
periostin, types I and II keratin, fibulin and fibrinogen
beta chain [16, 17]. High levels of growth factors were
detected in the culture medium after incubation in dW1J.
A similar effect was not detected for native umbilical
cord. At the same time, the release of bioactive molecu-
les from the cell-free product did not lead to phagocyte
activation and accumulation of reactive oxygen species.
W1-derived stromal cells and human fibroblasts that were
cultured in dWJ maintained high viability. Subcutaneous
implantation in rats showed no inflammatory reaction
and formation of a connective tissue capsule or reaction
to the foreign body with the presence of multinuclea-
ted giant cells. The implanted subcutaneous human UC
product was completely remodeled within three weeks.
Mouse macrophages produced significantly more anti-
inflammatory mediators after 72 hours of contact with
dWJ compared to the control. The action of native human
UC on mouse macrophages under similar conditions
resulted in dominant secretion of proinflammatory me-
diators by them [16, 17]. The same works established the
antibacterial activity of dWJ, manifested by the presence
of a microbial growth inhibition zone and reduction of
bacterial adhesion. Converse et al. described in detail
the procedures for making TECs from dWJ in the form
of plates followed by recellularization [37].

The fabrication and properties of solubilized forms
of dWJ are described in 4 publications. Koci et al. solu-
bilized cell-free powdered WJ for hydrogel preparation
with hydrochloric acid pepsin. The resulting product
form contained higher amounts of sulfated GAGs com-
pared with the product prepared from pig bladder, spinal
cord, and brain using similar techniques. The dW1J pro-
ducts exhibited a short gel time, indicating rapid self-
assembly of the structural molecules. They supported
cell growth, proliferation and migration in vitro. And
24 hours after introducing the injected form of dWJ into
the focal ischemic lesion in the motor area of the rat
cerebral cortex, a compact gel structure populated by

a dense layer of endogenous cells was formed within
the lesion site. Macrophages were the predominant cell
type present within the defect, with the M2 macrophage
phenotype (CD206) accounting for 77.1 + 6.5% of all
macrophages contained in the gel [20].

Ramzan et al. obtained the hydrogel form by enzyma-
tic digestion using pepsin in hydrochloric acid followed
by gelation. The dWJ-derived gel thus obtained, func-
tioned as a three-dimensional matrix that provided the
necessary microenvironment for adhesion, migration,
proliferation and differentiation of MSCs into the chon-
drogenic lineage in vitro [18].

Vyborny et al. used a solubilized form of chemically
cross-linked dWJ hydrogel to repair rat cortical lesions.
In in vitro experiments, the resulting product was shown
to have no cytotoxic properties, and in vivo experiments
showed in situ gelation without adverse inflammatory
reactions [38].

A group of researchers from Kirov Military Medical
Academy, headed by I.K. Kalyuzhnaya, patented dWJ
products/products in lyophilized and solubilized hyd-
rogel (which can be lyophilized) forms (Fig. 2). The
decellularization procedure in this case can be performed
using sodium dodecyl sulfate or 0.1 N sodium hydro-
xide [12, 39—44]. Biocompatible products have shown
bioactivity regarding the healing of articular cartilage
and skin defects [41-44].

Thus, the publications considered above show that
dW/J-derived biocompatible and bioactive products can
be used in various areas of regenerative medicine and cell
technologies, such as a source of bioactive molecules in
human cell culturing, in cellular immunotherapy, wound
healing, hematopoietic cell transplantation, MSC diffe-
rentiation in insulin-producing cells, repair of cartilage,
intervertebral discs, tendons and nerve tissue, tissue en-
gineering of vessels, liver and cartilage, and regeneration
after spina bifida repair.

Fig. 2. View of various forms of decellularized human Wharton’s jelly (dWJ). a, lyophilized dWJ [42]; b, solubilized form of
dW1J; c, lyophilized solubilized form of dWJ [45]
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PROSPECTS AND POSSIBLE APPLICATIONS
OF DECELLULARIZED UMBILICAL CORD
STROMA IN TISSUE ENGINEERING

AND REGENERATIVE MEDICINE

The search for biomaterials for tissue engineering and
regenerative medicine focuses mainly on the develop-
ment of biomimetics that are capable of inducing specific
cellular responses and formation of tissue equivalents.
For optimal reproduction of the natural cell niche, an
ideal biomimetic should be biocompatible, i.e., it should
easily integrate into the surrounding tissue and form
a single whole with it, while its degradation products
should also have high biocompatibility. The biomimetic
should support cell adhesion, proliferation, differentia-
tion and secretion of its own ECM. The rate of matrix
degradation should correspond to the regeneration rate
of the recipient tissue. To integrate into the body, the
biomaterial must have the ability to neovascularize and
innervate [46]. In some cases, the biomaterial must with-
stand the mechanical stress characteristic of the area of
its implantation, i.e., specific mechanical strength and
plasticity are required [47]. In addition, sterilization and
storage should not change the properties of the matrices,
and use of the biomaterial should be as convenient as
possible. Decellularized tissues have the most accurate
reproduction of the cell niche, due to preservation of
specific composition and morphology. Due to this, decel-
lularization is considered to be one of the most promising
methods of creating ECM mimetics [1].

The nonimmunogenicity of the decellularized pro-
duct, as one of the main parameters of biocompatibility,
is mainly due to the absence of genetic material of the
original tissue [48]. The use of various decellulariza-
tion methods and protocols provides reliable purifica-
tion against the donor’s genetic material, but, at the
same time, can lead to loss of bioactive components
and change the structure of ECM proteins. Effective
removal of cells while preserving the microstructure and
composition of ECM makes the finished cell-free pro-
duct able to stimulate regeneration, as well as maintain
cell activity [48]. Note that the publications studied do
not compare the effectiveness of different UC stromal
decellularization protocols. For example, optimization
of the decellularization protocol improved the functional
properties of cell-free blood vessels and articular carti-
lage and liver [49-51].

Allogeneic biomaterial for making cell-free products
from it is often limitedly available and is not optimal for
several reasons. The composition and structure of adult
donor tissues are influenced by external and internal
factors during the donor’s life. Birth defects, diseases,
age-related changes, the effects of stress, medications,
and exposure to unhealthy work or environmental con-
ditions significantly alter connective tissue components
and architecture. Loss of ECM components along with
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increased cross-linking of collagen leads to deterioration
of tissue biomechanical properties. Fibronectin levels
change with age, impairing cell binding to ECM via inte-
grin receptors [52]. Age-related changes in donor tissues
inevitably worsen the properties of cell-free mimetics
made from them and reduce their regenerative potential.

ECM properties inevitably deteriorate with age,
which has prompted many researchers to neglect the
risks of using xenogeneic biomaterials for tissue enginee-
ring. Worldwide, research is underway to create cell-free
products from animal organs and tissues, provided that
protocols are developed to ensure complete removal of
cells, including genetic material [49-51, 53].

For the needs of tissue engineering and regenerati-
ve medicine, there are currently offers of commercial
products based on decellularized ECM of allogeneic
and xenogeneic origin [54, 55]. Nevertheless, human
biomaterial for creating such products is preferable to
available xenogeneic materials due to the potential dan-
ger of undesirable immune response when implanted
into the recipient. Carbohydrate residue galactose a-1,3-
galactose (a-Gal epitope), also called the major xenoan-
tigen, is a component of membrane glycoproteins and
glycolipids of cells of many mammals, except humans
and some monkey species. Human blood contains a high
titer of anti-a-Gal antibodies. There is an assumption
that the wall of Enterobacteriaceae bacteria of the nor-
mal intestinal microflora contains galactose residues and
stimulates the human immune system to produce these
antibodies [56].

It is impossible to completely avoid the recipient’s
immune system response to the implantation of decellu-
larized tissue. However, the type of the emerging immune
response that occurs during implantation determines the
possibility of a favorable healing outcome [57]. Sikari et
al. and Huleichel et al. showed the connection between
the products of biomaterials degradation and macrophage
tissue phenotype, their expression of anti-inflammatory
genes and protein production [58, 59].

Collagen cross-linking technologies promote pro-
duct resistance to enzymatic degradation but reduce the
moisture-absorbing properties of the material [60]. In
addition, chemical cross-linking agents change the ul-
trastructure, composition and topology of the product
surface [60]. However, the use of crosslinking agents
seems to be necessary when there is a need for the artifi-
cial matrix to function in the body for the long-term. This
points to the possibility of their use for decellularized
UC stroma, given the rapid degradation (about 3 weeks)
revealed in the study.

Interest in the use of extraembryonic tissues (inclu-
ding placenta, amniotic membrane and umbilical cord)
as raw materials for use in regenerative medicine is due
to their unique composition and properties [61]. The
composition of embryonic and neonatal tissues is mar-
kedly different from that of adult tissues and has a greater
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regenerative potential because it plays an important role
in tissue morphogenesis [62]. In contrast to the adult,
the mammalian foetus heals its wounds spontaneously
by regeneration without associated scarring, provided
that the injury has been inflicted at a sufficiently early
stage of gestation, typically before the third trimester,
after which there is a transition to the postnatal type of
wound healing with a gentle elastic scar formation [63].
The unique feature of fetal phenotype tissues for wound
healing without scarring may be associated with a higher
content of antifibrotic isoform TGF-B3 in them, relative
to TGF-B1 and TGF-B2 isoforms inherent in postnatal
tissues [62].

While the clinical use of fetal membranes is well
documented, the use of UC tissue is relatively new. The
human UC is widely used for obtaining MSCs and endo-
thelial cells, and can also serve as a source of hyaluronic
acid. At the same time, WJ consists mainly of collagen
(>500 mg/g tissue), proteoglycans and GAGs, such as
hyaluronic acid and heparan sulfate, immobilized and
embedded in the collagen network. The proportional
ratio of collagens in W] is: 47% (type 1), 40% (type
III), and 12% (type V). Hyaluronic acid constitutes up
to 70% of GAG content in UC (approximately 4 mg/ml),
which gives the tissue a special hydrophilicity [61, 64,
65]. Unique structural characteristics and the presence
of growth factors make the UC an attractive source of
biomaterial for the needs of regenerative medicine and
tissue engineering.

It should be noted that among the publications found,
to the surprise of the authors, no studies using xenogeneic
UC were found. Given the property of low immunoge-
nicity of provisory organs and the admissible difficulties
in ensuring a constant supply of biomaterial when trans-
ferring the technology to production, the use of this type
of biomaterial may be justified.

As shown by analysis of publications, decellularized
human UC stroma can be successfully used to stimulate
regenerative processes of different organs and tissues.
Cell-free UC stroma can be used as an independent pro-
duct; it can also be used to improve the biological proper-
ties of other materials. For ease of transport and storage,
decellularized UC stroma is lyophilized. A variety of
product forms can be made from WJ-derived ECM, in-
cluding porous matrices, hydrogel compositions, tubular
scaffolds, etc. It is possible to supplement compositions
with amniotic material or with mineralized or demine-
ralized bone ECM. Combinations of UC biomaterial
with pharmaceutical carriers can be created. In some
cases, injectable forms of WJ-derived ECM hydrogels
with in situ polymerization abilities are considered more
feasible because these materials can easily adjust to the
surface topography and volume of the injured area, and
osmotic forces contribute to the stretching of the hydro-
gel polymer network as it swells. For this purpose, the
decellularized UC stroma is enzymatically solubilized.
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In general, work in the field of obtaining biomaterial
from decellularized UC began relatively recently: the
first publication in the English-language literature ap-
peared in 2016. In Russia, studies devoted to the descri-
bed topic are carried out by only one group of scientists
from Kirov Military Medical Academy in St. Petersburg
[12,39-44, 66]. This is probably the reason for the lack
of clinical works that meet the review’s inclusion criteria.
At the same time, two clinical trials were initiated in Iran
in 2022, devoted to the treatment of wrinkles using UC
[67, 68]. However, there is no information on whether
the UC used in these studies is decellularized.

CONCLUSION

Based on analysis of papers published in electronic
databases, we can conclude that scientific research on
the possibilities of dWJ application is a very promising
area of regenerative medicine and tissue engineering.
Researchers are using different methods to remove cells
and create convenient forms for application of cell-free
products from UC stroma. However, more conclusive
evidence — additional studies, clinical and preclinical —is
needed to finally determine the prognosis for the use of
the technology in medicine.
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At present, the search for effective ways of restoring peripheral nerves with anatomical damage continues. Auto-
plasty still remains the gold standard, which, however, is not without its drawbacks. The use of nerve implants for
promoting directional axon growth is essential and promising. Objective: to study the biomechanical properties
of laboratory samples of an artificial nerve conduit (NGC) made of hybrid biomaterials and to, on cadaveric ma-
terial, assess the technical feasibility of using them in surgical practice to repair extended peripheral nerve defects.
Material and methods. The objects of the study were three electrospun NGC samples: from synthetic material
(polycaprolactone, PCL) and hybrid biomaterials (PCL + gelatin or PCL + collagen). The work compared the
physical and mechanical properties of NGC: stiffness, plasticity, elasticity, brittleness, resistance to chemical attack,
their ability to be impregnated with liquid media, permeability, possibility of making an anastomosis between
the implant and the nerve during surgical procedure. Cadaveric material was the object of the study: we used a
dissected superficial sensory branch of the human right radial nerve, 2 mm in diameter, isolated on the forearm,
about 12 cm in length, because it most corresponded to the diameter of the NGC samples tested. After surgery,
the echogenic features of the implants and their anastomoses with the nerve were assessed by ultrasound imaging.
Results. It was found that hybrid NGC samples, based on their biomechanical properties, are fundamentally
suitable for use in surgical practice, to ensure growth and replacement of a peripheral nerve defect. However, the
best composition of a nerve guide can be established after comparative preclinical study of the biocompatible
and functional properties of hybrid material samples. Conclusion. The physical and mechanical properties of the
investigated NGC samples made of hybrid biomaterials meet the technical requirements for implantable nerve
conduits for surgical application.

Keywords: peripheral nerve damage, artificial nerve guide, nerve conduit, polycaprolactone, collagen,
gelatin, regeneration.

The frequency of peripheral nerve injuries from limb
injuries ranges from 1.5% to 13% and ranks first in terms
of degree of disability of the injured. Disability in all
nerve injuries reaches 60% [1], and about 45% of cases
of nerve injuries in the Russian Federation occur among
able-bodied citizens aged 21 to 35 years [2].

Every year in Russia, 4,000 to 7,000 people require
surgical treatment for this condition [3]. Among the pati-
ents who underwent surgical treatment, only half of them
have complete functional recovery of the nerve, 3% of
patients have reduced sensitivity, while the motor func-
tion of the nerve is restored in less than 25% of patients
[4, 5]. Such a low percentage of rehabilitation of patients
with peripheral nerve injury is mainly due to the incom-
plete regenerative potential of the injured axon, as well

as to the lack of necessary conditions for directed axonal
growth from the proximal end to the distal end [6]. The
high frequency of peripheral nerve injuries, accompanied
by loss of ability to work, up to disability, makes finding
new effective surgical approaches for surgical repair of
damaged nerves an urgent task.

To restore the anatomical integrity of the damaged
peripheral nerve, neurorrhaphy (surgical restoration of
nerve trunk integrity by mobilizing and suturing its ends)
is traditionally used in clinical practice, and if it is im-
possible, autoplasty with the patient’s own nerve is used.
Nerve autotransplantation is currently the gold standard
treatment for peripheral nerve injuries accompanied by
diastasis >3 cm. However, the neurological deficit arising
in the area of innervation of the nerve used for autoplasty,
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the mismatch between the diameters of the donor and
recipient nerves, and the significant duration of surgical
intervention limit the use of this technique. An alter-
native approach to restoring the anatomical integrity
of damaged nerve is to create and use peripheral nerve
implants made of synthetic and/or natural polymeric
materials called nerve guidance conduits (NGC) (also
referred to as an artificial nerve conduit or artificial nerve
graft), which are designed to promote directed axonal
growth and provide good conditions for regeneration of
damaged nerve.

Various variants of nerve conduits were proposed
back in the 19th century, but the feasibility of their use
was questioned until the second half of the 20th century,
since simpler surgical techniques for nerve fiber mobili-
zation and tensioning were used in parallel. Later, these
surgical methods were abandoned because it became
clear that nerve tension significantly reduces their re-
generative potential [7, 8]. Nerve conduits began to be
registered as medical devices since the mid-1980s, and
they are becoming commercially available in clinical
practice [9].

Meanwhile, there is still no universal artificial nerve
conduit with perfect biocompatibility. Literature asserts
the importance of the following basic requirements for
fabrication of peripheral NGCs [5, 10-14]:

a) Biocompatibility;

b) Biodegradation/bioresorption rate should not exceed
the nerve regeneration time;

¢) Permeability and wall thickness (the ideal scaffold

should be semi-permeable; conduit permeability in-

creases with pore size: nerve channels with larger

pores better support axonal growth, the optimal pore

size range is 10-20 pm, which facilitates nutrient

inflow and at the same time prevents fibroblast pe-

netration and growth);

Acceptable mechanical properties (strength, elastici-

ty, tension, flexibility, resistance to destruction and

stretching, stitching capability);

Ability to create optimal conditions for accelerated

and directed axonal growth followed by full functio-

nal and structural restoration of denervated tissue;

Implant production technology should facilitate the

production of a linear range of products of different

diameters and lengths;

g) Affordable price.

By structure, NGCs can be divided into hollow (in the
form of closed tubes or longitudinally dissected cylinder)
and filled with various materials.

NGCs can be made from biodegradable/bioabsor-
bable synthetic (e.g., polyvinyl alcohol, polyglycolic
acid, polycaprolactone) and natural polymers (usually
collagen/gelatin, chitosan, polyoxybutyrate). Each of
these groups has its own advantages and disadvantages

d)

82

[15, 16]. Highly biocompatible products made of natural
polymers are rapidly resorbed, have poor mechanical
properties, and are expensive to produce. The qualities
of medical products made of synthetic polymers are more
reproducible, have good mechanical properties, but are
inferior to natural polymers in terms of biocompatibility
and are not bioactive.

In our opinion, a promising approach to the creation
of artificial nerve grafts is to use hybrid biomaterials
comprising both synthetic and natural polymers. Syn-
thetic polymers allow NGCs to provide the required me-
chanical characteristics, while natural polymers ensure
high biocompatibility and provide bioactive properties
in terms of stimulating the regenerative processes of the
damaged nerve. In our work on creation of laboratory
NGC samples from hybrid biomaterial, we chose a syn-
thetic polymer, polycaprolactone (with a low degradation
rate), and a natural biopolymer, collagen (or gelatin, its
denatured form), the main extracellular matrix protein.

The aim of this work was to study the technical feasi-
bility of surgical application of NGC samples made of
hybrid biomaterials based on polycaprolactone and col-
lagen/gelatin on a nerve isolated from cadaveric material.

MATERIAL AND METHODS

Tubular NGCs with an internal diameter of 2 mm
(Fig. 1) were made by electrospinning method, previ-
ously developed to create tissue-engineered constructs
of small-diameter blood vessels [17], from a 10% (w/w)
polycaprolactone solution (PCL, MM 80000, Sigma-
Aldrich, USA, sample #1), PCL with added gelatin (Sig-
ma-Aldrich, USA (sample #2) and PCL with collagen
(Collost, Russia, sample #3) in hexafluoroisopropanol
(NPO PIM-INVEST, Russia) using electrospinning

Fig. 1. NGC samples
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device NANON-01A (MECC CO, Japan) at 25 kV volta-
ge between electrodes, solution feed rate 4 ml/h, distance
to collector 100 mm, spindle speed 1000 rpm, using 18 G
needle. After the end of the solution application process,
the obtained samples were dried in a thermostat at 37 °C
for 2 hours, followed by evacuation to remove traces
of solvent at a residual pressure of 10-20 mm Hg and
temperature 37 °C for 24 hours.

NGC samples were subjected to mechanical testing
on a Shimadzu EZ Test EZ-SX test frame (Shimadzu
Corporation, Japan) at a tensile speed of 5 mm/minute.
The following mechanical characteristics of the speci-
mens were recorded: elongation at break, tensile strength
at break, and Young’s modulus, which characterizes the
degree of elasticity of the NGC. Young’s modulus was
calculated in Trapezium X software, version 1.2.6.

Experimental work was carried out in a room with a
temperature of +18 °C. During the study, the following
physical, mechanical and technical properties of the
samples were evaluated: stiffness, plasticity, elasticity,
brittleness, chemical resistance, ability to be impregna-
ted with liquid media, porosity, and possibility to make
anastomosis between the implant and nerve (stitching
with surgical needle, conducting a ligature). We used
lever scales with loads of different weights, a caliper,
liquid media (centrifuged human blood plasma, 0.5%
novocaine solution, native human blood, 3% H,0, so-
lution), edible indigo carmine for staining transparent
liquids, suture surgical material with non-absorbable
monofilament thread and atraumatic cutting needle (Pro-
lene 6-0, 45 cm).

Cadaveric material was the object of the study: we
used a dissected superficial sensory branch of the human
right radial nerve, 2 mm in diameter, isolated on the fore-
arm, about 12 cm in length, because it most corresponded
to the diameter of the presented samples (Fig. 2).

We simulated restoration of the injured nerve integrity
by tandem suturing of the NGC with distal and proximal
fragments of the crossed nerve. The surgery was micro-
surgical: a 3.5% headband magnifier and microsurgical
instruments were used.

After layer-by-layer suturing of the wound, the echo-
genic characteristics of the implants and their anastomo-
ses with the nerve were assessed through ultrasound-
guided percutaneous needle biopsy in the tissues with
a 7.5 MHz linear ultrasound probe.

RESULTS

Three NGC variants with the following dimensions
were investigated: length and diameter of samples #1
(PCL), #2 (PCL + gelatin) and #3 (PCL + collagen)
were 97.9 mm and 2.3 mm, 60.4 mm and 2.5 mm, and
49.1 mm and 3.2 mm, respectively.

The stiffness (based on tactile sensation) of the dry
samples decreased in the following order: #3 > #2 > ##1.
When dissecting the samples with a scalpel, it was noted
that they were electrified in the dry state, sticking to the
tool, the first and third samples slightly disentangled.

The physical and mechanical characteristics of NGC
samples are summarized in Table. As can be seen from
Table, the presence of gelatin in the nerve conduit (sam-
ple #2) does not affect its elongation at break, accom-

Fig. 2. Superficial sensory branch of the right radial nerve (indicated by arrow)

Table
Physical and mechanical characteristics of NGC
NGC Young’s modulus (MPa) Tensile strength at break (N) Elongation at break (%)
#1 (PCL) 55+1.1 109+ 1.6 477 + 38
#2 (PCL + gelatin) 7.8+2.6 243+7.6 452 +£32
#3 (PCL + collagen 10.5+3.1 33.2+6.9 357 +£47

&3
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panied by a 30% increase in Young’s modulus and a
2.5-fold increase in tensile strength at break compared to
specimen #1 made of PCL. With collagen in the hybrid
material (sample #3), the Young’s modulus increases
twice as much as that of NGC made of PCL, tensile
strength at break increases 3-fold, and elongation at
break decreases by 25%. Thus, introduction of gelatin
and collagen increases the strength of NGC with a si-
multaneous slight decrease in its elasticity, especially
noticeable when using a hybrid material with collagen
(sample #3).

The obtained results were confirmed when assessing
the resistance (rigidity) of the specimens to deformation
changes. We evaluated the deformation of sample frag-
ments, 5 mm long, in dry state under the influence of
loads of different weights. Sample #1 began to deform
under a load of 5 g or more. Deformation of the other
two samples occurred under a 20 g weight (Fig. 3). The
samples were not brittle under physical stress and did
not crumble when cut with a scalpel.

To determine possible changes in the properties of the
samples when interacting with various biological media

Fig. 3. Assessment of stiffness and elasticity (deformation of
sample #1 under a 5 g load)

-

and chemical compounds encountered during the opera-
tion, they were wetted: 1) in 0.5% novocaine solution;
2) 3% H,0, solution; 3) in native human blood; 4) human
blood plasma. Changes in the samples after 0.5, 1.0, 1.5,
and 2.0 hours were assessed. All samples were gradu-
ally impregnated with solutions, becoming more elastic
(based on tactile sensations). Sample #3, which is more
hydrophilic in comparison with the others, was the best
and fastest to be impregnated in the media. Sample #1
was the most hydrophobic. Dissolution, change of sha-
pe, significant loss of elasticity (deformation under own
weight) was not noted in any of the examined samples.

We used 20-mm-long sample fragments to create ana-
stomoses between the NGC and the nerve. Each speci-
men was tandemly sutured using an atraumatic needle
(Prolene 6-0) to the pre-transected superficial sensory
branch of the radial nerve (Fig. 4). Epineural sutures
were placed on the nerve, and the NGC was sutured
through its entire thickness. There were no difficulties
with stitching in any of the specimens; however, sample
#1 was the easiest to stitch. When creating an anastomo-
sis, it is more convenient to inject from the epineurium
side and then stitch the implant to its full thickness, with
the knot better left on the outside of the nerve conduit to
avoid formation of scar changes in the nerve tissue area.
After wetting with novocaine solution, the specimens
were easier to suture to the nerve because they became
more elastic.

Permeability of the samples was assessed by filling
their lumen from the neural side of the anastomosis with
an aqueous solution of edible indigo carmine (Fig. 5).
After dye injection, the sutures were noted to be tight,
permeability of the NGC depended on the volume of
the injected solution. All specimens passed the dye after
some time, the most permeable being specimen #1 made
of PCL.

Ultrasound imaging of the created anastomoses af-
ter layer-by-layer suturing of the wound was performed
(Fig. 6). The following data were obtained during the
study:— Anastomoses between the nerve and NGC spe-

Fig. 4. Tandem anastomoses between the NGC and the superficial sensory branch of the radial nerve
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cimens after soft tissue suturing was preserved in all

cases;

— Echogenicity of all specimens relative to the nerve
and surrounding soft tissues increased;

— Cross-sectional scanning of the implant revealed a
hyperechogenic circumference, which differed from
the nerve in ultrasound image;

— The NGC samples had different resistance to me-
chanical pressure on the surrounding tissues. Sample
#1 had the lowest stiffness and elasticity — it shrank
under the pressure of the ultrasound probe, flattened
and did not fully recover its original rounded shape.
Specimens #2 and #3 had high stiffness and elasticity,
and did not change their configuration under pressure.
Sample #3 was the most rigid.

DISCUSSION

NGC samples made of hybrid biomaterials (#2,
PCL + gelatin; #3, PCL + collagen) are surgically suitab-
le for creating artificial nerve conduits to repair extended
peripheral nerve defects.

When hydrated, NGCs are lightweight, flexible, elas-
tic, resilient, not brittle, porous tubes convenient for su-
turing to peripheral nerves. Hybrid nerve conduits are
moderately hydrophilic, which in vivo is important to
ensure cell adhesion as the initial stage of the regenera-
tive process in the damaged nerve. Also, these samples
have acceptable surgical porosity and are more preferable
due to the ability to retain their shape, including when
exposed to various liquid media and pressure of the sur-
rounding tissues [16].

Surgical manipulations on the cadaveric material
showed that all the presented NGC samples are con-
venient for surgical application (easily sutured, form
tight anastomoses with the nerve, are not deformed and
do not dissolve when exposed to various fluids used
during surgery). The best nerve conduit composition
will be selected during comparative preclinical studies
of biocompatible and functional properties of hybrid
material samples.

Ultrasound is the main method of monitoring the sur-
gical restoration of the anatomical integrity of peripheral
nerves: direct neurorrhaphy, autotransplantation, and

Fig. 6. Ultrasound picture of the NGC (indicated by arrows). a, cross section; b, longitudinal section
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plasty using NGCs. This is due to the fact that morpho-
logical changes occurring in the postoperative period
are ahead of the functional nerve, which can be assessed
clinically or by electroneuromyography. To determine
the adequacy of such interventions and their probable
effectiveness, it is necessary to assess the formation of
an end neuroma, regeneration of nerve fibers, severity of
the cicatricial adhesive process in the surgical area, and
anastomosis viability. In the case of NGCs, the carrying
capacity of their membranes for ultrasound signal, which
determines the possibility to visualize the regenerating
nerve tissue in the graft lumen, is important. Creating
an optimal material for NGC in terms of performing
perfect ultrasound imaging is extremely difficult. By
focusing only on this criterion, one will have to sacrifi-
ce more important (chemical, physical and biological)
properties of NGC. Even the polyhydroxybutyrate-based
membrane, which is several microns thick and used in
neurosurgical practice for the prevention of cicatricial
adhesions, reduces the capabilities of ultrasound imaging
in the postoperative period [18].

During the reparative processes in the area of sur-
gical intervention, the ultrasound image of prosthetic
biotransformation will change over time. This is due
to many factors: development of cicatricial adhesion
process, neoangiogenesis, nerve fiber regeneration, and
biotransformation of the NGC itself. The most important
early (first 1-2 months after intervention) criterion of
successful regeneration of nerve tissue, even in case of
low ultrasound throughput of NGC, is the absence of
terminal neuroma formation in the area of the proximal
fragment of the nerve trunk involved in anastomosis.
The indicated abortive regeneration sign (presence of
terminal neuroma) does not depend on ultrasound cha-
racteristics of NGC materials and can be detected in all
cases.

The following were limitations of NGC ultrasound
assessment: not the highest degree of ultrasound imaging,
and lack of possibility to assess the biotransformation of
both the NGCs themselves and the surrounding tissues
over time in vivo. Finding the optimal material for the
NGC is a crucial step towards creating an effective peri-
pheral nerve prosthesis, which can be a good alternative
to the autograft. The advantage of using NGC in clinical
practice is that the procedure of nerve extraction from the
patient (in autografting) and the resulting complications
at the donor site are eliminated, surgical time is reduced,
and the intervention becomes simpler. Numerous studies
show that the possibility of functional recovery when
using NGC is equivalent to autotransplantation and direct
nerve suturing in an experiment [19, 20].
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CONCLUSION

The physical and mechanical properties of NGCs
made of PCL and PCL-based hybrid biomaterials were
investigated, and the technical feasibility of their surgical
use to promote directional nerve growth and repair was
studied. NGC samples consisting of hybrid materials
showed fundamental biomechanical suitability for use
in surgical practice to eliminate peripheral nerve defects.

The authors declare no conflict of interest.
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INTRAPERITONEAL INJECTION OF CELL-ENGINEERED
PANCREAS IN RATS WITH EXPERIMENTAL TYPE | DIABETES
(PRELIMINARY RESULTS)
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Creation of a bioartificial pancreas, including a cell-engineered construct (CEC) formed from pancreatic islets
(islets of Langerhans) and a biocompatible matrix mimicking the native microenvironment of pancreatic tissue, is
one of the approaches to the treatment of type 1 diabetes mellitus (T1D). Objective: to conduct preliminary in vivo
studies of the functional efficacy of intraperitoneal injection of a cell-engineered pancreatic endocrine construct
and a suspension of rat pancreatic islets in an experimental T1D model. Materials and methods. Tissue-specific
scaffold was obtained by decellularization of human pancreatic fragments. The viability and functional activity of
rat islets isolated with collagenase were determined. Experimental T1D was modeled by intraperitoneal injection
of low-dose streptozotocin and incomplete Freund’s adjuvant into rats. The rats were intraperitoneally injected
twice with pancreatic CEC (n = 2) or islet suspension (n = 1). Glucose levels in the blood and urine of the rats
were assessed. Histological examination of organs (pancreas and kidneys) of the experimental animals was carried
out. Results. After the first injection, blood glucose levels gradually decreased in all animals by more than 47% of
the initial values; by follow-up day 24, the glucose level rose to the initial hyperglycemic values. After repeated
administration, a 63.4% decrease in glycemic level was observed in the rats with pancreatic CEC and a 47.5%
decrease in the one with islet suspension. At week 5 of the experiment, blood glucose levels gradually increased
in all animals. At the same time, the glycemic index of the rat with injected pancreatic CEC was 62% lower than
the glycemic index of the rat with injected islets. Conclusion. Allogeneic pancreatic islets in pancreatic CEC

increase the duration of stable glycemic level in T1D rats.

Keywords: pancreas, islets of Langerhans, cell-engineered construct, tissue-specific scaffold, diabetes

model.

1. INTRODUCTION

T1D is an autoimmune disease characterized by cri-
tical loss of insulin-producing beta cells. Treatment of
T1D with cell therapy seems promising. The current
method of treatment of severe T1D islets is pancreatic
islet transplantation according to the Edmonton Protocol
[1-4], which requires a significant mass of islets from
several donors [5]. After transplantation, the risk of dia-
betes complications is reduced, the number of hypergly-
cemic episodes is reduced, and in some cases complete
insulin-independence is achieved [6, 7].

However, the problem of organ shortage and the li-
mited functioning time of islets in vivo stimulates the
search for tissue engineering and regenerative medicine
technologies aimed at long-term preservation of their
viability and functional activity. In the process of iso-
lation, cultivation and transplantation, islets lose vascu-
larization, innervation, and connection to extracellular
matrix (ECM), which makes them even more susceptible
to oxidative stress [8]. In addition, post-transplant islet

damage is associated with immediate blood-mediated
inflammatory responses, immune response, hypoxia and
toxic effects of immunosuppressants [9—11].

At present, improvement of biotechnological methods
gives hope for promising application of technologies
based on creation of a tissue equivalent of the pancreatic
endocrine, formed on the basis of insulin-producing cell
components preserving long-term viability and func-
tional activity and biocompatible matrix that provides
them with the best conditions. The advantage of using
islets in the creation of a tissue equivalent of pancreas
over insulin-producing cells of other origin is that beta
cells retain paracrine connections with all types of islet
cells [12].

ECM components are important components of the
pancreatic tissue equivalent, preventing cellular stress
and contributing to preservation of islet viability and
function. Biomatrices with ECM components are uni-
versal platforms for creating a tissue equivalent, as they
provide structural and mechanical support to islets, serve
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as areservoir of growth factors, cytokines, antioxidants,
and transmit signals to islet cells via integrins [13—15].

Previously, studies of biomatrices for pancreatic tis-
sue equivalents have focused on artificial construction
of scaffolds similar to the native pancreatic ECM, but
none of them could accurately mimic the complexity
of the actual ECM composition and structure [16—18].

Buitinga et al [19] reported that allogeneic islets
transplanted on a porous scaffold platform to mice with
experimental T1D were able to restore stable normogly-
cemia compared to islets transplanted without a scaffold.
It was shown that when cultured on collagen-containing
matrices for a long time after isolation, the islets re-
mained viable and exhibited secretory activity [20, 21].
Transplantation of islets cultured on such matrices be-
came more successful [22].

Recently, pancreatic decellularization technologies
have been used as an alternative to obtaining a matrix
with preserved features of pancreatic tissue structure
and composition. When developing the protocols for
obtaining tissue-specific decellularized scaffold, it is
important to consider the preservation of native ECM
components: structural proteins, glycoproteins and cell
adhesion factors for its functional activity while remo-
ving DNA to minimize immune response during implan-
tation of the pancreatic tissue equivalent [23-27].

It was found that islets cultured in the presence of
tissue-specific scaffold from decellularized pancreas
enhanced insulin secretion compared to isolated islets
in monoculture [28, 29]. Wu et al [30] showed on an
experimental T1D model that the pancreas tissue, recel-
lularized by a population of insulin-producing cells, is
able to control blood glucose levels in mice compared
to the same cells cultured on Petri dishes.

We have previously described approaches to obtai-
ning tissue-specific matrices from decellularized rat
[31] and human [28] pancreas, showing preservation of
structure, prolongation of viability and function of islets
cultured with tissue-specific scaffold compared to islets
cultured without biomatrix.

Thus, the in vitro functionality of the pancreatic tissue
equivalent in vitro is directly related to preservation of
the cellular component comprising it, which may ulti-
mately be of crucial importance in vivo [32].

The objective of this work was to carry out prelimina-
ry in vivo studies of the functional efficacy of pancreatic
CEC and isolated rat pancreatic islets when administered
intraperitoneally to diabetic rats.

2. MATERIALS AND METHODS
2.1. Experimental animals

Experiments were carried out on male Wistar rats
obtained from the laboratory animal nursery belonging
to Krollnfo Ltd. A veterinary certificate confirming the
absence of infectious diseases in the farm was presented.
Acclimatization and maintenance of the laboratory ani-
mals were done in accordance with the interstate standard
GOSTISO 10993-2-2009 “Medical products. Evaluation
of biological effect of medical products.” Part 2. “Re-
quirements for the treatment of animals.”

All manipulations with animals were performed in
compliance with the bioethical principles approved by
the European Convention for the Protection of Verteb-
rate Animals used for Experimental and other Scientific
Purposes, 2005, and in accordance with the Rules of
Laboratory Practice, approved by the Ministry of Health
of Russia, No. 708 on August 23, 2010. A report on ap-
proval of experimental studies was received from the
local ethics committee of Shumakov National Medical
Research Center of Transplantology and Artificial Or-
gans, dated January 28, 2021, Protocol No. 280121-1/1e.

2.2. Experimental type | diabetes model

T1D was modeled according to a known proprie-
tary method on male Wistar rats for 16 days (Table 1)
by intraperitoneal injection of low-dose streptozotocin
every 7 days [33]. Streptozotocin was administered after
12 hours of fasting; the dose of the drug was determined
at the rate of 25 mg/kg of animal body weight in the first
injection, 20 mg/kg in the second injection, and 25 mg/
kg in the third injection. To induce autoimmune inflam-
mation, the animals were intraperitoneally injected 1 mL
of incomplete Freund’s adjuvant three times a day before
each streptozotocin injection.

The animals were observed daily, their physical ap-
pearance was assessed, and the amount of water consu-
med by them was measured. Every week, we measured
blood and urine glucose levels on an empty stomach, and
monitored the dynamics of weight changes. Rats whose
high glycemic level remained stable for two weeks were
selected for further study.

2.3. Technology for obtaining tissue-specific
scaffold from decellularized pancreatic
tissue

To form a pancreatic tissue equivalent, a tissue-speci-
fic finely dispersed matrix was chosen as an ECM biomi-

Table 1
Scheme for TID modeling
Day 1 2 8 9 15 16
Injection of streptozotocin 25 mg/kg 20 mg/kg 25 mg/kg
Injection of incomplete Freund’s adjuvant 1 mL 1 mL 1 mL
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metic, obtained by decellularization of human pancreas
fragments (DHP scaffold) according to a protocol deve-
loped earlier [28]. The studies showed that DHP scaffold
retains morphofunctional properties of the native ECM
of pancreatic tissue, contains basic fibrillar proteins (type
I collagen, elastin), has low immunogenicity (<0.1%
DNA), is not cytotoxic with respect to adhesion and
proliferation of cell cultures [28].

The experimental studies were approved by the local
ethics committee, Shumakov National Medical Research
Center of Transplantology and Artificial Organs, dated
March 16, 2018, Protocol No. 160318-1/1e. It was for
the development of the technology for obtaining and
studying tissue-specific matrices.

2.4. Isolation, identification and cultivation
of rat pancreatic islets

Islets were isolated from the pancreas of male Wistar
rats (Pr). They were subjected to inhalation euthana-
sia using Isoflurane (Kariozo Laboratories, Spain), and
then the islets were excised under sterile conditions and
immediately placed in a Petri dish with cold (+4 °C)
Hanks’ Balanced Salt Solution (HBSS) without Ca** and
Mg** ions (Thermo Fisher Scientific, USA) containing
amphotericin B. All further manipulations requiring ste-
rility were performed in a laminar flow hood providing
sterile air flow.

We injected 2 mL of collagenase NB 1 solution (acti-
vity 20 PZ U/g tissue) with neutral protease NP (activity
1.5 DMC U/g tissue) (Serva, Germany) intraparenchy-
matously into the pancreatic tissue by successive injec-
tions. Pr stretched tissue, without cutting, was carefully
separated into 10-12 approximately equal parts with
microtweezer, transferred into a vial, and incubated for
7—-10 minutes in an orbital shaker incubator (Biosan,
Latvia) at 37.0 °C with a rotation speed of 150 rpm. The
action of collagenase was stopped by adding cold (+4 °C)
HBSS. The formed small fragments were filtered through
a 100 um cell strainer (Corning-Costar, USA); the filtrate
was collected into conical tubes, and centrifuged for
1 minute at 800 rpm. The supernatant was washed twice
with fresh HBSS for 1-1.5 minutes at 1200—1300 rpm
to obtain an islet suspension.

Islets were identified by dithizone staining (Sigma-
Aldrich, USA) immediately after isolation. For this pur-
pose, part of the suspension was mixed with dithizone
solution (1 mg/mL)in a2 : 1 volume ratio and incubated
for 20-30 minutes at 37 °C.

Freshly isolated islets were resuspended in complete
growth medium containing DMEM (glucose 1.0 g/L)
(PanEco, Russia), 10% fetal calf serum (HyClone, USA),
Hepes (Thermo Fisher Scientific, USA), 2 mM alanyl
glutamine (PanEco, Russia), 1% antibiotic/antimycotic
(Thermo Fisher Scientific, USA), were added to culture
vials and cultured for 24 hours under standard conditions
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at 37 °C in a CO, incubator in a humidified atmosphere
containing 5% CO,.

2.5. Assessment of viability and functional
activity of pancreatic islets

The viability of islets cultured for 24 hours was deter-
mined by fluorescent acridine orange/propidium iodide
(AO/P]) staining (PanEco, Russia).

For staining, a portion of the islet suspension was
placed in a Petri dish, mixed with the prepared working
dye solution in a volume ratio of 2 : 1, and incubated in
the dark for 15-30 minutes. Viable islets were counted
using a Nikon Eclipse 501 fluorescent microscope (Ni-
kon, Japan) at 10x magnification.

To determine the functional activity of islets after
24 hours of cultivation, insulin content was measured
under the influence of a traditional hormone secretion
stimulant. For this purpose, the growth medium was re-
placed with a fresh medium with a low glucose content
of 1.0 g/L (2.8 mmol/L). After a 60-minute incubation
under standard conditions, culture medium was sampled.
The growth medium was then removed and replaced
with fresh medium with a high glucose concentration
of 4.5 g/L (25 mmol/L). After 60 minutes of incubation
under standard conditions, the culture medium was also
sampled (2 samples for each culture period) for enzyme-
linked immunosorbent assay (ELISA) using Rat Insulin
ELISA Kit (Thermo Fisher Scientific, USA).

2.6. Obtaining a cell-engineered pancreatic
construct

A purified suspension of cultured islets was used as
the cellular insulin-producing component of the pancrea-
tic CEC. The islet suspension was obtained by centrifu-
gation in a growth medium for 2 minutes at 1200 rpm,
then purified in HBSS under the same regime.

For each pancreatic CEC sample, 2000 islets were se-
lected, obtained from an average of 1.5 rat donor pancre-
as, resuspended in 1.0—1.2 mL of HBSS, and mixed with
finely dispersed sterile DHP scaffold (10.0 + 0.1 mg)
from human pancreas.

The resulting pancreatic CEC sample was placed in a
syringe with a 23 G needle size just before administration
to recipient rats.

2.7. Intraperitoneal injection
of cell-engineered pancreatic construct
and islets of Langerhans

Three rats with severe and stable autoimmune T1D
were selected for corrective therapy: a pancreatic CEC
sample (2000 allogeneic islets of Langerhans with DHP
scaffold) was injected intraperitoneally into the lower
third of the abdomen of rats 1 and 3; rat 2 received
2000 allogeneic pancreatic islets in the form of a sus-
pension.
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All animals were observed for more than 12 weeks.
The amount of water consumed by them was monitored
daily. Body weight was monitored weekly, blood and uri-
ne glucose levels were determined. Capillary glycemic
level was measured on an empty stomach weekly using
Accu-Check Active glucose meter (Roche, Switzerland).
All manipulations were performed in the morning hours
(between 9 a.m. and 12 p.m.). The levels of glucose and
ketone bodies in the urine were evaluated using Keto-
gluc-1 indicator strips (Biosensor AH, Russia).

2.8. Histological examination

The extracted pancreas and kidneys of all experimen-
tal animals were fixed in 10% neutral buffered formalin
(NBF), dehydrated in alcohols of ascending concentra-
tion, then incubated in a chloroform/ethanol mixture,
then transferred to chloroform and embedded in paraffin
blocks.

Slices, 5 um-tick, were obtained using an RM2245
microtome (Leica, Germany) and further stained with he-
matoxylin and eosin (H&E) and with Masson’s trichrome
for total collagen content. Immunohistochemical staining
of main islet cell types was performed using antibodies
to insulin and glucagon (Abcam, UK) and the Rabbit
Specific HRP|DAB (ABC) Detection IHC kit imaging
system (Abcam, UK).

2.9. Statistical analysis

Microsoft Excel software (2016) was used to perform
statistical data processing. Student’s t test was used to
determine the statistical significance of differences in the
mean between the samples when assessing the functional

activity of the islets of Langerhans of healthy rats (insulin
content in culture medium during glucose stimulation).
The differences were considered statistically significant
atp <0.05.

3. RESULTS AND DISCUSSION
3.1. Experimental type | diabetes model

Four diabetic rats with fasting blood glucose — 15.8;
26.7; 28.1; 18.6 mmol/L — were selected for the expe-
riment. Significant loss of body weight (from 350 g to
260 g), hypodynamia, non-healing wounds on the tail,
yellowing of hair, thinning of hair, polyuria, and marked
polydipsia were noted in the animals. Each animal con-
sumed an average of 209 £ 6 mL of water per day — a
healthy rat drinks 14 + 3 mL of water/day.

Histological examination of rat pancreas samples
with glycemic level of 18.6 mmol/L revealed changes
in both exocrine parenchyma and pancreatic islets com-
pared with the morphological picture of a healthy animal
(Fig. 1, a—c). In the parenchyma, some lobules underwent
dystrophic changes, and up to necrosis in some cases.
Infiltration by inflammatory cells was observed in the
islets: polymorphonuclear leukocytes and solitary mac-
rophages were detected in the islet thickness and along
its perimeter. Vacuolated and necrotized insulocytes were
detected in the center of the islet, the shape of the islet
also changed (Fig. 1, d). Immunohistochemical staining
with antibodies to insulin was negative, which confirmed
the death of beta cells (Fig. 1, e), while glucagon-positive
cells in the islets were preserved (Fig. 1, f). The results

Fig. 1. Rat pancreas. a—c, healthy rat; d—f, rat with experimental T1D; a and d, H&E stain; b and e, insulin immunohistoche-
mical staining; ¢ and f, glucagon immunohistochemical staining. Arrows indicate pancreatic islets. Scale bar = 100 pm
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obtained may indicate the effectiveness of the TID in-  3.3. Results of intraperitoneal injection
duction model. of pancreatic cell-engineered construct
and islets of Langerhans

Animal follow-up continued for 87 days after the
first injection of pancreatic CEC in rats 1 and 3 and islet
suspension in rat 2 (Fig. 4, Table 2). Pancreatic CEC
and islet suspension were reintroduced on day 24 of the
experiment. Rat 1 was removed from the experiment on

3.2. Viability and functional activity
of isolated pancreatic islets

A large proportion of freshly isolated islets were
round or oval in shape and mostly retained their integ-
rity, indicating that the macrostructure of the islets was

not damaged during isolation (Fig. 2, a). Dithizone se- 4,y 65 for histological analysis of the pancreas condition.
lectively stained the pancreatic islets red-orange, while On day 5 after intraperitoneal injection of pancreatic
the acinar cells remained unstained (Fig. 2, b). CEC, glycemic level in rats 1 and 3 decreased by 28.5%
A day after isolation, the rat pancreatic islets were  and23.5% from the initial values, respectively, while that
stained with vitamin dye to determine their viability. It i, rat 2 (administration of islet suspension) decreased by
was found that more than 95% of the islets remained 13,99, On day 10, the glycemic level in rat 1 reached a
viable (Fig. 2, c). minimum value of 9.2 mmol/L (65.5% decrease). In rat
The functional activity (presence of hormonally ac- 3, the minimum glucose level was 14.7 mmol/L (47.7%
tive beta cells) of cultured islets was confirmed by the  decrease) by day 17 of follow-up. In rat 2, in the first
results of culture fluid samples taken at day 1 after in- 3 weeks after pancreatic CEC injection, glycemic levels
cubation before and after stimulation with “hyperglyce-  reached its lowest level (a 48.1% decrease) on day 17.
mic” glucose level of 4.5 g/L (25 mmol/L) (Fig. 3). The On day 24, all the rats witnessed a sharp rise in glu-
pre- and post-stimulation insulin levels in the samples  cose levels. So, it was decided to re-inject pancreatic
were 185.4 + 16.4 plU/mL and 251.7 + 16.6 pIlU/mL, CEC and islet suspension in the same animals. One week
respectively, a 35.8% increase. later, all rats had a sharp decrease in glycemic levels,

:."'\ a

wak

r oo B
W@

?

8y
i B 0’
' v

Fig. 2. Isolated rat pancreatic islets. a, light microscopy without staining; b, dithizone staining; c, islets cultured for 24 hours,
acridine orange/propidium iodide (AO/PI) staining. Scale bar = 100 um

Functional activity of pancreatic islets decreasing by 47.5% in rat 2 and by 65.5% and 61.2%
o cfhetvmsaylo in rats 1 and 3, respectively

Over the next 3 weeks, glycemic levels in rat 1 con-

2 250 1 tinued to fall, reaching 4.2 mmol/L by day 52, then

E 200 gradually increasing. At the time rat 1 was withdrawn

<5 from the experiment (day 65), its blood sugar level was
2 197 11.7 mmol/L.

% 100 At these time periods up to day 87, rat 3 showed

k| 50 - slight fluctuations in blood sugar levels with a tendency

to increase (from 10.9 to 16.9 mmol/L).
U 28 25 In rat #2, we observed an unstable glycemic level up
Glucose, mmol/L to day 73, then there was a return to the initial blood glu-

. ) C cose concentrations (above 20 mmol/L), and an excess
Fig. 3. Comparative analysis of insulin levels before and af-

ter glucose stimulation of cultured 1-day isolated rat pancrea- 0¥ 34.8% over the initial values. By day 87, the glucose
tic islets level in rat 3 was 62% lower than that in rat 2.
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After the first intraperitoneal injection, there was a
decrease in urine glucose levels, which correlated with
blood glucose levels in all animals. However, urine
glucose concentration by day 24 increased sharply to
the maximum (Table 3). On repeated administration,
a significant decrease in urine glucose was observed
in all rats up to day 65, with rat 1 having no glucose in
its urine for 3 weeks, while blood normoglycemia was
stable (4.2—6.7 mmol/L). After 65 days, rat 1 had a sharp

jump in urine sugar levels with some increase in blood
sugar (11.7 mmol/L). This was the reason for removing
the animal from the experiment to evaluate the condition
of the pancreas and kidneys. In rat 3, urine glucose levels
fell to 2.8 mmol/L, and then it gradually increased. Rat
2 also had a short-term decrease in urine glucose levels,
followed by an increase to 112 mmol/L by day 87, which
in turn correlated with blood sugar levels.

Dynamics of blood glucose changes in rats with T1D, % relative to preimplantation parameters

140

Intraperitoneal
1201 injection 1

100 -

Glucose, %

60

40 -

20 1

0 T T T T T T

10 17

38

45

== Rat 1 (rPI + DHPs)

Days
== Rat 2 (rP])

Rat 3 (rPI + DHPs)

Fig. 4. Changes in blood glucose levels in rats with T1D model after intraperitoneal injection of cell-engineered pancreatic
construct or islet suspension. rPI, rat pancreatic islets; DHPs, decellularized human pancreas scaffold

Table 2
Changes in blood glucose levels in the experimental animals
Day Rat 2 (rPI), blood glucose, | Rat 1 (rPI + DHPs), blood glucose, | Rat 3 (rPI + DHPs), blood glucose,
mmol/L mmol/L mmol/L

0 (injection 1) 15.8 26.7 28.1
5 13.6 19.1 21.5
10 11.8 9.2 15.3
17 8.2 21.4 14.7
24 (injection 2) 15.9 33.0 23.5
31 8.3 13.3 10.9
38 11.9 9.2 11.7
45 9.2 6.7 16.0
52 8.7 6.0 13.0
58 13.1 4.2 13.5
65 12.0 8.6 16.9
73 11.5 11.7 25

80 18.3 — 21.2
87 21.3 — 20.6
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Evaluation of the content of ketone bodies in the uri-
ne of the animals revealed a decrease in ketone from
1.5 mmol/L to 0.5 mmol/L in all the three experimental
rats.

After intraperitoneal injection of pancreatic CEC or
islet suspension, all animals reduced their drinking water
consumption from 209 = 16 mL/day to 151 + 11 mL/day.
There was also a 30-40 g increase in body weight,

healing of wounds on the tail, and restoration of hair
structure and color.

Morphological analysis of pancreas and kidney sam-
ples revealed no differences in the organs of the three
rats. No immunopositive beta cells were detected in the
pancreas, both directly in the islets and in the pancreatic
parenchyma as a whole (Fig. 5, a). This indicated the
absence of regenerative processes and of the induction

Table 3

Changes in urine glucose levels in the experimental animals

Day Rat 2 (rPI), urine glucose, | Rat 1 (rPI+ DHPs), urine glucose, | Rat 3 (rPI + DHPs), urine glucose,
mmol/L mmol/L mmol/L
0 (injection 1) 14-28 14-28 28-56
5 14 14 28
10 14-28 5.6 14
17 14-28 2.8-5.6 2.8
24 (injection 2) 56-112 112 56-112
31 2.8-5.6 5.6-14 2.8-5.6
38 2.8-5.6 5.6-14 2.8
45 14 0 14-28
52 5.6-14 0-2.8 14-28
58 14-28 0-2.8 14
65 14-28 112 5.6-14
73 28 — 14-28
80 14-56 — 28
87 56-112 — 28-56

Fig. 5. Pancreas (a, b) and kidney (c, d) of experimental rats. a, no insulin positive beta cells in the islet; b, glucagon positive
alpha cells in the islet; ¢, H&E stain; d, Masson’s trichrome stain. Blue arrows indicate islets of Langerhans, yellow arrows
indicate Armanni—Ebstein cells in tubular epithelium. Scale bar = 100 pm
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effect of the transplanted islets on progenitor cells. At
the same time, glucagon-positive alpha cells were clearly
detected in the islets (Fig. 5, b). In histological prepara-
tions of the kidney, there were no marked degenerative
changes in the vascular and tubular apparatus. At the
same time, numerous vacuolated cells were detected
in the tubule epithelium. We believe that these are the
so-called Armanni—Ebstein cells, which are considered
to be pathognomonic in diabetes mellitus (Fig. 5, c, d).
In tissue engineering and regenerative medicine, one
can distinguish two mechanisms of CEC action in vivo,
which underlie two approaches to the treatment of pa-
thological organ conditions [34]:
Stimulation of internal (physiological) regeneration
of damaged tissue structures;
Partial or complete temporary replacement of the
functions of the damaged tissue structures.
This also applies to pancreatic CEC, in which tissue-
specific scaffolds provide pancreatic islets with a longer
survival time and efficient functioning in vivo.
Analysis of the results suggests that decreased gly-
cemic level is not due to stimulation of the regeneration
(restoration) of beta cells in the native islets, but due to
the functional efficiency of allogeneic islets. At the same
time, intraperitoneal injection of pancreatic CEC achie-
ved a more pronounced antidiabetic effect in T1D rats
compared to intraperitoneal injection of islet suspension.

CONCLUSION

From preliminary results obtained in the experimental
T1D model, intraperitoneal injection of pancreatic CEC
(xenogeneic tissue-specific scaffold in combination with
allogenic islets of Langerhans) can be assumed to re-
sult in a significantly greater decrease in blood glucose
concentration in rats compared to the islet suspension.
Repeated intraperitoneal injection of pancreatic CEC and
islet suspension increases the duration of stable glucose
levels, but probably does not induce regenerative rege-
neration of pancreatic islet tissue.

It should be noted that, firstly, to confirm or refute the
results obtained, experiments on a sufficient sample of
animals are required in order to get statistically signifi-
cant results. Secondly, the mechanism of hypoglycemic
effect of allogeneic islets may depend on the localization
site of pancreatic CEC and islet suspension. Apart from
intraperitoneal administration, it is necessary to investi-
gate in the T1D experimental model the functional effect
of islets when they are transplanted as a suspension or
implanted as part of CEC, for example, into the spleen,
mesentery, omentum, or under the kidney capsule.

The authors declare no conflict of interest.
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INFLUENCE OF PROTEIN-PEPTIDE BIOREGULATOR ISOLATED
FROM BOVINE SCLERA AND INCORPORATED

INTO AN ALBUMIN-BASED CRYOGEL ON THE SCLERA

IN A MODEL CULTIVATION OF A POSTERIOR EYE SEGMENT

O.V. Yamskova', M.S. Krasnov', E.V. Sidorsky"?, V.I. Lozinsky'
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Delivering bioactive substances to certain spots in the human and animal body is a crucial task. To address this
problem, we have developed a delayed-release bioactive substance carrier — an albumin-based cryogel obtai-
ned by cryostructuring. It was tested on an organotypic culture model of the posterior eye segment of a newt.
Objective: to study the effectiveness of porous albumin-based cryogel obtained by cryostructuring and loaded
with a bioregulator isolated from bovine sclera in different quantities in maintaining eye tissue integrity and
preserving Iberian ribbed newt fibroblasts on an organotypic culture model. Materials and methods. Albumin
sponges were obtained after being denatured at temperatures —15 °C, —17.5 °C, and —20 °C, with albumin levels
40 mg/mL, 50 mg/mL, and 60 mg/mL in a thermostatic cooler. Their modulus of elasticity was measured. Eye
tissues were isolated from adult sexually mature Iberian ribbed newts of both sexes. The posterior segment of each
eye was placed on a sponge sample of albumin cryogel in penicillin vials, sealed and placed in a thermostat. At
the end of cultivation, the samples were fixed, washed, dehydrated, and embedded in paraffin. Paraffin sections
were made, followed by staining. A Leica microscope (Germany) with an Olympus DP70 camera (Japan) was
used to view histological sections. Fibroblast count in the histological sections was estimated using the ImageJ
program. Results. Cryogel with initial albumin solution levels of 50 mg/mL obtained at —20 °C with 4.50 kPa
elastic modulus, was chosen for the organ culture experiment. Histological studies showed that eye tissue inte-
grity was maintained in the experiment when albumin-based scaffold was loaded with the bioregulator at doses
0f2.46 x 10°,2.46 x 107, 2.46 x 107°,2.46 x 10", 2.46 x 10" ug. Moreover, the statistically significant diffe-
rence for fibroblast count per unit area in the sclera partially correlates with the qualitative state of the posterior
eye tissue itself. Groups where bioregulator isolated from the sclera had a dose of 2.46 x 107, 2.46 x 10 and
2.46 x 107" pg, showed the best result as compared with the control group. Conclusion. Albumin-based scaffold
as a carrier with a bioregulator adsorbed on it (doses of 2.46 x 107, 2.46 x 107,2.46 x 107, 2.46 x 107", 2.46 x
107" pg) is effective in maintaining eye tissue integrity and preserving Iberian ribbed newt fibroblasts. Albumin
cryogen is an effective carrier for delayed release of bioactive substances.

Keywords: targeted drug-delivery systems, albumin cryogel, elastic modulus, organ culturing, bioregulator,
protective properties.

advantage of such carriers is their good biocompatibility,
low immunogenicity, and nontoxicity both of the sponges
themselves and of the products of their resorption or
degradation during hydrolysis in the recipient’s body. In
particular, sponges based on denatured serum albumin
proved to be effective carriers of both low-molecular-

INTRODUCTION

Targeted delivery of bioactive compounds (BAC) to
certain organs and tissues of the human or animal body
is currently a crucial task [1-3]. Such delivery systems
most often consist of two main components: the BAC
itself and a carrier that provides transport and release of

the active ingredient in the target area [4]. Such carriers
are used in various forms, such as nanoparticles and na-
nocontainers, liposomes, polymeric micelles, gels, etc.
[5]. Inrecent years, various biodegradable sponges, espe-
cially those based on naturally occurring polymers such
as proteins and polysaccharides, have become increasin-
gly popular among BAC carriers [6—12]. An important

weight and high-molecular-weight BAC [13—15]. These
biopolymer materials were obtained by the so-called
cryostructurization method [16—18], which allows for-
mation of macroporous and supermacroporous (spongy)
polymer matrices upon shallow freezing of solutions
of the corresponding precursors, when polycrystals of
the frozen solvent act as pore formers [16, 19, 20]. The
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advantages of exactly such albumin sponges include
the possibility, by simple techniques, to vary their size,
shape, porosity and elasticity, as well as the BAC dose
with which the carrier is loaded to achieve the required
therapeutic treatment result.

For example, it has been demonstrated that one of
the promising biomedical applications of these cryo-
structured albumin sponges is their use as 3D carriers for
tissue-specific protein-peptide bioregulators that activate
repair processes [15, 21-23]. In the present work, we
used a bioregulator isolated from bovine sclera, since the
indicated peptide-protein complex added to the culture
medium has, as previously shown, a protective effect
on the state of posterior eye tissues [24]. The peptide-
protein complex isolated from the sclera consists of pep-
tides with molecular masses of 10545080 Da, as well
as from bovine serum albumin with a molecular mass of
66385 Da. It is the complex of peptides and the indicated
protein that has bioactivity since its individual compo-
nents showed no pronounced effects on maintenance of
posterior eye cells and tissues during cultivation [24].
At the same time, special attention has now been paid to
the influence of the amount (dose) of such a bioregulator
incorporated into the albumin sponge on the protective
activity exhibited by this BAC delivery system, which
was the aim of this study.

MATERIALS AND METHODS

Preparation of cryo-structured albumin
carriers

Albumin sponges were synthesized according to a
modified known technique [25]. Bovine serum albumin
(99%) (DIA-M, Moscow, RF) was dissolved in a calcu-
lated volume of water, then urea (o.p.h.) (REACHIM,
Moscow, RF) was added. The solution was placed in an
ice bath and the necessary volume of aqueous L-cysteine
solution (ultra grade) (Fluka, Switzerland) was added.
The concentrations of the components in the reaction so-
lutions prepared in this manner were as follows: albumin,
40 mg/mL or 50 mg/mL or 60 mg/mL; urea, 1.5 mol/L;
and cysteine, 0.01 mol/L. These solutions were added
in 1.5 mL portions to glass vials (internal diameter,
22 mm) or in 3 mL portions into the cells of a plastic
24-well plate. The solutions were frozen for 24 hours
in a Proline 1840 programmable ultra cryostat chamber
(Lauda, Germany): samples in vials at —20 °C, samples
in a plate at either —15 °C, or —17.5 °C, or —20 °C, and
then thawed at room temperature. The resulting spongy
albumin cryogels were thoroughly washed with sterilized
water to remove soluble substances and stored in a closed
container at 4—6 °C until further use.
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Determination of the elastic modulus
of albumin sponges

The elastic moduli of water-swollen albumin spon-
ges were measured on cylindrical specimens, 16 mm in
diameter and 20 mm in height. Such measurements were
performed according to the technique previously used for
soft sponge cryogels [26]. The swollen albumin sponge
was placed in a glass beaker filled with water to compen-
sate for capillary forces during extrusion of liquid from
communicating macropores during uniaxial compression
of the cylindrical sample. To minimize the Archimedes’
buoyant force, a 10-mm diameter, 2-mm thick disc punch
connected to a TA-Plus automatic texture analyzer holder
(Lloyd Instruments, UK) was used. Compression was
performed at a rate of 0.3 mm/min to a 50% strain, and
the compression modulus of elasticity (£) was deter-
mined using the instrument software. The sample for
determining the modulus of elasticity included 6—8 sam-
ples per point. The obtained values were averaged in
Excel 2010. Quantitative data were also analyzed using
the SPSS 26.0 software package (IBM, USA). Elastic
modulus values having a distribution other than normal
were presented as median (Me) and 25% (Q1) and 75%
(Q3) percentiles. Statistical significance of differences
between the two independent groups was assessed using
the Mann—Whitney U test. When comparing three or
more independent groups, nonparametric Kruskal-Wallis
one-way analysis of variance with Dunn’s correction for
posterior analysis was used. Differences were considered
significant at significance level p < 0.05.

Incorporation of protein-peptide bioregulator
into albumin sponge

The bioregulator was isolated from bovine sclera
tissue according to the technique described earlier [27].
Working solutions with target concentrations from 3 x
10* mg/mL to 3 x 10° mg/mL were prepared using
the obtained solution with a bioregulator concentrati-
on of 0.3 mg/mL by successive tenfold dilutions. To
incorporate the bioregulator into the albumin carrier, a
water-swollen sponge formed in a glass vial was placed
on a glass filter and free liquid was removed for 3 mi-
nutes under the vacuum of a water-jet pump. After that,
the material “squeezed out” in this way was placed into
an aqueous solution with a known concentration of the
bioregulator, where the sponge swelled rapidly. The sam-
ple was incubated for 4 hours at 4-6 °C, then frozen at
—20 °C and freeze-dried using a FreeZone' freeze dryer
system (Labconco, USA).

The mass (dose in micrograms) of the bioregulator
included in the sponge carrier was calculated according
to the concentration of the bioregulator and the volu-
me of liquid absorbed by the sponge during swelling.
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Comparison samples (2 groups) were sponges that were
incubated in water without additives.

Investigation of the activity

of the bioregulator-loaded sponge albumin
carrier on an organotypic culture model
of the posterior eye segment

The studies were performed on eye preparations of
adult sexually mature Iberian ribbed newts, both sexes,
taken from the aquarium belonging to the Koltzov Insti-
tute of Developmental Biology (Russia). At least 17 ani-
mals (34 eyes) were used in each experiment. The newts
were anesthetized in a 2% solution of urethane (ethyl
carbamate) in amphibian physiological solution (0.65%
NaCl). After anesthesia, the heads of the animals were
rinsed with 70% ethanol and the eyes were enucleated
under standard laboratory light. The isolated eyes were
placed in sterile 35-mm Petri dishes with amphibian
nutrient medium (199-70% medium, 30% distilled wa-
ter) [28]. The ocular tissue culture medium contained
350 mL of 199 medium, 150 mL of double distilled wa-
ter, 0.15 mL of 1.0 M HEPES buffer, and 1 mL of 1%
gentamicin. Before being added to vials, the medium
was cold sterilized by passing it through cellulose acetate
(CA) membrane filters (Nalgene, USA) with a pore size
of 0.2 um. Eye tissues were isolated under a binocular
lens in the following sequence: the eyes were freed from
the skin, then cut along the circumference, proximal to
the limbus. The retinal growth area together with iris,
cornea, and lens were discarded. The posterior part of
each eye, which included the retina, pigment epithelium,
vascular membrane, and sclera, was used for subsequent
culturing.

When culturing the posterior part of the eye, the ex-
perimental specimens were divided into the following
11 groups:

1. Control, at the bottom of a glass vial in the absence
of an albumin carrier.

2. Control, on a bioregulator-free albumin carrier.

3. On an albumin sponge, loaded with 2.46 x 10" pg
of the bioregulator.

4. On an albumin sponge, loaded with 2.46 x 107 ug
of the bioregulator.

5. On an albumin sponge, loaded with 2.46 x 10~ ug
of the bioregulator.

6. On an albumin sponge, loaded with 2.46 x 107 pg
of the bioregulator.

7. On an albumin sponge, loaded with 2.46 x 107 ug
of the bioregulator.

8. On an albumin sponge, loaded with 2.46 x 10" pg
of the bioregulator.

9. On an albumin sponge, loaded with 2.46 x 10" pg

of the bioregulator.
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10. On an albumin sponge, loaded with 2.46 x 107" pg
of the bioregulator.

On an albumin sponge, loaded with 2.46 x 10" pg
of the bioregulator.

In the experimental groups (3—11), the posterior eye
segment of the newt was placed on a bioregulator-loaded
sponge sample in the appropriate concentration, located
in a penicillin vial, washed with sterile culture medium,
and then filled with serum-free medium (medium 199
without serum added). All vials were covered with sterile
caps, then with ParafilmM film (USA), and placed in
a thermostat. Cultivation was performed stationary in
the dark at 20—22 °C for 72 hours without changing the
culture medium.

The study of explant condition after cultivation was
carried out on a series of paraffin sections. Eye tissues
were fixed in Bouin’s solution, washed three times with
70% ethanol after fixation for 12 hours, then dehydrated
and embedded in paraffin. 7 um-thick paraffin sections
were made using an ERM 4000 microtome (Hestion,
Australia), which were stained with hematoxylin and
eosin after deparaffinization and hydration, and placed
under a coverslip with adhesive fluid added. A Leica
microscope (Germany) with an Olympus DP70 camera
(Japan) was used to view histological sections. The num-
ber of fibroblasts on histological sections was estimated
using the ImageJ program, estimating the number of
sclera fibroblasts per 1 mm?® of tissue. At least 50 sec-
tions were examined for each experimental point. The
results were processed using Mann—Whitney U test and
Student’s t test.

RESULTS AND DISCUSSION

Obtaining spongy albumin carriers
and their physical/mechanical
properties

The physical and mechanical characteristics of BAC
carriers are important in terms of the performance pro-
perties of delivery systems because they largely deter-
mine the operational capabilities of the respective drugs,
especially under in vivo conditions. Since the cryo-struc-
tured albumin sponges obtained in this work were further
tested as carriers of the peptide-protein bioregulator in
model experiments on cultivation of the posterior eye
segment, when the sponge was in a hydrated state, it was
important to evaluate the mechanical characteristics of
the carrier under the applied conditions, i.e., in aqueous
medium. At the same time, we still varied albumin levels
in the initial solutions used to obtain the sponge media,
as well as the cryogenic treatment temperature of these
solutions, which is known [16, 19, 20] to affect the po-
rous morphology of polymeric cryogels.

The compression moduli of elasticity of the obtai-
ned sponge materials were measured using an automatic

11.
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texture analyzer (see the experimental part) using a disc
punch (Fig. 1). The results of these measurements are
summarized in Table.

The results obtained clearly indicate that increasing
the protein levels in the initial solutions led to the for-
mation, at least in the range of negative temperatures
—15 °C to —20 °C, of cryo-structured albumin sponges
with higher compression modulus of elasticity (with con-
fidence p < 0.001 for samples synthesized at —15 °C;
p=0.014 for cryogels formed at—17.5 °C; and p =0.005
for samples obtained at —20 °C). At the same time, the
averaged E values [(A) in Table] and the corresponding
moduli of elasticity found during statistical processing
of the experimental data [(B) in Table] almost did not
differ in absolute value. This emphasizes that the obtai-
ned information was reliable.

With the same protein concentration in the initial
gel-forming system, more elastic spongy samples were
obtained in the case of —15 °C cryogenic treatment tem-
perature. However, considering also the literature data
[25] on the efficiency of cryotropic gelation of albumin
depending on the conditions of freezing of its initial
solutions at the same negative temperatures of —15.0 °C,
—17.5°C and -20 °C, as well as the information obtained
in preliminary experiments to evaluate the convenience
of working with the obtained sponge carriers during or-
gan cultivation of biological model, for further use in
this study we chose albumin sponges synthesized by
freezing at —20 °C of reaction solutions with a protein
concentration of 50 mg/mL were chosen for further use
in this study.

Fig. 1. Photographs of a sample of water-swollen cryo-structured albumin sponge before the onset of the effect of compression

load (a) and during deformation under the applied load (b)

Table

Compression modulus of elasticity (E) of water-swollen albumin-based cryogels formed from initial
solutions with different albumin content by freezing at three negative temperatures

Albumin levels in stock

E (kPa) of albumin sponges formed by freezing at the following temperatures:

solution (mg/mL)

-15.0°C -17.5°C —20.0 °C
(A) E values averaged using Excel 2010
40 4.16 £ 0.46 4.07+£1.07 2.98+£045
50 524 +£0.22 5.03 £0.45 4.50+0.76
60 7.31+£0.82 5.71+0.93 491=+1.08
(B) E values found by statistical processing of the experimental values using the SPSS 26.0 software package
Me Me Me
[Q1-Q3] P [Q1-Q3] P [Q1-Q3] P

40 3.93 0.001* 4.25 0.014* 297 0.005*

[3.74-4.77] | pso.so=0.088% | [3.43—4.89] | pupso=0.105 |[2.57-3.18] | Py = 0.006*
50 5.20 0.001* 4.96 0.014* 4.94 0.005*

[5.08-5.43] | psggo=0.001% | [4.78-5.22] | pygg = 0.004* | [3.64—-5.05] | pyo g0 = 0.004*
60 7.42 0.001* 5.58 0.014* 4.86 0.005*

[6.06-8.44] | psyq=0.031% | [4.98-6.17] | psp.eo=0.194 |[3.49-5.78]| psp.0=0.092

* differences are statistically significant (p < 0.05).
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Results of organ cultivation
of the posterior part of a newt’s eye using
bioregulator-loaded sponge albumin carriers

When counting the number of cells (fibroblasts) in the
sclera after culturing the posterior eye segment of Iberian
ribbed newt on a bioregulator-free albumin sponge and
albumin sponge loaded with bioregulator in different do-
ses (see the experimental part), the results were obtained,
shown in the form of diagrams in Fig. 2.

When the posterior part of the eye was cultured on
albumin sponges in experimental groups 5, 6, 7, 9, and
10, when the dose of the bioregulator in the carrier was,
respectively, 2.46 x 107°,2.46 x 107,2.46 x 107, 2.46 x
10" and 2.46 x 107" ug, fibroblast count in the sclera
turned out to be significantly higher than in group 1,
where the posterior part of the eye was cultured without
the albumin sponge, and the posterior part of the eye of
the newt was placed directly on the bottom of the culti-
vation glass vial. In addition, in experimental groups 6,
7, and 10, where the dose of bioregulator included in the
sponge carrier was 2.46 x 107, 2.46 x 10 and 2.46 x
10 ug, respectively, a significantly higher fibroblast
count was detected compared to group 2 (cultivation of
the posterior eye segment on a bioregulator-free albumin
sponge). The graph shows that when sclera bioregulator
was added at a dose of 2.46 x 107" pg, no significant
differences in the fibroblast count per unit area of the
sclera were observed relative to the control. It turns out
that the dose dependence of the action of the bioregulator
included in the cryogel is polymodal in nature.

Fibroblast count per unit area in the sclera partially
correlated with the qualitative state of the tissues of the
posterior part of the eye themselves. Specifically, their
best condition compared to the control group 2 was also
observed in groups 6, 7 and 10 (Fig. 3, a, b, g, j), where
the dose of the bioregulator isolated from the sclera was,
respectively, 2.46 x 107,2.46 x 10° and 2.46 x 107" pg.

Below is a description of the histological state of the
posterior eye tissues in different experimental groups.

In the control group 1 (Fig. 3, a), when culturing
the posterior segment of a newt’s eye on the bottom of
a glass vial without an albumin carrier, retinal detach-
ment (1) from the pigment epithelial layer (2), as well
as detachment of the pigment epithelial layer from the
choroid occurred. In the pigment epithelial layer itself,
the pigment is shifted to the apical side, which indicates
the instability of cells of this layer and their dedifferen-
tiation. Signs of neuronal degradation and damage were
observed in the retina. Scleral membrane showed signs
of the beginning of tissue degradation, manifested by
collagen fiber stratification with formation of cavities
(3) between them and by small fibroblast (4) count per
unit area (Fig. 2).
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Fig. 2. Fibroblast count per unit sclera area in different expe-
rimental groups after cultivation of the posterior part of the
eye. *, significant differences p < 0.05 from control group 1
(without albumin carrier); #, significant differences p < 0.05
from control group 2 (albumin sponge without bioregulator
included)

In control group 2 (Fig. 3, b), when culturing the pos-
terior part of a newt’s eye on an albumin sponge without
adding any factors, a slightly better picture was observed
than in control group 1. Retinal detachment (1) from
the pigment epithelial layer (2) was partial, photorecep-
tor cell outgrowths and other retinal neurons were less
damaged than in control group 1, but there was retinal
neuronal death. The pigment in the pigment epithelial
layer also tended to shift to the apical side, but this was
not as pronounced as in control 1. The choroid remained
dense. There were also elements of tissue degradation in
the sclera, manifested by collagen fiber stratification and
formation of small cavities (3) and by small fibroblast
(4) count per unit area (Fig. 2).

In group 3 (bioregulator in the carrier, 2.46 x 10" ug)
retinal detachment (1) from the pigment epithelium (2)
was also observed. The pigment in the pigment epithe-
lial layer was shifted to the apical side, the choroid was
dense without any signs of damage (Fig. 3, ¢). The sc-
lera showed elements of tissue degradation expressed
as cavities (3) between collagen fibers and insignificant
difference from control groups in terms of fibroblast (4)
count (Fig. 2).

In group 4 (2.46 x 10~ ug bioregulator in the carri-
er) (Fig. 3, d), retinal detachment (1) from the pigment
epithelium (2) was also detected in places. The pigment
in the pigment epithelium layer was shifted to the apical
side, as in the previous group. The choroid was in good
condition, dense, with no signs of degradation. There was
death of retinal neurons. The sclera showed elements of
tissue degradation expressed in the stratification of col-
lagen fibers and formation of large cavities (3) and by
small fibroblast (4) count per unit area, not significantly
different from the control groups (Fig. 2).

In group 5 (2.46 x 107 pg bioregulator in the carrier)
(Fig. 3, b, e), there was pronounced death of retinal neu-
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rons (1). The pigment in the pigment epithelial layer (2)  of tissue degradation, manifested by collagen fiber stra-
was shifted to the apical side, as in the previous group. tification and formation of large cavities (3). In addition,
The choroid was in good condition, dense, and without  fibroblast (4) count per unit area was not significantly
signs of degradation. The sclera also showed elements  different from the control group 2 (Fig. 2).
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Fig. 3. Histological images of tissues of the posterior segment of the eye of an Iberian ribbed newt, after 3 days of cultivation:
(a) without scaffold; (b) on a bioregulator-free albumin-based cryogel scaffold; (c) on an albumin-based cryogel scaffold with
a sclera-derived bioregulator included in it at a dose of 2.46 x 10~ pg; (d) on an albumin-based cryogel scaffold with a sclera-
derived bioregulator included in it at a dose of 2.46 x 10~ ug; (e) on an albumin-based cryogel scaffold with a sclera-derived
bioregulator included in it at a dose of 2.46 x 10~ ug; (f) on an albumin-based cryogel scaffold with a sclera-derived biore-
gulator included in it at a dose of 2.46 x 107 ug; (g) on an albumin-based cryogel scaffold with a sclera-derived bioregulator
included in it at a dose of 2.46 x 10~ pg; (h) on an albumin-based cryogel scaffold with a sclera-derived bioregulator included
in it at a dose of 2.46 x 107" ug; (i) on an albumin-based cryogel scaffold with a sclera-derived bioregulator included in it at a
dose 0f 2.46 x 107" ug; (j) on an albumin-based cryogel scaffold with a sclera-derived bioregulator included in it at a dose of
2.46 x 107" pg; (k) on an albumin-based cryogel scaffold with a sclera-derived bioregulator included in it at a dose of 2.46 x
10" ug. H&E stain. Metric scale = 200 um (red line)
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The histological sections of the preparations in
group 6 (2.46 x 107 g bioregulator in the carrier)
(Fig. 3, a, b, f) showed a markedly better picture than
in the other groups. In particular, there was less retinal
detachment (1) (partial detachment only from the edges),
pigment was more evenly distributed in the pigment
epithelial cells (2), indicating a stable differentiated state
of these cells; there was almost no neuronal death. The
sclera showed less signs of degradation, manifested by a
smaller number and size of cavities (3) between collagen
fibers, and a higher fibroblast (4) count per unit area
of the sclera, significantly different from both control
groups 1 and 2 about 1.6-fold (Fig. 2).

Sections in group 7 samples (2.46 x 10~ ug bioregu-
lator in the carrier) (Fig. 3, a, b, g) showed partial retinal
detachment (1) from the pigment epithelium (2) from the
edges; the pigment was slightly shifted to the apical side;
cavities (3) in the sclera were slightly larger than in group
6 preparations but smaller than in other groups; death of
retinal neurons was insignificant. Fibroblast (4) count in
the sclera differed significantly from both control groups
by 1.7-fold (Fig. 2).

In group 8 (2.46 x 10" ug bioregulator in the carrier)
(Fig. 3, h), partial retinal detachment (1) from the edges
was observed, while pigment displacement in the pig-
ment epithelial cells (2) was practically not observed, but
there were significant cavities (3) in the sclera. Fibroblast
(4) count in the sclera did not differ significantly from
both control groups (Fig. 2).

Histological sections of preparations in group 9
(2.46 x 107" pg bioregulator in the carrier) (Fig. 3, b,
1) showed retinal detachment (1) from the pigment epi-
thelium (2), pigment shift to the apical side, and minor
cavities (3) in the sclera. Fibroblast (4) count in the sclera
differed significantly only from control group 1, and did
not differ from control group (Fig. 2).

Sections of specimens from group 10 (2.46 x 107" pg
bioregulator in the carrier) (Fig. 3, a, b, j) had a better
picture of the state of the posterior eye tissues compa-
red with specimens from all other groups. The sclera
was dense without tears, and there were practically no
cavities. Pigment was slightly isolated from the pigment
epithelial cells (2), and no displacement to the apical side
was detected, indicating that these cells are in a stab-
le differentiated state. Retinal detachment (1) from the
pigment epithelium was observed only from the edges.
Neuronal death was not severe, the choroid was compact.
Fibroblast (4) count in the sclera differed significantly
from both control groups about 1.5-fold (Fig. 2).

In group 11 (2.46 x 10" ug bioregulator in the carri-
er) (Fig. 3, a, b, k), there was death of retinal neurons (1)
and a slight detachment of the retina from the pigment
epithelium (2) in the marginal areas. There was practi-
cally no pigment shift to the apical side. This indicates
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that these cells were in a stable differentiated state. Mi-
nor ruptures were found in the sclera (3). Fibroblast (4)
count in the sclera did not differ significantly from both
control groups (Fig. 2).

The detected differences in tissue state and fibroblast
preservation during cultivation suggest that the sclera
bioregulator only in certain amounts included in the al-
bumin cryogel has a pronounced protective effect the
state of the posterior eye tissues. The most prominent
protective effect was observed when the posterior eye
tissues of a newt was cultured on an albumin scaffold
with the bioregulator included at doses 2.46 x 107 pg,
2.46 x 107 and 2.46 x 107" pg. It has been previously
shown that there was a protective effect on the state of the
posterior eye tissues when this bioregulator was included
in a cryogel carrier at a dose of 2.46 x 10”7 ug [22]. The
bioregulator, introduced into a cryo-structured albumin
sponge, showed the most pronounced protective effect
on the state of tissues and cells of the posterior part of
the eye, also at doses 2.46 x 10 and 2.46 x 107" pg,
and had a weak effect at other doses (Fig. 2). This fact
revealed in this work also testified to the non-linear dose
dependence of the action of the bioregulator. In this case,
we did not observe the classical dependence — the higher
the dose, the greater the effect. In other words, the acti-
vity of this bioregulator is characterized by a complex
polymodal dose dependence. These results are consis-
tent with the data obtained on the polymodal action of
the sclera bioregulator in aqueous solution, which were
obtained earlier [24].

This result also correlates with previously obtained
information about a similar polymodal dependence for
protein-peptide bioregulators isolated from other eye
tissues, such as pigment epithelium [29], when the most
pronounced biological effect on the posterior eye con-
dition was observed at bioregulator concentrations of
10 and 107 mg/mL in culture medium. In terms of its
content in albumin sponge, this corresponds to doses of
2.46 x 107 and 2.46 x 107" pg. Thus, the level of the
protective activity of the bioregulator is determined by
the concentration of this agent in the solution, which
was used when the bioregulator was incorporated into
the sponge albumin carrier.

CONCLUSION

A protein-peptide bioregulator isolated from bovine
sclera was incorporated into a spongy cryo-structured
carrier that was synthesized on the basis of serum albu-
min solutions with the addition of denaturant (urea) and
thiol-reducing agent (cysteine) in doses ranging from
2.46 x 107" to 2.46 x 107 pg. The functionality of the
BAC delivery systems obtained in this way was tested in
experiments on organotypic culture model of the poste-
rior eye segment of Iberian ribbed newts in order to find
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out the effect of different doses of this bioregulator on the
state of the sclera and on maintenance of the integrity of
eye tissue (retina and pigment epithelium, choroid) and
fibroblast preservation. According to histology data, it
was shown that the most pronounced protective effect
on the state of tissues of the posterior eye segment du-
ring cultivation occurred on the albumin scaffold with
bioregulator doses of 2.46 x 107 pg, 2.46 x 10~ and
2.46 x 107" ug. The results obtained indicate that cryo-
structured sponge albumin cryogel is an effective carrier
for the release of bioactive compounds.

The work was carried out within the framework of the
State assignment No. 075-03-2023-642 of the Ministry
of Science and Higher Education of the Russian Fede-
ration. The authors express their sincere gratitude to
Prof. Yulia Basok (Shumakov National Medical Research
Center of Transplantology and Artificial Organs) for her
help in the statistical processing of experimental data.

The authors declare no conflict of interest.

REFERENCES

1. Langer R, Peppas NA. Advances in biomaterials, drug
delivery, and bionanotechnology. AIChE Journal. 2003;
49 (12): 2990-3006. doi: 10.1002/2ic.690491202.

2. Yun YH, Lee BK, Park K. Controlled drug delivery:
historical perspective for the next generation. J Cont-
rolled Release. 2015; 219 (1): 2-7. doi: 10.1016/j.jcon-
rel.2015.10.005.

3. Benoit DSW, Overby CT, Sims KR, Ackun-Farmmer MA.
Drug delivery systems. Biomaterials Science (4™ Edn.).
W.R. Wagner, S.E. Sakiyama-Elbert, G. Zhang, M.J.
Yaszemski (Eds.). Academic Press, 2020: 1237-1266.
ISBN: 978-0-12-816137-1.

4. Tekade RK. Drug Delivery Systems. Academic Press,
2019. 792 p. ISBN: 9780128144879.

5. Svenson S. Carrier-based drug delivery. ACS Symp. Ser.
2004; 879 (1): 2-23. doi: 10.1021/bk-2004-0879.ch001.

6. Orekhova LYu, Kudryavtseva TV, Musaeva RS, Polkina
SI, Chuprinina AV, Sadulaeva EA. Review of extended-
release drug delivery systems for non-surgical treatment
of inflammatory periodontal diseases. Parodontologiya.
2022; 27 (4): 298-307. (In Russ.). doi: 10.33925/1683-
3759-2022-27-4-298-307.

7. Cao W, Zhou X, Tu C, Wang Z, Liu X, Kang Y et al.
A broad-spectrum antibacterial and tough hydrogel dres-
sing accelerates healing of infected wound in vivo. Bio-
materials Advances. 2023; 145 (1): article 213244. doi:
10.1016/j.bioadv.2022.213244.

8. Platon IV, Ghiorghita CA, Lazar MM, Raschip EE,
Dinu MV. Chitosan sponges with instantaneous sha-
pe recovery and multistrain antibacterial activity for
controlled release of plant-derived polyphenols. Int
J Molec Sci. 2023$ 24 (5): article 4452. doi: 10.3390/
jms24054452.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

104

Jugur-Grodzinski J. Polymers for tissue engineering,
medical devices, and regenerative medicine: Concise ge-
neral review of recent studies. Polym Adv Technol. 2006;
17 (3): 395-418. doi: 10.1002/pat.729.

Bakhshpour M, Idil N, Percin I, Denizli A. Biomedical
applications of polymeric cryogels. App! Sci. 2019; 9
(3): article 553. doi: 10.3390/9030553.

Troy E. Nature-based biomaterials and their application
in biomedicine. Polymers. 2021; 13 (19): article 3321.
doi: 10.3390/polym13193321.

He Y, Wang C, Wang C, Xiao Y, Lin W. An overview
on collagen and gelatin-based cryogels: Fabrication,
classification, properties and biomedical applications.
Polymers. 2021; 13 (14): article 2299. doi: 10.3390/po-
lym13142299.

Lozinsky VI, Rodionov 1A, Ciskaraschvili AV, Eskin NA.
Antibakterialnaya belkovaya gubka dlya chimioterapii
inficirovannih ran i sposob yeye polucheniya. Pat. RF
Ne 2637634 (2016); B.1. Ne 34 (2017).

Lozinsky VI, Shchekoltsova AO, Sinitskaya ES, Ver-
naya OI, Nuzhdina AV, Bakeeva IV et al. Influence of
succinylation of a wide-pore albumin cryogels on their
properties, structure, biodegradability, and release dyna-
mics of dioxidine loaded in such spongy carriers. Int J
Biol Macromol. 2020; 160 (1): 583-592. doi: 10.1016/j.
ijbiomac.2020.05.251.

Shaikhaliev AI, Krasnov MS, Sidorskii EV, Yamskova VP,
Lozinsky VI. Induction of osteogenesis in rabbit mandi-
bular bone tissue using an albumin-based cryogenically
structured porous 3D carrier loaded with a bioregulator.
Russian Journal of Transplantology and Artificial Or-
gans. 2022; 24 (1): 56-63. [In Russ, English abstract].
doi: 10.15825/1995-1191-2022-1-56-63.

Lozinsky VI Principy 1 metody kriostrukturirovaniya
polimernyh system dlya sozdaniya innovacionnyh ma-
terialov biomedicinskogo naznacheniya. Gibridnye na-
noformy bioaktivnyh i lekarstvennyh veshcestv. Pod. red.
M.Ya. Melnikova i L.I. Trachtenberga. M.: Technosfera,
2020. Glava 3: 69-101.

Reichelt S. Introduction to macroporous cryogels. Meth
Molec Biol. 2015; 1286: 173-181. doi: 10.1007/978-1-
4939-2447-9 14.

Tripathi A, Melo JS. Cryostructurization of polyme-
ric systems for developing macroporous cryogel as a
foundational framework in bioengineering applications.
J Chem Sci. 2019; 131 (1): article 92. doi: 10.1007/
$12039-019-1670-1.

Kirsebom H, Mattiasson B. Cryostructuration as a
tool for preparing highly porous polymer materials.
Polym Chem. 2011; 2 (5): 1059-1062. doi: 10.1039/
clpy00014d.

Lozinsky VI. Cryostructuring of polymeric systems. 55.
Retrospective view on the more than 40-years studies
performed in the A.N. Nesmeyanov Institute of Organo-
element Compounds with respect of the cryostructuring
processes in polymeric systems. Gels. 2020; 6 (3): article
29. doi: 10.3390/gels6030029.



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

21.

22.

23.

24.

25.

Krasnov MS, Shaikhaliev Al, Korshakov EV, Efimenko
MV, Soloshenkov PP, Davidova TR et al. Induction of
Osteogenesis in Rat Bone Tissue Using Cryogenically
Structured Porous 3D Materials Containing a Bioregu-
lator. Bulletin of Experimental Biology and Medicine,
2019; 168 (7): 113—117. [In Russ, English abstract]. doi:
10.1007/s10517-019-04657-z.

Sidorskii EV, Krasnov MS, Yamskova VP, Lozinsky VI
Cryostructuring of polymeric systems: 57 Spongy wide-
porous cryogels based on the proteins of blood serum:
preparation, properties and application as the carriers of
peptide bioregulators. Gels. 2020; 6 (4): article 50. doi:
10.3390/gels6040050.

Krasnov MS, Shaikhaliev Al, Korshakov EV, Gasbanov
GA, Korgoloev RS, Sinitskaya ES et al. The change in
the condition of the bone tissue of the rat at the site of
the defect in vivo under the action of a cryogenically
structured albumin sponge containing a bioregulator.
Bulletin of Experimental Biology and Medicine. 2020;
170 (12): 800-804. [In Russ, English abstract]. doi:
10.47056/0365-9615-2020-170-12-800-804.

Sidorskii EV, Il'ina AP. Krasnov MS, Yamskova VP, Bu-
rvak AK, Yamskov IA. Physicochimicheskie svoystva i
biologicheskaya aktivnost peptidno-belkovogo kom-
pleksa iz tkani sklery glaza byka. Prikladnaya biochi-
miya i mikrobiologiya. 2018; 54 (1): 82—88. [In Russ,
English abstract]. doi: 10.7868/S0555109918010117.
Rodionov 14, Grinberg NV, Burova TV, Grinberg VYa,
Lozinsky VI. Cryostructuring of polymeric systems. 40.

105

26.

27.

28.

29.

Proteinaceous wide-pore cryogels generated by the ac-
tion of denaturant/reductant mixtures on bovine serum al-
bumin in moderately-frozen aqueous media. Soft Matter.
2015; 11 (24): 4921-4931. doi: 10.1039/c4sm02814g.
Lozinsky VI, Kulakova VK, Grigoriev AM, Podorozh-
ko EA, Kirsanova LA, Kirillova AD et al. Cryostructuring
of polymeric systems: 63. Synthesis of two chemically
tanned gelatin-based cryostructurates and evaluation of
their potential as scaffolds for culturing of mammali-
an cells. Gels. 2022; 8 (11): article 695. doi: 10.3390/
gels8110695.

Skripnikova VS, Krasnov MS, Beresin BB, Babushkina
TA, Borisenko AV, Izmailov BA et al. Low-molecular-
weight Sclera Protein Biologically Active at Ultralow
Doses. Doklady Biochemistry and Biophysics. 2007; 417
(5): 697-699. [In Russ, English abstract].

Krasnov MS, Grigoryan EN, Yamskova VP. An Organo-
typic Culture of the Newt Retina together with Other Tis-
sues of the Posterior Eye Segment as a Model for Study-
ing the Effects of Cell Adhesion Glycoproteins. Biology
Bulletin. 2003; (1): 22-36. [In Russ, English abstract].
Yamskova VP, Skripnikova VS, Molyavka AA, 1’ina AP,
Krasnov MS, Margasyuk DV et al. Structural-Functional
Characteristics of a New Bioregulator Isolated from Bo-
vine Pigmented Epithelium Tissue. Biochemistry. 2009;
74 (9): 1195-1203. [In Russ, English abstract].

The article was submitted to the journal on 12.04.2023



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXV N2 2-2023

DOI: 10.15825/1995-1191-2023-2-129-139

GALECTIN-3 IN SOLID ORGAN RECIPIENTS:
ROLE IN GRAFT PATHOLOGY AND PROSPECTS FOR USE

D.A. Velikiy', M.A. Osoblivaya', O.P. Shevchenko" *
" Shumakov National Medical Research Center of Transplantology and Artificial Organs, Moscow,

Russian Federation
2 Sechenov University, Moscow, Russian Federation

Galectin-3 (Gal-3) is an important regulator of cell adhesion, migration, proliferation, differentiation and apoptosis
under pathophysiological conditions. It plays a crucial role in diseases associated with chronic inflammation and
fibrosis. In recent years, there have been reports indicating changes in serum Gal-3 levels in solid organ transplant
recipients in the verification of kidney, liver, heart and lung transplant pathologies. Studies on Gal-3 levels and
dynamics in solid organ recipients may serve to assess graft conditions using new minimally invasive methods
and to identify therapeutic targets for personalized therapy. The first clinical trial data on Gal-3 pharmacological
inhibition are emerging. This review summarizes the current understanding of the role of Gal-3 in transplant
pathology and the prospects for its use as a diagnostic marker and therapeutic target in solid organ recipients.
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INTRODUCTION

In recent years, as survival rate and quality of life
of solid organ transplant recipients got better, nonin-
vasive screening and diagnosis of graft pathology have
gained special relevance. Early diagnosis and treatment
of complications allows for long-term graft functio-
ning. Currently, to determine and verify the pathology
of a transplanted organ, invasive diagnostic methods
are used, such as biopsy (endomyocardial, transbron-
chial, puncture), coronary angiography, bronchoscopy
and others. Performing these actions involve recipient
management protocols or is dictated by the appearance
of graft dysfunction signs. Multiple use of invasive me-
thods is associated with certain limitations and risk of
complications.

Changes in the concentration of individual molecules
in the plasma or serum of solid organ transplant recipi-
ents may be associated with clinical symptoms, progno-
sis and structural changes detected by biopsy and sub-
sequent morphological examination of the graft. Given
the accuracy of concentration measurements and proven
diagnostic significance, such molecules are classified as
biomarkers [1]. In transplantology, a separate direction
has been developed for the study of biomarkers for the
diagnosis and prognosis of post-transplant complications
in solid organ transplant recipients in order to reduce
the frequency of invasive diagnostic interventions or
partially replace them; biomarkers may have a separate
value as targets of therapy [2].

Gal-3 is one of the actively studied biomarkers. Mul-
tiple organs (i. e., kidneys, lungs, stomach, colon, uterus,

etc.) and diverse cells (i.e., inflammatory, endothelial,
muscle or tumor cells, and fibroblasts) express Gal-3,
leading to different roles in various pathophysiological
conditions. Gal-3 is of particular importance in the de-
velopment of diseases associated with chronic inflam-
mation and fibrosis [3].

The purpose of this review is to analyze recent data on
the role of Gal-3 in graft complications and the prospects
for its use as a diagnostic marker and therapeutic target
in solid organ transplant recipients.

FEATURES OF THE STRUCTURE AND FUNCTION
OF GAL-3

Molecularly, galectins belong to the family of
B-galactoside-binding proteins that may interact with
several intracellular proteins. This interaction occurs via
a specific carbohydrate-recognition domain (CRD) [4],
thus making galectins take part in various biological pro-
cesses (activation of proinflammatory factors, adhesion
induction, phagocytosis of neutrophils and macrophages,
pre-mRNA splicing etc.) [5].

At present, there have been 15 galectins discovered in
mammals. They are divided into three groups according
to the organization of polypeptide domains: galectins
with a single CRD, tandem-repeat galectins with two
distinct CRDs, and galectins with a single N-terminal
CRD (chimeric type) [6, 7].

Gal-3 has a unique organization of polypeptide do-
mains, its chimeric and specific structure includes a
CRD, a polypeptide fold domain that binds carbohy-
drates. Gal-3’s CRD interacts with various carbohyd-
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rate-containing proteins, activating different signaling
pathways. A collagen-like sequence links CRD to N-link
domain and is composed of nine collagen-like sequences
(proline/glycine-rich domain) cleavable by matrix me-
talloproteinase. The N-link domain is essential to Gal-3
bioactivity. This domain has two sites where serins are
phosphorylated.

Human Gal-3 has a molecular weight of 35 kDa. It is
encoded by a single gene, LGALS3, located on chromo-
some 14, locus q21-q22. Gal-3 has the unique ability to
bind proteins in two ways: carbohydrate-dependent and
carbohydrate-independent. Using the C-terminal CRD
domain, Gal-3 can bind to glycoconjugates containing N-
acetyllactosamine, while the N-terminal domain enables
the multimerization process. The N-terminal domain of
Gal-3 is able to bind with proteins inside a cell and is sen-
sitive to proteolysis by matrix metalloproteinases. These
Gal-3 features determine its biological properties [8].

Gal-3 expression has been found in various tissues: in
epithelial and endothelial cells, in many types of immune
cells as well as in sensory neurons [9, 10]. At the early
stages of embryogenesis, Gal-3 expression in tissues is
more pronounced and is mainly localized in kidneys,
liver, epithelium and chondrocytes [11, 12].

The ratio of intra- and extracellular levels of Gal-3
determines its ability both to induce cell growth and
differentiation and to inhibit these processes [13]. Gal-3
may also play an important role in protecting the body
against pathogens. It has chemotactic properties towards
macrophages and monocytes and enhances proinflamm-
atory signals. It also participates in phagocytic clearance
of apoptotic neutrophils by macrophages, induces neu-
trophil adhesion and activation of leukocyte proinflamm-
atory factors [14].

Gal-3 is predominantly located in the cytoplasm and
in small amounts in the cell nucleus. In addition, it is
secreted onto the cell surface and into biological fluids.
Depending on the location, Gal-3 has revealed opposite
effects: intracellularly it protects cells from their death,
while extracellularly it can cause their apoptosis.

Nuclear Gal-3 participates in regulation of gene
transcription and matrix RNA splicing. Cytoplasmic
Gal-3 is essential for maintaining cell viability because
it interacts with several critical proteins, including K-
Ras gene activated by guanosine-5’-triphosphate (GTP)
and anti-apoptotic protein (Bcl-2). The anti-apoptotic
effect of Gal-3 inside cells is realized by binding to spe-
cific protein synexin (phospholipid-binding and Ca**-
dependent protein). The resulting complex penetrates
into mitochondria, where Gal-3 binds to Bcl-2, which
leads to stabilization of mitochondrial membranes and
inhibits cytochrome C release [12].

Extracellular Gal-3 plays an important role in adhe-
sive interaction between epithelial cells and the extra-

cellular matrix. On the other hand, there is evidence that
extracellular Gal-3 induces T-cell apoptosis [16]. All this
suggests the involvement of Gal-3 in various pathophy-
siological processes, including cell growth and diffe-
rentiation, apoptosis, inflammation and fibrosis [9, 15].

It has been shown that in some inflammatory diseases
(rheumatoid arthritis, recurrent chronic vasculitis), as
well as in the development of atherosclerosis, patients
have increased plasma Gal-3 levels. This may be due to
the proinflammatory effects of Gal-3, which include sti-
mulation of immune cell migration in tissues, increased
adhesion of leukocytes to the vascular wall and adhesion
to laminin [17].

GAL-3 AS A SPLICING FACTOR

Pre-mRNA splicing is an important step in gene ex-
pression. During this process, immature pre-mRNA is
transformed into mature mRNA from which cell proteins
are read (translated). Splicing is a co-transcriptional pro-
cess during which non-coding sites (introns) are excised
from pre-mRNA molecules and coding sites (exons) are
spliced together [18].

The criteria for splicing activity reduction and resto-
ration were analyzed in a cell-free system to assess the
role of Gal-3 in pre-mRNA processing. The results of
the study suggested that Gal-3 is one of the proteins in-
volved in nuclear pre-mRNA splicing. At the same time,
disruption of the pre-mRNA splicing process can cause
or modify various human diseases [19].

Another study to determine the intracellular locali-
zation of Gal-3 also showed that this marker is a spli-
cing factor. Immunofluorescence microscopy revealed
inclusions in nuclear structures containing both Gal-3
and known splicing factors (snRNPs and SC35). It was
suggested that the domain structure of Gal-3, or more
precisely the homologous CRD domain, is required for
splicing activity. Experimental data confirmed that isola-
ted Gal-3 CRD restored splicing activity in the galectin-
depleted system, although the whole structure of Gal-3
was 10 times more effective at restoring splicing than
either of the CRDs alone [20].

It was found that the addition of the proline- and
glycine-rich N-terminal domain of Gal-3 to the spli-
cing complex resulted in a dose-dependent inhibition of
splicing activity and a concomitant blocking of active
spliceosome formation. Whereas intact Gal-3 or its C-
terminal domain had no effect on splicing activity or
spliceosome formation. This determines the effect of the
N-terminal domain on pre-mRNA splicing and suggests
that Gal-3 forms oligomers or interacts with other spli-
cing components [21].
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BINDING OF GAL-3 AND MIRNAS

MiRNAs are a class of small (20-23 nucleotides long)
endogenously encoded noncoding RNAs. They can regu-
late translation or directly degrade their target genes by
binding to base binding regions. Because of their ability
to regulate target genes, miRNAs play an important role
in cellular processes such as cell differentiation, proli-
feration, and apoptosis. There is an increasing body of
information on the role of miRNAs in cardiac function
regulation and heart failure progression [22].

MiRNAs have been identified as an important regula-
tor of ischemia-reperfusion-induced cardiac injury. Song
Z et al. investigated the effects of miR-27-3p, Gal-3 and
HIF1A (hypoxia-inducible factor 1-alpha) on cell via-
bility and apoptosis in ischemic myocardial injury. The
expression level of miR-27-3p was shown to be reduced
in the myocardium during hypoxia. Overexpression of
miR-27-3p, like HIF1A, reduced ischemia-reperfusion-
induced myocardial injury. At the same time, overex-
pression of Gal-3 reduced the protective effect of miR-
27-3p on cardiomyocyte injury, while downregulation
of miR-27-3p promoted myocardial cell injury and was
a stimulus for Gal-3 activation [23].

A study by Meiqi Zhang et al. in an in vivo and in vitro
model of cardiac hypertrophy showed that expression
of miR-27b was down-regulated in mice with cardiac
hypertrophy. At the same time, the cardiac function of
the mice with cardiac hypertrophy could be restored
with the overexpression of miR-27b. Depletion of Gal-
3 significantly attenuated cardiac hypertrophy in both
in vitro and in vivo tests. It has been suggested that Gal-3
is a target gene of miR-27b; as a consequence, miR-27b
can be used to exert a protective role against cardiac dys-
function and hypertrophy by decreasing the expression
level of Gal-3 [24].

A study by Ali A Shati et al. investigated the effect of
resveratrol (RES), an anti-apoptotic lectin that is highly
overexpressed in ovarian cancer cells, on Gal-3 levels.
In SKOV3 and OVCAR-3 OC cell lines, RES induced
cell death and inhibited cell migration and invasion. RES
enhances levels of miR-424-3p which is able to degrade
Gal-3. The results of this study show that RES-induced
apoptosis in cancerous cells is associated with increased
levels of miR-424-3p and reduced levels of Gal-3 [25].

ROLE OF GAL-3 IN THE DEVELOPMENT
OF FIBROTIC CHANGES AND INFLAMMATORY
REACTIONS

The long-term post-transplant period can be charac-
terized by graft fibrosis. Fibrotic changes in the trans-
planted organ result in graft dysfunction due to structural
and functional remodeling. The main causes of fibrosis
progression include acute or chronic graft rejection, as

well as concomitant conditions such as diabetes mellitus,
lipid metabolism disorders and others [3, 49].

It has been shown that during fibroblast division,
Gal-3 moves from the cytoplasm to the cell nucleus,
which, along with increased expression, may indicate the
involvement of Gal-3 in proliferative processes. Activa-
tion and proliferation of resting fibroblasts occurs under
the influence of Gal-3, which is secreted in the area of
tissue damage [26]. Fibroblast activation stimulates the
synthesis of cytoskeleton proteins COL1A1 (collagen,
type L, alpha 1 chain) and aSMA (smooth muscle alpha-
actin), which leads to fibrotic changes. There is evidence
that Gal-3 can induce degradation of extracellular matrix
components indirectly through its interaction with matrix
metalloproteinases [27].

Gal-3 is a chemoattractant for monocytes and macro-
phages, which stimulates the processes of phagocytosis
and secretion of cytokines, including interleukin-1. It
has been established that Gal-3 can interact with tissue
basophils inducing thereby the release of inflammatory
mediators and development of hypersensitivity reac-
tions. It has also been shown that Gal-3 participates in
angiogenesis and development of atherosclerotic lesions
in vessels [27].

Gal-3 expression is most expressed in lungs, spleen,
stomach, adrenal glands, uterus and immune system
cells, especially in cancer [28]. It is also expressed to a
lesser extent in the heart, liver, kidneys, brain and pancre-
as [29]. At the same time, a change in plasma Gal-3 levels
in patients with cardiovascular diseases [30], respirato-
ry dysfunction [31] and liver dysfunction[32] has been
shown, suggesting its possible diagnostic significance.

GAL-3 IN KIDNEY DISEASE
AND TRANSPLANTATION

In the kidney, Gal-3 is expressed mainly in the coll-
ecting ducts of renal tubules, inside or on the apical
membrane of a-intercalated cells. This suggests a role
for Gal-3 in renal tubular development, possibly through
intercellular adhesion or interaction with the extracellular
matrix to promote tubulogenesis. In the adult kidney,
Gal-3 expression is detected in basal and intercalated
cells, in the proximal tubules and the major ascending
branch [33].

Gal-3 binds to B-galactoside sugars in its carbohyd-
rate recognition domain, exhibiting a variety of proper-
ties, including cell adhesion and proliferation via several
glycosylated matrix proteins (laminin, fibronectin and
integrins). Gal-3 also promotes pathological processes
such as inflammation, angiogenesis and organ fibroge-
nesis in the presence of tissue damage. Gal-3 depletion
has been found to reduce collagen matrix accumulation
and severity of renal fibrosis [34, 35]. Other studies have
shown that higher plasma or serum Gal-3 levels have
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been associated with increased risk of chronic kidney
disease (CKD) and rapid decline in renal function [33].
Tsai MT et al. found that higher plasma Gal-3 levels were
associated with more severe renal fibrosis as verified by
biopsy [36].

O’Seaghdha et al. presented evidence that level of
Gal-3 circulating in the blood is inversely associated
with renal function and development of CKD [37]. The
findings are consistent with a study of the relationship
between Gal-3 concentration and progression of con-
genital CKD [38]. Renal fibrogenesis, including after
transplantation, has been found to depend on Gal-3
expression and secretion [33]. At the same time, expe-
rimental studies have shown that kidney damage and
fibrosis can be prevented by pharmacological inhibition
of Gal-3 [39, 40, 41].

Plasma Gal-3 has been found to be associated with
organ fibrosis, but whether urinary Gal-3 is a potential
biomarker of kidney disease progression has not been
well explored. S.M. Ou et al. examined 280 patients that
were divided into three groups based on their urinary
Gal-3 levels (<354.6, 354.6—510.7, and >510.8 pg/mL).
Criteria for evaluation of renal disease progression were
defined as >40% decline in the estimated glomerular
filtration rate (eGFR) or end-stage renal disease. Urina-
ry Gal-3 levels were shown to correlate inversely with
eGFR and positively with plasma Gal-3 levels, creatinine
levels, and urine total protein to creatinine ratio (UPCR).
Moreover, there was a gradual increase in urinary Gal-
3 levels as CKD progressed, with the increase being
greatest among patients with stage 5 CKD. Combined
determination of urinary and plasma Gal-3 levels may
provide greater diagnostic efficacy in monitoring renal
disease [42].

In recent years, Gal-3 has been shown to modulate
inflammation and immune cell infiltration in various
pathophysiological conditions. Graft dysfunction is as-
sociated with activation of immune cells. In a study by
Dang et al. on two groups of animals, Gal-3-null mice
had less tubular damage, moderate fibrosis, and lower
immune cell infiltration compared to the normal animal
group that showed characteristic changes in the graft. in
the form of renal tubular atrophy, as well as upregulation
in Gal-3 expression in tissues and blood plasma [43].
This study suggests a potential role for Gal-3 in immune
cell recruitment upon rejection, as evidenced by the im-
proved outcome of kidney injury with pharmacological
inhibition of Gal-3.

Thus, Gal-3 may play an important role in renal in-
flammation and fibrosis, which are involved in the de-
velopment of kidney graft dysfunction. Further clinical
studies are needed to investigate the potential association
of Gal-3 with adverse outcomes in patients with CKD
and in kidney transplant recipients.

GAL-3 IN PATIENTS WITH HEART FAILURE
AND IN HEART TRANSPLANT RECIPIENTS

Several studies have shown the diagnostic potential of
Gal-3 as a biomarker of development and progression of
heart failure (HF). Changes in Gal-3 concentrations have
been observed during the development of myocardial
fibrotic disorders, as well as under the influence of drug
therapy. The estimation of plasma Gal-3 levels in HF
patients may allow to identify those patients who are at
increased risk of rehospitalization [44, 45].

Yu.V. Shchukin et al. showed the pathogenetic role
of Gal-3 in the development of HF. Blood Gal-3 level
in patients was associated with the severity of chronic
HF and correlated with markers of oxidative stress and
inflammation [46].

In another study, it was also found that in patients
with coronary heart disease, blood Gal-3 levels progres-
sively increased according to HF severity. Moreover,
Gal-3 levels in patients correlated with the level of in-
flammation markers: C-reactive protein and interleu-
kin-6. It has been shown that Gal-3 is able to interact
with the transmembrane glycoprotein CD98, thereby
activating phosphatidylinositol-3-kinase thus triggering
the alternative macrophage activation process. As a con-
sequence, myocardial infiltration by activated macropha-
ges increases [47].

It is known that the risk of subclinical chronic HF
increases over time in heart recipients due to a combi-
nation of various pathological factors, which leads to the
formation of graft myocardial fibrosis [48, 49]. The role
of Gal-3 in heart recipients has been less studied, but
it has been shown that patients with transplanted heart
myocardial fibrosis have higher plasma Gal-3 concen-
trations than recipients without fibrotic changes [50].

In our previous study, it was established that over
75% of heart recipients at different periods after trans-
plantation had fibrotic changes in graft myocardium veri-
fied by endomyocardial biopsy. In addition, it was shown
that the proportion of patients with myocardial fibrosis
in the late post-transplant period almost doubled among
the cardiac recipients who had acute transplant rejection.
At the same time, Gal-3 was diagnostically significant in
transplant myocardial fibrosis: in heart recipients with
plasma Gal-3 levels above a certain threshold value, the
frequency of detecting fibrotic changes in the myocardi-
um increased more than 1.5-fold [51].

The results of this work confirm the assumption
that acute rejection crises influence the development
of myocardial fibrosis in the transplanted heart. This
occurs against the background of interstitial edema and
infiltration by lymphocytes and macrophages, increased
production of proinflammatory and profibrogenic medi-
ators, typical for acute graft rejection. [52, 53].
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GAL-3 IN LIVER DISEASE
AND TRANSPLANTATION

Gal-3, involved in the development of fibrosis and
inflammation, is actively expressed in patients with ad-
vanced liver disease. Gal-3 expression levels correlate
with concentrations of markers of liver inflammation and
hepatic decompensation and may be useful in identifying
high-risk patients. Gal-3 has been shown to mediate he-
patic stellate cell activation and plays an important role
in the development of hepatic fibrotic changes. Gal-3
levels are higher in patients with cirrhosis than in the
healthy cohort. Intrahepatic Gal-3 has also been detec-
ted in hepatocellular carcinoma and in liver biopsies of
cirrhotic patients [32].

Gal-3 plays an important immunological role and has
been found to contribute to the regulation of innate and
adaptive immune responses. Gal-3 has been shown to
decrease the number of monocytes by influencing dif-
ferentiation from dendritic cells as well as T-cell antigen
presentation. It also inhibits T cell activation by reducing
T cell receptor levels and has been shown to induce 1L-2
production and induce apoptosis of activated T cells and
suppress their proliferation [54].

A study by H.W. Zimmermann et al. also showed that
patients with advanced liver cirrhosis had significant-
ly elevated serum Gal-3 levels. Moreover, Gal-3 levels
correlated with such indicators as interleukin-6, granulo-
cyte-macrophage colony-stimulating factor (GM-CSF),
interleukin-8 and monocyte chemoattractant protein-1
(MCP-1) [55]. The established relationship between Gal-
3 and activation of inflammatory and damaging factors
in liver cirrhosis requires further study.

In liver transplantation, the level of circulating Gal-3
can be considered as a biomarker for identifying recipi-
ents with a higher risk of developing infectious complica-
tions, which are one of the important factors influencing
recipient survival after transplantation. It has been shown
that the serum Gal-3 levels in liver recipients with a high-
er incidence of infectious complications was significantly
higher than that in other recipients [54].

GAL-3 IN LUNG TRANSPLANTATION

Lung transplantation (LT) is the only possible treat-
ment for patients with end-stage lung diseases, such
as emphysema, cystic fibrosis, pulmonary fibrosis and
pulmonary arterial hypertension, which cannot be trea-
ted with medication [56, 57, 58]. Long-term recipient
survival after LT is still lower than in other solid organ
transplants, due to the development of chronic graft dys-
function [59]. Currently, there are several forms of chro-
nic lung graft dysfunction — these are obliterative bron-
chiolitis syndrome and restrictive allograft syndrome.

Bronchiolitis obliterans syndrome (BOS) is charac-
terized by bronchiolar thickening and obstruction due to

damage and inflammation of epithelial cells and small
subepithelial structures of the airways. Then a fibropro-
liferative stage develops with proliferation of fibroblasts
and accumulation of collagen under bronchiolar epithe-
lium, which leads to obliteration of airway lumen [60].

A study by Miriana d’Alessandro et al. assessed se-
rum Gal-3 levels in recipients after LT with and without
BOS, as well as in healthy control subjects to evaluate
the potential diagnostic role of this biomarker [61]. It was
found that in patients with verified BOS, Gal-3 levels
were higher than in healthy subjects, but it did not differ
significantly in comparison with lung recipients without
signs of chronic graft dysfunction.

Respiratory complications associated with airway
obstruction lead to postoperative graft dysfunction in
lung recipients. Gal-3 is known to be actively expressed
in inflammatory processes and fibrotic changes in various
organs. Other potential biomarkers of respiratory disea-
ses and post-transplant complications are small miRNA
regulatory molecules.

In our previous work, miR-339 expression levels and
Gal-3 concentrations were assessed in the plasma of
lung recipients. Lung recipients with airway obstruction
had significantly higher miR-339 expression levels and
Gal-3 concentrations compared with recipients without
any complications. Exceeding the calculated threshold
values of miR-339 and Gal-3 in plasma in lung recipi-
ents was associated with a high risk of post-LT airway
obstruction. Determination of miR-339 expression level
in combination with Gal-3 may be promising for iden-
tification of lung recipients with high risk of respiratory
complications and graft dysfunction [31].

GAL-3 INHIBITORS

Pharmacological inhibition of Gal-3 has been in-
vestigated to evaluate its involvement in target organ
damage. This lectin binds to multiple cellular sites and
has extracellular fixation and permeability abilities. This
property is crucial for Gal-3 inhibitors, which are clas-
sified according to their carbohydrates’ binding charac-
teristics. The currently used Gal-3 inhibitors are listed
in the Table [38].

The results of these multicenter studies will allow us
to assess the prospects for the therapeutic use of Gal-3
inhibitors in fibrotic changes in various organs and in
oncological diseases.

In a phase Ila, blinded, multicentre, randomized cli-
nical trial, patients with stage 3b and 4 CKD received
the Gal-3 inhibitor GCS100 [62]. In CKD patients who
received the Gal-3 pharmacological inhibitor, the glo-
merular filtration rate significantly improved, the level
of uric acid and urea nitrogen in the blood decreased
compared with patients receiving placebo. The authors
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of the study did not report any serious side effects when
using GCS100 at a dosage of 1.5 mg/m* [63].

Lau et al. studied the use of modified citrus pectin
(MCP) in hypertension-induced cardiovascular disor-
ders in a randomized controlled trial. It was found that
Gal-3 inhibition did not affect the expression of cardiac
biomarkers of fibrosis but was associated with lower
plasma creatinine levels and higher eGFR in patients
treated with MCP [64].

In a study by Hirani et al., Gal-3 was evaluated as
a therapeutic agent for the treatment of fibrosis in lung
diseases. Inhaled Gal-3 inhibitor was found to be well
tolerated in healthy individuals and reduces plasma bio-
markers associated with pulmonary fibrosis in patients
[65].

Additional preclinical studies are needed to confirm
the feasibility of Gal-3 inhibition as a potential thera-
peutic target.

CONCLUSION

The biological effects of Gal-3 include involvement
in the regulation of various pathophysiological proces-

ses, including cell growth and differentiation, apoptosis,
inflammation, and fibrosis.

In solid organ recipients, a change in Gal-3 levels has
been shown in graft pathology verification. In kidney
transplantation, less severe tubular damage, a moderate
degree of fibrosis and lower infiltration by immune cells
in the graft were associated with lower Gal-3 levels. In
liver transplantation, Gal-3 concentrations were signifi-
cantly higher in recipients with advanced graft fibrosis
and infectious complications. In heart and lung recipi-
ents, the diagnostic significance of Gal-3 with regard to
the development of post-transplant complications has
been shown both as an independent test and in combi-
nation with molecular genetic markers (miRNA). All
this suggests that Gal-3 is a promising biomarker for
detecting post-transplant organ damage.

Recent data from clinical studies on pharmacological
inhibition of Gal-3 suggest the possibility of using this
protein as a therapeutic target to slow down and pre-
vent the development of graft pathology in solid organ
recipients.

The authors declare no conflict of interest.

Table

Galectin-3 inhibitors [38]

Name Structure

Pharmacokinetic

Clinical evidence

Modified citrus
pectin (MCP)

Polypeptide formed with
anhydro-galacturonic acid
and galactose with shorter
carbohydrate chains mo-
dified by pH and tempe-
rature

(CRD)

Gal-3 antagonist,
soluble protein binding
with Gal-3 carbohydra-
te recognition domain

Cancer:

Phase II, single-center, open label, trial evalua-
ting the safety and efficacy of MCP on prostate-
specific antigen kinetics in prostate cancer
(NCT01681823)

Cardiac fibrosis:

Phase III, randomized study, single-center trial
evaluating the efficacy of MCP treatment to
reduce cardiac fibrosis in patients with hyper-
tension. (NCT01960946)

GBC590/ GCS100
A combination

of purified MCP
(polymerized)

A combination of purified
MCP (polymerized)
with CRD

Gal-3 antagonist,
soluble protein binding

Renal disease:

— Phase I, open label study, evaluated the se-
curity of weekly doses of GCS-100 in patients
with chronic kidney disease. (NCT01717248)
— Phase Ila, placebo-controlled, randomized,
single-blind study evaluated of weekly doses
of GCS-100 in patients with chronic kidney
disease and eGFR change. (NCT01843790)
Cancer:

— Phase II trials evaluated the reduction of
metastasis and stabilized colorectal carcinomas
during outcompeting Gal-3 in binding to its
receptors. (NCT00110721)

Davanat and Bela-
pectin

Galactomannan polysac-
charide

Multivalent binding
with Gal-3 CRD

Liver fibrosis:

Phases 1, II, and III study in a multi-center, stu-
dy, to evaluate the safety and pharmacokinetic
of modified Davanat in subjects with non-al-
coholic steatohepatitis (NASH) with advanced
hepatic fibrosis to improve portal hyperten-
sion and oesophagial varice (NCT02462967,
NCT04365868)
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Growth hormone (GH) plays a leading role in the regulation of cell and tissue metabolism and growth. Its effects
are mediated through the so-called somatomedins, among which the most important is the liver-produced insulin-
like growth factor 1 (IGF-1). It has been reported that serum GH levels in liver recipients is related to the clinical
transplant outcomes. Objective: to evaluate the prognostic significance of GH in pediatric liver transplantation
(LT). Materials and methods. The study enrolled 148 children (61 boys) aged 2 to 60 months (median, 8) with
end-stage liver disease resulting from biliary atresia (n = 86), biliary hypoplasia (n = 14), Byler disease (n = 15),
Alagille syndrome (n = 12), Caroli syndrome (n = 5), and other liver diseases (n = 16, cryptogenic cirrhosis,
fulminant and autoimmune hepatitis, Crigler—Najjar and Budd—Chiari syndromes, alpha-1 antitrypsin deficiency,
glycogenosis and hepatoblastoma). All the patients were transplanted with the left lateral segment of the liver
from a living related donor. GH concentrations were measured by enzyme immunoassay before, at one month
and at one year after transplantation. Results. Median plasma GH levels in children with liver disease were 4.3
[1.6-7.2] ng/mL, significantly higher than in healthy children of the same age at 1.2 [0.3-2.4] ng/mL, p = 0.001,
while mean height and body weight were lower than in healthy controls. GH levels decreased significantly after
transplantation. At one month and one year later, the levels did not differ from those of healthy children (p =
0.74, p = 0.67, respectively). One month after transplantation, GH concentrations were lower in 1-year survivors
than in non-survivors (p = 0.02); the diagnostically significant threshold GH level was 1.8 ng/mL. Prior to LT,
plasma GH levels did not differ between 1-year survivors and non-survivors. Children with GH levels below
1.8 ng/mL post-LT were 9 times more likely to survive one year post-transplant than patients with levels above
the threshold. Conclusion. GH concentrations in pediatric liver recipients is a positive prognostic indicator of
pediatric LT outcomes.

Keywords: liver transplantation, growth hormone, pediatric transplantation, pediatric recipients.

INTRODUCTION

Pediatric liver transplantation (LT) for end-stage liver
disease is currently the only radical method of treatment
that can achieve not only high survival rates, but also full
physical and social rehabilitation. According to interna-
tional researchers, 1-year survival of living-donor pedi-
atric liver recipients is 86-96% [1, 2]. The experience
at the Shumakov National Medical Research Center of
Transplantology and Artificial Organs shows that 1-year
survival after transplantation exceeds 90% [3].

Currently, there are no accepted methods for predic-
ting transplant outcomes in recipient children that are
based on objective indicators. Validation of prediction
methods is a promising approach to further improve LT
outcomes in children [4, 5].

Important factors associated with longevity and qua-
lity of life are GH and IGF-1, which have received much
attention in recent decades [6, 7].

GH and IGF-1 are significant links in humoral re-
gulation of liver function: IGF-1 mediates anabolic and
mitogenic effects of GH in peripheral tissues. Over 90%
of IGF-1 circulating in systemic circulation is synthe-
sized in the liver. IGF-1 production is regulated by GH,
which stimulates its production by liver cells. In turn,
IGF-1 regulates GH production in a negative feedback
manner [8, 9].

The GH/IGF-1 axis controls cell and tissue growth,
is closely connected with liver function and can affect
survival of patients with liver diseases and transplant
recipients [10, 11]. It is assumed that GH affects LT
outcomes in children indirectly through regulation of
growth and body weight, hepatocyte function and immu-
ne system activity [12—14]. In pediatric liver recipients,
there is insufficient data on neurohumoral regulation of
graft function.
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The aim of this work is to evaluate the prognostic
significance of GH in liver transplantation in young
children.

MATERIALS AND METHODS

The study included 148 children, 61 boys and 87 girls
aged 2 to 60 months (median, 8) with end-stage liver
disease. The study protocol was approved by the local
ethics committee at Shumakov National Medical Re-
search Center of Transplantology and Artificial Organs.
To participate in the study, patients’ legal representatives
signed a written informed consent, which is kept in their
medical records.

In the children enrolled for the study, the causes of
liver failure were biliary atresia (n = 86), biliary hypo-
plasia (n = 14), Byler disease (n = 15), Alagille syndrome
(n=12), Caroli syndrome (n = 5), and other conditions
(n=16), such as cryptogenic cirrhosis, fulminant hepa-
titis, autoimmune hepatitis, Crigler—Najjar syndrome,
Budd—Chiari syndrome, alpha-1 antitrypsin deficiency,
glycogenosis, and hepatoblastoma. All patients under-
went left lateral LT from a living related donor. After
transplantation, patients received double- or triple-drug
immunosuppressive therapy, which included tacrolimus,
mycophenolates, and corticosteroids.

The comparison group consisted of 16 healthy child-
ren, 9 boys and 7 girls, examined after treatment for
intestinal dysbacteriosis. The median age in the compa-
rison group was 12 (6—25) months. To compare the reci-
pients’ anthropometric indicators, represented by mean
values and mean quartile deviation, we used the WHO
reference data for healthy children of the same age [15].

We measured growth hormone content in plasma ob-
tained from venous blood collected on an empty stomach
between 8 and 10 o’clock in the morning. Blood was coll-
ected in disposable plastic tubes (BD Vacutainer, Becton
Dickinson, USA) containing anticoagulants (ethylene-
diaminetetraacetic acid or sodium citrate). Blood plas-
ma obtained by centrifugation at 1500 g for 10 minutes
was stored at —500 °C until analysis. Plasma GH levels
were measured by enzyme immunoassay using a reagent
kit (DBC, Canada) according to the manufacturer’s in-
structions. The results of GH level measurements are
represented by median and interquartile range values,
25th to 75th percentile.

Statistical analysis was carried out using parametric
and nonparametric statistics methods. Fisher’s exact test
was used to compare parametric samples. The Mann—
Whitney U test was used to compare independent non-
parametric variables; paired Wilcoxon test was used to
compare dependent samples; correlation analysis was
performed according to Spearman’s correlation. Dif-
ferences were considered statistically significant at p <
0.05.

A receiver operating characteristic (ROC) analysis
was performed to assess the information content of the

test. The area under the ROC curve (AUC) reflects the
probability with which the test is able to separate one
group of patients from another. As a null hypothesis, it
was assumed that the area under the ROC curve does
not differ from 0.5. The threshold GH level, separating
patients from healthy ones, was determined by plotting
the dependences of sensitivity and specificity on plasma
GH levels.

The diagnostic sensitivity and specificity of the test,
as well as the optimal GH threshold level was deter-
mined at the point of maximum sum of sensitivity and
specificity. Test sensitivity was defined as the propor-
tion of patients with a positive test among all patients.
Test specificity was defined as the proportion of healthy
people with a negative result among all healthy people.

Relative risk (RR) was calculated using a four-field
contingency table for the marker concentration threshold
and estimated 95% confidence interval (CI). The RR
value was considered statistically significant (p < 0.05)
if the lower CI limit was above 1.

We also calculated test accuracy (Ac), positive predic-
tive value (PPV) and negative predictive value (NPV).
Method accuracy was defined as the proportion of correct
results, the ratio of the number of true positive and true
negative results to the total number of tests. The PPV,
reflecting the probability of becoming ill with a positive
test, was determined as the proportion of true positives
in the total number of all positive results. The NPV, i.e.,
the probability of not getting sick with a negative test
was determined as the proportion of true negatives in the
total number of negative results.

Calculations were made using computer statistical
programs MS Office Excel (MS, USA), SPSS Statistics
20 (IBM, USA), and Statistica 7.0 (StatSoft, Inc., USA).

RESULTS

The indication for LT in children aged 2—60 months
(median, 8) was end-stage liver disease, which was, in
90% of cases, caused by congenital and hereditary hepa-
tobiliary diseases and in 10% of cases by rare metabolic
disorders. The main characteristics of liver recipients
included in the study are presented in Table 1.

The comparison group included 16 virtually healthy
children, 9 boys and 7 girls, who were examined after
treatment for intestinal dysbacteriosis. The median age
in the comparison group was 12 (6-25) months.

The age and sex composition of the recipient children
included in the study and children in the comparison
group did not differ (p=0.78 and p = 0.84, respectively).

The mean height of the patients included in the study
was 71.2 + 8.2 cm and was significantly lower than the
mean reference value for healthy children of the same
age (75 £ 6 cm according to WHO data, p = 0.00). The
body weight of the recipients was 7.9 = 2.3 kg and was
lower than in healthy children, 9.5 =2 kg, p = 0.00.
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Table 1
Main characteristics of liver recipients
Characteristics Indicators
Number (n) 148
Age (months), median (range) 8 (2-60)
Sex (n, %):
Boys 61 (87)
Girls 41 (59)
Liver disease (n, %):
Biliary atresia 86 (58.1)
Biliary hypoplasia 14 (9.5)
Alagille syndrome 12 (8.1)
Byler disease 15 (10.1)
Caroli syndrome 534
Others: 16 (10.8)
Cryptogenic cirrhosis
Fulminant hepatitis
Autoimmune hepatitis
Crigler—Najjar syndrome
Budd—Chiari syndrome
Alpha-1 antitrypsin deficiency
Glycogenosis
Hepatoblastoma
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Fig. 1. GH levels in children before and at various times after
LT. *, p <0.05 compared to pre-transplant levels
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Fig. 2. GH levels before and one month after liver transplan-
tation in 1-year survivors and non-survivors. *, p < 0.05
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Recipients’ height one year after transplantation aver-
aged 82.1 + 7.6 cm and remained significantly lower than
the mean reference value for healthy patients of the same
age (according to WHO data, 87 =7 cm, p=0.00) [15].
Recipients’ mean body weight of 11.5 + 2.2 kg did not
statistically differ from the reference values for healthy
children of the same age, 12 £ 2 kg, p = 0.06.

Plasma GH level in children with liver disease was
4.3 [1.6-7.2] ng/mL and was significantly higher than
those in healthy children of the same age, 1.2 [0.3-2.4]
ng/mL, p = 0.001. Data on GH levels are presented as
median and interquartile range.

Fig. 1 shows a comparative analysis of plasma GH le-
vels in children before, one month, and one year after LT.

A month after LT, plasma GH level in the recipients
was 1.4 [1.1-2.4] ng/mL, significantly lower than before
the operation (p = 0.001). A year after transplantation,
GH level in recipients was 2.5 [1.5-5.7] ng/mL, sig-
nificantly lower than before surgery (p = 0.049). One
month and one year post-LT, plasma GH level in the re-
cipients did not differ from the levels in healthy children
(p=0.74; p=0.67, respectively).

To study the association of GH with clinical outcomes
of pediatric LT, a comparative analysis of blood GH
content in children who survived and did not survive
one year after transplantation was performed. The pre-
transplant GH level was not associated with transplant
outcomes one year later (r = 0.03, p = 0.32). Data on
plasma GH levels before and one month after transplan-
tation in recipients who survived and did not survive one
year are shown in Fig. 2.

GH levels one month after transplantation in sur-
vivors were 1.4 [1.1 to 2.4] ng/mL, were significantly
lower than those before surgery at4.2 [1.5 to 7.2] ng/mL,
p = 0.00. In recipients who did not survive this period,
the GH content after one month was 5.6 [1.9-8.6] ng/mL,
almost no different from that before surgery, 4.5 [2.0—
6.9] ng/ml, p = 0.68. That is, with a favorable LT out-
come, there was a significant decrease in GH levels, and
with an unfavorable outcome, GH levels did not change.
Pre-transplant GH concentrations did not differ between
survivors and non-survivors (p = 0.78); one month post-
transplantation, plasma GH levels in survivors were si-
gnificantly lower than in non-survivors.

To determine whether data on blood GH levels in re-
cipients one month later can be used to predict outcomes
one year later, we analyzed the relationship between test
sensitivity and specificity at different GH levels (Fig. 3).

Analysis showed that the AUC was 0.74 £0.10 [0.54—
0.95], statistically significantly different from 0.5 (p =
0.025).

To determine a diagnostically significant GH
threshold level, we performed an analysis based on plots
of the dependence of test sensitivity and specificity on
GH levels in child recipients one month after LT (Fig. 4).
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Fig. 3. ROC analysis of plasma GH levels in pediatric reci-
pients one month after LT to assess 1-year survival, AUC =
0.74 £ 0.10; 95% CI 0.54-0.95, p < 0.05

Table 2

Characteristics of the test to assess 1-year recipient
survival based on GH levels one month after LT

Characteristics Values
0.74+£0.10
o
AUROC, 95% CI [0.54-0.95]*
Sensitivity 0.875
Specificity 0.614
Growth hormone threshold 1.8 ng/mL
L 9.06 +1.04
o
Relative risk, 95% CI [1.17-70.15]%
Test accuracy (Ac) 64%
Positive predictive value (PPV) 88%
Negative predictive value (NPV) 61%
*,p<0.05.
1.20
1.00
0.80
£ 0.60
2
= 040
[
e
0.20
0.00
-0.20
0.0 5.0 10.0

The threshold GH level, which corresponds to the
maximum specificity (0.614) and sensitivity (0.875) of
the test, was 1.8 ng/mL. The result means that patients
with post-transplant GH levels below the threshold have
a 61.4% chance of surviving one year post-transplant,
while those with GH levels above the threshold have an
87.5% chance of not surviving this period.

Calculation of RR showed that at GH levels above the
threshold, the RR of not surviving one year was 9.06 +
1.04 [CI 1.17 to 70.15], p < 0.05. Thus, recipients with
a blood GH level >1.8 ng/mL one month after transplan-
tation had a 9-fold higher risk of not surviving one year
than recipients with lower levels of the hormone.

Table 2 presents the calculated informative charac-
teristics of the test.

As can be seen from the table, test accuracy was 64%,
which corresponds to the overall proportion of correct
results. The PPV reflecting the probability of not survi-
ving a year with a GH level above 1.8 ng/mL was 88%,
and the NPV reflecting the probability of surviving a
year with a hormone value below the threshold was 61%.

DISCUSSION

Prediction of pediatric LT outcomes is important be-
cause it provides an opportunity for a more personalized
approach to patient management in the early stages af-
ter surgery. Current widely used methods for predicting
survival in patients with liver failure based on complex
indicators or the results of biochemical studies reflecting
liver function, such as albumin levels, are not effective
enough. This can be partly down to intensive replace-
ment therapy in the early post-transplant period in liver
recipients [16—18].

The height and body weight of children with end-
stage liver disease are significantly lower than those of
healthy children of the same age. The present study found
that after LT, children recover their body weight to the
level of healthy children of the same age and there is

25.0

15.0 20.0

Growth hormone (ng/ml)

== Sensitivity

=~ Specificity

Fig. 4. Dependence of test sensitivity and specificity on GH concentrations in pediatric recipients one month post-LT
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a tendency for increased average height of recipients.
Earlier in our studies, it was shown that in children with
hepatobiliary diseases, the GH level is elevated in com-
bination with impaired IGF-1 synthesis in the liver and
reduced IGF-1 levels in the blood; LT in children is ac-
companied by improved anthropometric parameters due
to restoration of IGF-1 synthesis by donor liver cells and
normalization of relations in the GH/IGF-1 axis [19, 20].

In this work, a reliable decrease in post-LT plasma
GH levels was established. The decrease can be due to
IGF-1 production by the graft; absence of significant
GH dynamics is indirect evidence of insufficient IGF-1
production by a graft, i.e. graft functional failure. The
findings confirm that liver graft plays a role in GH pro-
duction.

The results of the present work showed that GH le-
vels after one month negatively correlates with one-year
transplant outcomes. This suggests that plasma GH tests
can be used to predict LT outcomes in young children.

Based on the assessment of diagnostic efficiency of
GH levels using common C-statistic methods: construc-
tion of ROC curve, determination of threshold values
and calculation of informative characteristics of test, we
show that plasma GH levels in liver recipient children
one month after transplantation can be used to predict
one-year survival with a 74 + 10% probability. A test
probability level of about 75% or more, is generally con-
sidered an indicator of a good test. A threshold GH level
of 1.8 ng/mL separates high and low risk recipients from
those at risk of not surviving 12 months after transplan-
tation. Recipients with GH levels below the threshold
(1.8 ng/mL) were 9 times more likely to survive the
year than those with levels above the threshold. The
overall accuracy of this test was 64%. The PPV and NPV
were 88% and 61%, respectively. At GH levels below
the threshold (negative test), the probability of one-year
survival was 61%. At GH levels above the threshold
(positive test), the probability of not surviving one year
after transplantation was 88%. Thus, the test results have
a high probability of predicting LT outcomes.

The data we obtained on the relationship between
transplant outcomes and plasma GH levels in liver re-
cipients are consistent with the data obtained by other
authors, who showed the importance of body weight,
which directly depends on GH levels, in survival. In adult
liver recipients, a positive correlation of lower blood GH
concentrations after transplantation with 3-month and
3-year survival was also established [10, 21].

The present work is an observational and retrospec-
tive hypothesis-driven study. To use GH as an objec-
tive laboratory criterion in predicting LT outcomes in
children, a prospective clinical study of its diagnostic
efficacy is needed.

CONCLUSION

Our work shows that GH levels in children one month
after LT can serve as a positive prognostic indicator of
transplant outcome; patients with GH levels below the
threshold (1.8 ng/mL) may be 9 times more likely to
survive one year after transplantation than those with
hormone levels above the threshold. The results obtained
may be useful for personalization of patient manage-
ment, as well as for understanding the links between
the neuroendocrine system and factors affecting liver
graft function.

The authors declare no conflict of interest.
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Clinical outcomes of solid organ transplantation depend on many factors. One of the main factors is the risk
of post-transplant complications, which affect allograft and recipient survival. Multifactorial organ damage in
post-transplant complications and the search for diagnostic and prognostic indicators of the condition have con-
tributed to the study and selection of a wide range of proteomic and molecular genetic biomarkers, which have
shown to be effective in solid organ transplantation. The use of biomarkers opens up additional possibilities for
assessing the risk of complications and their early diagnosis. This potentially reduces the frequency of invasive
diagnostic procedures. Transforming growth factor beta 1 (TGF-B1) regulates many biological processes, has
anti-inflammatory and immunosuppressive effects, participates in immune response, and plays a key role in extra-
cellular matrix (ECM) protein synthesis. ECM dysregulation leads to fibroblast hyperproliferation and increased
collagen synthesis and, consequently, tissue fibrosis. The variability of the diagnostic and prognostic potential of
TGF-B1 has been demonstrated in studies on recipients of various solid organs. The objective of this review is to
analyze recent evidence on the role of TGF-f1 in the development of post-transplant complications and to assess
its prospects as a marker of graft pathology or as a target for therapy.

Keywords: solid organ transplantation, complications diagnosis, transforming growth factor beta, TGF-f1,

biomarkers, fibrosis, rejection, nephrotoxicity.

INTRODUCTION

Clinical outcomes of solid organ transplantation de-
pend on many factors. One of the main ones is the risk
of post-transplant complications, which affect allograft
and recipient survival. Multifactorial organ damage in
post-transplant complications and the search for diag-
nostic and prognostic indicators of the pathology have
contributed to the study and selection of a wide range
of proteomic and molecular genetic biomarkers, which
have shown to be effective in heart, liver, kidney and
lung transplantation.

The use of biomarkers opens up additional possibi-
lities for assessing the risk of complications and their
early diagnosis. This potentially reduces the frequency
of invasive diagnostic procedures [1].

TGF-B1 is an important biomarker of post-transplant
complications. It regulates many biological processes,
has anti-inflammatory and immunosuppressive effects,
participates in immune response, and plays a key role
in ECM protein synthesis synthesis — ECM dysregula-
tion leads to fibroblast hyperproliferation and increased
collagen synthesis and, consequently, tissue fibrosis [2].
TGF-f1 is involved in the pathogenesis of many diseases
and, what is particularly attractive, is that it has a high
therapeutic potential [3].

The aim of this review was to analyze recent data
on the role of TGF-B1 in post-transplant complications
in solid organ recipients and to assess its prospects as
a marker of graft pathology or as a target for therapy.

STRUCTURE AND BIOLOGICAL ROLE

TGF-B1 is one of the components of the TGF-3 super-
family, whose members received their names according
to the history of their molecular identification. They in-
clude activins (ACT), inhibins (INH), bone morphogene-
tic proteins (BMP), growth differentiation factors (GDF),
and Miiller inhibitory substance (MIS) [4]. TGF-f is a
homodimer consisting of two polypeptide chains, each
containing 112 amino acid residues, connected by a di-
sulphide bond and forming a complex of a total molecu-
lar weight of 25 kDa. Currently, three TGF-f3 isoforms
are known: TGF-B1 (the most common), TGF-$2, and
TGF-B3 [5].

TGF-B was originally classified as an immunomo-
dulatory cytokine that induces and maintains immune
tolerance. TGF-B1 has anti-inflammatory and immu-
nosuppressive effects due to cytokine production by T-
lymphocytes; TGF-B2 is involved in the development
of immune tolerance and is effective in suppressing
macrophage inflammatory responses. However, despi-
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te the structural similarities of the isoforms, more and
more evidence point to differences in their biological
properties: TGF-B1 and TGF-2 have been shown to
have predominantly profibrotic effects, while TGF-p3,
in contrast, has been characterized as a fibromodulatory
partner for the other two isoforms [6].

The biofunctions of TGF-p are realized through the
TGFBRI, -1I and -III receptors of the same name. When
TGF-B binds to the receptors, activation of signaling
pathways, including Smad-dependent ones, is triggered.

Activated TGF-p exerts its effects on cell prolifera-
tion, differentiation, and migration in part through its
capacity to modulate the deposition of ECM components
such as collagen, elastin, and fibronectin. Specifically,
TGF-p isoforms have the ability to induce the expression
of these proteins in mesenchymal cells and to stimu-
late the production of protease inhibitors that prevent
enzymatic breakdown of the ECM. Dysregulation of
these functions is associated with a change in the cellu-
lar structure, the cells acquire mesenchymal instead of
epithelial properties [7].

Thus, the differences in the effects of TGF-§ may be
due to a variety of activation cascades in different cell
types, peculiarities of the cellular environment, and the
influence of other regulatory molecules.

TGF-B1 AND SMAD IN THE DEVELOPMENT
OF PATHOLOGICAL PROCESSES

Smad is the main group of mediators of the biological
action of TGF-3, which are activated in the development
of'a wide range of pathological processes in both humans
and animals [8].

Three classes of Smads transcription factors have
been identified: receptor-regulated Smads (R-Smads),
common Smads (Co-Smads), and inhibitory Smads (I-
Smads). R-Smads, including Smadl, Smad2, Smad3,
Smad5, and Smad8, are directly activated through
TGFBRI phosphorylation. Once Smad2 and Smad3 are
activated, they bind to Smad4 to form a hetero-oligome-
ric complex Smad2—Smad3—Smad4, which translocates
into the nucleus where it interacts with DNA directly or
indirectly through other DNA-binding proteins, regula-
ting transcription of target genes [9].

It is known that Smad3 has a profibrotic effect and is
involved in the pathogenesis of kidney disease; Smad2
and Smad?7 perform protective functions; Smad4 has a
dual role, on one hand, it promotes Smad3-dependent
renal fibrosis, on the other hand, it suppresses nuclear
factor kappa B (NF-kB)--mediated inflammation via a
Smad7-dependent mechanism [10].

Since the TGF-B/Smad3 complex is involved in
transcription of a number of genes, this allows us to con-
sider TGF-f as a promising marker of structural changes
in organs, and Smad transcription factors as a target for
correction of these processes [11].

ASSOCIATION OF TGF-p1 WITH BIOMARKERS
OF POST-TRANSPLANT COMPLICATIONS:
MIRNAS

MicroRNAs (miRNAs) are a group of small non-
coding RNAs about 22 nucleotides long that circulate in
biological fluids and regulate post-transcriptional gene
expression [12]. Recent studies have shown promising
applications of this class of signaling molecules for di-
agnosis of post-transplant complications, as well as po-
tential targets for therapy [13].

A number of microRNAs involved in immune res-
ponse reactions and development of structural changes of
transplanted organs (primary dysfunction, fibrosis, acute
cellular and humoral rejection) have been identified. An
analysis of the mechanisms of action of some miRNAs
revealed a link with TGF-f signaling pathways.

There is evidence of the involvement of miRNAs in
renal inflammation and fibrogenesis and regulated by
TGF-B1 via the Smad3 mechanism: miR-21, miR-93,
miR-192, miR-216a, miR-377, miR-29, miR-200 [14].

A study by Zhang et al. showed that miR-27 upregula-
tion increases cardiomyocyte activity and inhibits apop-
tosis, an effect mediated through TGFBRI receptors [15].

Suzuki et al. showed that miR-27 positively regulates
mesenchymal gene induction with TGF-f participation
[16]. Wang et al. described circulating miR-27 also as
a regulator of myogenesis through TGF-f signaling pa-
thway: miR-27 upregulation was associated with reduced
myostatin level and muscle cell proliferation [17].

The effect of miR-27 on the development of bron-
chiolitis obliterans (BO), chronic rejection and fibrous
obliteration of small airways after lung transplantation
was investigated. In experiments on a model of orthoto-
pic tracheal transplantation in mice, a protective effect of
miR-27a-3p was shown by regulating TGF-$ and Smad2/
Smad4, as well as by maintaining dendritic cells in an im-
mature state [ 18]. The authors point out the dual role of
TGF-B, consisting, on one hand, in induction of tolerance
and, on the other hand, in stimulation of myofibroblast
transdifferentiation.

Participation of miR-27 in the mechanisms of myo-
cardial fibrosis, BO, as well as the formation of immune
response through influence on TGF-f reflects the pro-
spects of the latter as a marker of structural changes
in transplanted organs. This is supported by our earlier
studies, which showed that plasma miR-27 and -339 up-
regulation in recipients was associated with the presence
of histological signs of transplanted heart myocardial
fibrosis [19]. At the same time, a significant decrease
in miR-27 levels was observed in heart recipients with
acute cellular rejection compared to recipients without
rejection signs [20].

Recent studies by Cuiqiong et al. showed that the
miR-101 family members play an important role in the
pathogenesis of liver fibrosis. Through the TGF-f sig-

122



TRANSPLANTOMICS

naling pathway, miR-101 regulates hepatic stellate cell
activation and induces accumulation of extracellular
matrix proteins in them [21].

The works of Li [22] and Pan [23] showed that miR-
101 blocks TGF-B1/Smad2 signaling pathway by inhi-
biting RUNX1, which prevents development of postin-
farction myocardial remodeling.

The overexpression of miR-142-3p in alveolar epi-
thelial cells and lung fibroblasts is able to reduce the
expression of transforming growth factor beta receptor
1 (TGFB-R1) and profibrotic genes. Furthermore, exo-
somes isolated from macrophages present antifibrotic
properties due in part to the repression of TGFB-R1 by
miR-142-3p transfer in target cells. Thus, macrophage-
derived exosomes may fight against pulmonary fibrosis
progression via the delivery of antifibrotic miR-142-3p
to alveolar epithelial cells and lung fibroblasts [24].

TGF-B1 IN SOLID ORGAN RECIPIENTS

A wide range of immune and nonimmune cells, such
as T-lymphocytes, monocytes, vascular endothelium and
stromal cells, produce TGF-f under various conditions.
According to numerous data, blood levels of TGF-B1
in healthy individuals vary widely (from 0.5 to 80 ng/
mL) and are independent of gender [25, 26], but may
vary with age. This fact was elucidated in more detail in
the work of Okamoto et al.: the serum TGF-B1 level of
healthy children under 14 years of age was significantly
higher than that of healthy adults (p < 0.01), which ob-
viously provides a reasonable basis for studying TGF-p1
in patients according to their belonging to the appropriate
age group [27]. These results are also supported by our
studies showing almost three-fold differences in the plas-
ma TGF-B1 levels of healthy children and adults [28].

As a multifunctional cytokine, TGF-B1 is synthesized
by a wide range of cells in various tissues and organs,
stimulating the accumulation of ECM proteins.

TGF-B1 IN LIVER RECIPIENTS

The main source of TGF-B1 in liver tissues is stellate
cells, whose profibrotic properties are activated under the
influence of various factors [29].

In this aspect, TGF-B1 levels can be considered as
a diagnostic or prognostic marker of liver pathology.
Studies of a pediatric group of patients with end-stage
liver failure, conducted at Shumakov National Medical
Research Center of Transplantology and Artificial Or-
gans, showed that TGF-B1 levels are associated with
the presence of pathology and, moreover, the degree of
organ damage [30].

Clinical studies of liver recipients have shown a ten-
dency for increased TGF-B1 levels in the blood with
preserved graft function (44.7 = 7 ng/mL) compared to
recipients with a history of rejection crises (32.7 £ 3 ng/
mL) [31].
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TGF-B1 IN KIDNEY RECIPIENTS

The source of TGF-B in the kidney is parenchymal
cells, lymphocytes, or circulating TGF-p molecules in
the blood. The extracellular concentration of TGF-f is
primarily regulated by the conversion of inactive TGF-f3
to the active form, which is often overlooked by resear-
chers because of the complex biological nature of TGF-f3
[32].

Plasma TGF-B1 level is a potential indicator of the
progression of chronic kidney disease [33]. Experiments
on animals have shown that TGF-f1 overexpression in
the kidneys induced interstitial proliferation, tubular epi-
thelial aerophagia and renal fibrosis with ECM accumu-
lation in tubulointerstitium, capillaries and glomerulus,
accompanied by decreased glomerular filtration rate [34].
Progressive renal fibrosis contributed to nephron dys-
function and albuminuria [35]. Genetically determined
TGF-B1 deficiency in mice also led to inflammation of
several organs, including the kidneys [36].

The effect of TGF-B on transplanted kidney has not
been sufficiently studied. A study of TGF-B1 levels at
6 months after kidney transplantation showed higher
TGF-B1 concentrations in the group of recipients with
chronic rejection compared to the group without it; there
was also a positive correlation between TGF-B1 levels
and the total cellular infiltrate in kidney biopsies. Im-
portantly, both groups had a history of biopsy-proven
acute rejection, which characterizes TGF-f as a marker
of chronic rejection [37].

However, Du et al. found that TGF-B1 levels in blood
correlated directly with the duration of graft survival
[38]. At the same time, TGF-B1 levels correlated po-
sitively with estimated glomerular filtration rate, and
negatively with serum creatinine levels.

A recent observational cohort study of 1271 kidney
transplant pairs showed that donor genotype frequencies
of rs1800472 in TGF-B1 differed significantly between
patients with and without graft loss (p =0.014), and reci-
pients carrying the T-allele of the TGF-B1 variant showed
had a higher risk of graft loss in the long-term. Given
that the T allele has a lower level of TGF-B1 expression,
these results suggest a positive effect of TGF-B1 signal
transduction on the long-term survival of transplanted
kidney [39].

Due to both the profibrogenic and protective effects of
TGF-B1, there are conflicting data in the literature on the
effect of this growth factor on renal transplant survival.

TGF-B1 IN HEART RECIPIENTS

Infiltration by macrophages, suppression of lym-
phocyte function, fibroblast proliferation, and collagen
synthesis are important processes regulated by TGF-p1
and leading to chronic heart failure (CHF). In the heart,
TGF-B1 is synthesized by cardiomyocytes and fibroblasts
and is released during myocardial infarction, pressure
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overload, angiotensin II and noradrenaline administra-
tion, and inhibited by nitric oxide [40].

Numerous studies of patients with CHF show that
type [ and type III collagen gene expression is associated
with TGF-B1 [41]. A study of patients with dilated car-
diomyopathy at Shumakov National Medical Research
Center of Transplantology and Artificial Organs showed
the relevant results: plasma TGF-B1 levels of CHF pa-
tients was higher than that of healthy subjects (29.9 +
19.7 ng/mL vs. 8.7 + 7.5 ng/mL, p = 0.001) [42]. At the
same time, after heart transplantation, the TGF-B1 level
in the recipients’ blood plasma significantly decreased,
and in the long term reached the level characteristic of
healthy individuals.

Obviously, the role of TGF-B1 in graft pathology in
heart recipients is of particular practical interest. The de-
tection of myocardial fibrosis associated with cyclospo-
rine therapy has provided the basis for the assumption
that this drug may contribute to diastolic dysfunction
of the cardiac allograft [43]. Meanwhile, the effects of
TGF-B1 on cardiac fibroblast proliferation vary. Some
studies have reported that TGF-B1 stimulates cardiac
fibroblast proliferation, while others have demonstrated
its antiproliferative effects [44]. Such different results
can be down to possible differences in differentiation
of fibroblast populations, as well as to the influence of
other growth factors.

A five-year follow-up by E. Aziz in 152 heart recipi-
ents allowed to assess the magnitude of TGF-B1 expres-
sion in cardiac transplants [45]. According to the results
obtained, frequent episodes of cellular rejection during
the first two years after transplantation were accompa-
nied by higher TGF-B1 levels in tissues, and initiated
a series of inflammatory and immune responses with
subsequent diastolic dysfunction and myocardial fibro-
sis. In another study, the authors were able to show the
association of TGF-B1 expression in biopsy specimens
of transplanted hearts with the development of vasculo-
pathy and low survival rates [46].

In heart recipients with the AA genotype of the
rs1800470 polymorphism of the TGF-f1 gene, myo-
cardial fibrosis verified by endomyocardial biopsy was
detected more frequently than in G allele carriers, which
may also indicate the association of the TGF-f1 gene
polymorphism with transplant myocardial fibrosis [47].

TGF-B1 IN LUNG RECIPIENTS

According to the International Society for Heart and
Lung Transplantation, the 5-year survival rate of lung
recipients is about 53%. The main factor affecting long-
term survival is chronic graft rejection, histologically
characterized by BO, caused by inflammatory or fibrotic
processes in the bronchioles [48]. Physiologically, BO
is accompanied by airflow limitation due to significant
structural changes in the graft (partial or complete occlu-
sion of the airway lumen). Occlusion is often associated

with destruction of the airway smooth muscle and elastin
fibers. Among a variety of cytokines and growth factors,
TGF-B plays the most significant role in this process [49].

In a number of studies, the authors studied the me-
chanisms of BO development, and established a positive
correlation between the frequency of this complication
and the level of TGF-B1 expression [50]. Moreover, as
early as 1997, in an experiment on mice, TGF-f ex-
pression was found to have a direct influence on the
development of severe interstitial fibrosis [51]. A study
by Charpin et al. in 1998 showed that TGF-f expression
increases in lung recipients even before manifestation
of obvious clinical signs of BO [52]. Thus, in several
patients, the maximum TGF-B1 levels in the tissue were
recorded several months before BO was diagnosed, and
these patients died within 2 years after diagnosis. These
results suggest that increased TGF-f levels are an early
prognostic marker of chronic rejection of transplanted
lungs.

A number of studies also demonstrate the mechanism
of TGFP/Smad signaling cascade activation in fibroge-
nesis processes in a lung transplant, and the concept of
TGF-f inhibition as a target for therapy underlies most
ideas aimed at improving lung transplant outcomes [53,
54].

TGF-B1 AND IMMUNOSUPPRESSION

The use of calcineurin inhibitors has led to significant
advances in transplantation with excellent short-term
outcomes. For example, cyclosporine A (CsA) has re-
volutionized transplantology since the 1970s due to its
immunosuppressive effect [55]. The powerful immuno-
suppressive properties of tacrolimus were discovered
later in 1984 [56].

However, despite almost half a century of success-
ful use of these drugs, a wide range of side effects that
reduce recipient long-term survival, the main one being
nephrotoxicity, remains the Achilles heel of most immu-
nosuppressive regimens.

Fibrosis occurs through induction of epithelial-me-
senchymal transition (EMT) processes by TGF-B1 pro-
duced by damaged parenchymal cells and macrophages.
The triggering of PI3K/Akt/GSK-3f signaling cascade
leads to increased expression of Ser-9-phosphorylated
inactive form of GSK-3p and accumulation of B-catenin
in cytoplasm followed by nuclear translocation [57].
The fact that TGF-B1 is involved in CsA-induced EMT
allows us to evaluate possible ways of inhibiting this
process.

A recent study by Nagavally et al. described the ne-
phroprotective role of a natural flavonoid, chrysin, which
inhibited TGF-B1 signal transduction and prevented cy-
toplasmic B-catenin accumulation. The authors cite pro-
mising results and point to the efficacy and safety of CsA
in combination with chrysin, which will significantly
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reduce the undesirable effects of immunosuppressive
therapy [58].

Since tacrolimus directly or indirectly induces
TGF-B1 expression, ways to combat chronic nephropa-
thy are also being developed in relation to immunosup-
pressive therapy regimens [59].

Zhang et al. studied the effect of traditional Chinese
phytotherapeutic agent, used in various inflammatory
processes in the kidneys on the action of tacrolimus in
rats. During the experiments, combined use of the drugs
suppressed the expression of TGF-B1/Smad2/3/Big-h3
and proinflammatory cytokines, and weakened oxidative
stress and apoptosis [60].

In addition, it should be noted that opportunistic in-
fection (OI) remains a serious complication throughout
the post-transplant period, jeopardizing the benefits of
any long-term immunosuppressive therapy. From this
point of view, evidence from Boix et al. suggesting
TGF-B1 as a predictor of OI in the first year after liver
and kidney transplantation are of great interest [61]. In
their study, the authors showed that concentration of
TGF-B >363.25 pg/mL in liver and TGF-$ >808.51 pg/
mL in kidney recipients were able to stratify patients at
high risk of OI with a sensitivity and specificity above
70% in both types of solid organ transplantations.

Thus, TGF-p regulation acts as an important etiolo-
gical factor in chronic nephrotoxicity and other immu-
nosuppressant-induced complications, and the impact
on this pathway can reduce the undesirable effects of
therapy and potentially improve long-term transplant
outcomes.

TGF-B1 AS A TARGET FOR THERAPY

One of the main tasks of transplantology is to achieve
long-term graft and recipient survival, reducing possible
post-transplant risks. Along with the development of new
effective methods for diagnosing complications, there is
an active search for therapeutic targets as a possible way
to solve the problem.

Evidence of the role of TGF-f in fibrosis development
became a breakthrough and led to increase in the number
of studies aimed at searching for new drugs such as an-
tisense oligonucleotides, neutralizing antibodies, cyclic
pentapeptides, TGF-f ligand traps and small-molecule
kinase inhibitor drugs, etc. [62].

To stop progressive fibrosis in experimental glome-
rulonephritis, Border et al. for the first time used in vivo
injections of anti-TGF-B1 neutralizing antibodies. Injec-
tion of anti-TGF-B1 antibodies in acute mesenchymal
proliferative glomerulonephritis suppressed ECM pro-
tein production and slowed fibrosis progression, which
was histologically confirmed [63].

Another study aimed at developing an experimen-
tal therapy was the introduction of antibodies against
TGF- receptor type I (TGFBRII) inhibiting mesenchy-
mal matrix growth, which was confirmed by decreased
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proteinuria compared to the control group of rats with
glomerulonephritis [64].

Currently, drugs targeting members of the TGF-j3
superfamily or their receptors are under development,
and dozens of antifibrotic agents with different targets
are being tested; they are mostly chemically synthesized
oligonucleotides. For example, injections of miR-326
into mice with induced pulmonary fibrosis were accom-
panied by antifibrotic effects through Smad?7 regulation
and a significant decrease in TGF-f1, Smad3, matrix
metalloproteinase-9 (MMP-9) [65].

Preclinical trials have shown the effectiveness of the-
rapy with antisense oligonucleotides that inhibit TGF-§
gene expression and reduce tissue fibrosis in glomerulo-
nephritis [66]. The possibility of highly selective antibo-
dies SRK-181, whose key mechanism is to prevent the
cleavage of TGF-B1 precursor and the release of mature
TGF-B1, is also being studied [67].

Another highly effective selective inhibitor, AVID200,
targets an altered TGFBRII receptor. It enhances the bin-
ding activity of TGFBRII to TGF-f1 and TGF-B3 and
thus greatly reduces the binding activity to TGF-p2 [68].

Luangmonkong et al. found no visible side effects of
lifelong blocking of TGF-f activity in mice, although in
humans, its long-term systemic suppression was associ-
ated with a high risk of therapy toxicity and decreased
regenerative tissue function, which is due to the func-
tional pleiotropy of TGF-f [69].

The results published to date reveal the complexity of
the process of developing therapeutic approaches using
TGF-B1 in humans, which require a comprehensive study
to minimize undesirable effects.

CONCLUSION

The validity of the concept of TGF-B1 as a diagnostic
and prognostic marker of the risk of adverse events in
solid organ transplantation has been confirmed by nu-
merous studies in recent years. Both in experimental
models and in the clinic, the key role of TGF-B1 in a wide
range of biological processes, namely mechanisms of
allograft tissue fibrosis, formation of immune tolerance,
and in the cascade of inflammatory reactions against ne-
phrotoxicity of immunosuppressive drugs used, has been
shown. The role of TGF-B1 in very severe post-transplant
complications — transplant rejection and fibrosis — is still
the focus of research.

The variability of the diagnostic and prognostic po-
tential of TGF-B1 has been demonstrated in studies of
recipients of various solid organs. For example, post-lung
transplant bronchiolitis obliterans and chronic rejection
is associated with increased blood TGF-B1 levels, while
in contrast, adverse events (progression of liver failure
and fibrosis) in liver transplantation are associated with
decreased TGF-B1 levels, and higher levels are typical
for recipients with intact liver graft function. Studies in
heart and kidney transplantation show conflicting evi-
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dence on the profibrotic and antiproliferative effects of
TGF-B1.

Equally important is the fact that TGF-B1 levels

change with age, which necessitates a separate study of
TGF-B1 in pediatric recipients.

Equally important is the fact that TGF-B1 levels

change with age, which necessitates a separate study of
TGF-B1 in pediatric recipients.
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The continued unavailability of adequate organs for transplantation to meet the existing demand has resulted in a
major challenge in transplantology. This is especially felt in lung transplantation (LTx). LTx is the only effective
method of treatment for patients with end-stage lung diseases. Normothermic ex vivo lung perfusion (EVLP)
has been proposed to increase the number of donor organs suitable for transplant — EVLP has proven itself in
a number of clinical trials. The ability to restore suboptimal donor lungs, previously considered unsuitable for
transplantation, can improve organ functionality, and thus increase the number of lung transplants. However,
widespread implementation of ex vivo perfusion is associated with high financial costs for consumables and
perfusate. Objective: to test the developed solution on an ex vivo lung perfusion model, followed by orthotopic
LT under experimental conditions. Materials and methods. The experiment included lung explantation stages,
static hypothermic storage, EVLP and orthotopic left LTx. Perfusion was performed in a closed perfusion system.
We used our own made human albumin-based perfusion solution as perfusate. Perfusion lasted for 2 hours, and
evaluation was carried out every 30 minutes. In all cases, static hypothermic storage after perfusion lasted for
4 hours. The orthotopic single-lung transplantation procedure was performed using assisted circulation, supple-
mented by membrane oxygenation. Postoperative follow-up was 2 hours, after which the experimental animal
was euthanized. Results. Respiratory index before lung explantation was 310 + 40 mmHg. The PaO,/FiO, ratio
had positive growth dynamics throughout the entire EVLP procedure. Oxygenation index was 437 + 25 mm Hg
after 120 minutes of perfusion. Throughout the entire EVLP procedure, there was a steady decrease in pulmonary
vascular resistance (PVR). Initial PVR was 300 = 100 dynxs/cm’; throughout the EVLP, PVR tended to fall, re-
aching 38,5 + 12 dynxs/cm’ at the end of perfusion. Conclusion. A safe and effective EVLP using our perfusate
is possible. The developed orthotopic left lung transplantation protocol under circulatory support conditions,
supplemented by membrane oxygenation, showed it is efficient and reliable.

Keywords: lung transplantation, donation, perfusate, perfusion.

INTRODUCTION

Shortage of donor organs remains a major challenge
in transplantology. The situation is especially critical in
areas such as LTx. LTx is the only effective method of
treatment for patients with end-stage lung diseases. In
order to increase the number of donor organs that are
suitable for transplant, EVLP is proposed. EVLP has
shown to be effective in a number of clinical trials [1, 2].

The ability to restore suboptimal donor lungs, previ-
ously considered unsuitable for transplantation, allows
for improving organ functionality. However, the spread

of ex vivo perfusion technology in clinical practice is
associated with high financial costs for consumables
and perfusate [3]. Swedish company XVIVO leads the
global market in terms of production of perfusate for
donor lungs. The company accounts for about 70% of
the market. Due to the small production capacity of this
monopolistic company, countries that are just introdu-
cing ex vivo perfusion technology are experiencing a
certain deficit [4].

Ex vivo perfusion is beginning to develop in Russia.
Its active introduction in the country is being restrained
by the high cost of the original perfusate (Steen Solution
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TM). In previous articles, we have presented a successful
experience in using our Russian-made human albumin-
based solution as perfusate. The only disadvantage of this
solution is that it must be prepared before each EVLP
procedure.

The purpose of the presented pilot study is to test
our developed solution under experimental conditions
on an ex vivo lung perfusion model followed by ortho-
topic LTx.

MATERIALS AND METHODS

Isolated lungs obtained from Romanov sheep weig-
hing 25-30 kg were used in the experimental study. The
experimental work program was approved by the Com-
mittee on Biological Safety and Bioethics, Shumakov
National Medical Research Center of Transplantology
and Artificial Organs. The work was performed in com-
pliance with the rules of the European Convention for the
Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes [5].

The experiment included lung explantation sta-
ges, static hypothermic storage, EVLP and orthotopic
left LTx.

Donor and recipient were narcotized with zolazepam
solution at 10 mg/kg, followed by a combination of iso-
flurane 2.5% to 3% vol. inhalation anesthetics. During
explantation, central pressure monitoring and artificial
ventilation were performed in the volume control mode
at the rate of 8—10 ml/kg; peak inspiratory pressure did
not exceed 25 cm a.c., positive end-expiratory pressure
did not exceed 5 cm H,0O, respiratory rate was 25 bpm,
and depth of anesthesia was adjusted using an isoflurane
vaporizer. The explantation technique was described in
detail in our previous article [6]. Celsior solution was
used as a preserving agent.

Perfusion was performed in a closed circuit using Ex
Stream perfusion system (Transbiotech, Russia); a bal-
loon with deoxygenating mixture (N,, 86%; CO,, 8%:; O,,
6%) was connected to the oxygenator. A centrifugal CPB
pump with a hydrophilic head was installed in the trunk
system between the cardiotomy reservoir and oxygena-
tor. The trunk after the oxygenator was connected to an
18 Fr cannula installed in the pulmonary artery. Outflow
was performed actively through a funnel-shaped cannula
sutured to the left atrial area. Pressure measurement in
the trunk system was performed by installing three inva-
sive sensors: the first was installed after the oxygenator
to measure pressure in the proximal part of the perfusion
system, the second was installed directly in the pulmo-
nary artery cannula to measure perfusion pressure in the
pulmonary artery. The third sensor measures pressure
in a cannula inserted into the left atrium to monitor left
atrial pressure. The lung graft at the moment of perfu-
sion was placed in a chamber designed to allow ex vivo
perfusion under sterile conditions [7]. We used our own
Russian-made human albumin-based perfusion solution

as perfusate. The perfusate was 1.5 liters in volume in all
groups. Red cell mass was prepared by centrifugation of
whole leukocyte-free blood for 15 minutes at 3,500 rpm.
Meropenem 1000 mg, methylprednisolone 1000 mg, and
short-acting insulin 10 units were added to the perfusate.
The target hematocrit level was 15%. A general view of
the perfusion system is shown in Fig. 1.

The perfusion time was 2 hours, evaluation was done
every 30 minutes. PVR, dynamic compliance, respirato-
ry index, glucose utilization rate and lactate gain were
assessed. At the end of perfusion, the lungs were re-
preserved with 2,000 mL of experimental solution ante-
grade. Static hypothermic storage after perfusion lasted
for 4 hours in all observations. Postoperative follow-up
was 2 hours, after which the experimental animal was
euthanized.

The orthotopic left LTx procedure consisted
of 3 stages:

Stage | (Anesthesia of experimental animal): Was
performed in the same manner as in the donor procedure.
All transplant surgeries were performed under cardiopul-
monary bypass. Ex Stream device (Biosoft-M, Russia)
with centrifugal pump Rotaflow (MAQUET, Germany)
and oxygenator Affinity Fusion (Medtronic, USA) with
a set of lines, were used as auxiliary circulation. Ca-
theterization of the external jugular vein and common
carotid artery for invasive monitoring was performed on
the right side; arterial and venesection was performed
on the left side, followed by cannulation after systemic
heparinization. A 20 Fr venous cannula was inserted to
the 20-25 cm mark, which corresponded to its position in
the vena cava sinus. A 12 Fr arterial cannula was inserted
into the common carotid artery to a 5-6 cm depth. After
cannula positioning, artificial circulation was started at
half of the calculated volume of 1,500 mL/min.

Fig. 1. General view of the closed perfusion system
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Stage 2 (Left-sided thoracotomy, pneumonectomy):
The skin incision was made at the level of the 5th in-
tercostal space, wound edges were separated with a ret-
ractor. For better visualization of anatomical structures
of the root, ventilation was stopped, and artificial cir-
culation was switched on at the full estimated volume.
When isolating the root, the pulmonary artery was first
isolated and taken into a tourniquet, then pulmonary
veins were isolated and taken into a holder. After all
vascular structures were isolated, the pulmonary artery
was sutured with a stapler, the pulmonary veins were
ligated manually. The left main bronchus was sutured
and crossed last with an 0.5 cm indent from the tracheal
bifurcation. At the end of pneumonectomy, meticulous
hemostasis was performed.

Stage 3 (Left lung transplantation): The lung graft
was removed from a sterile bag containing a preserva-
tive and placed on a manipulation table, the left lung
was separated. The pulmonary artery was severed from
bifurcation, the left main bronchus was crossed with an
indentation of one semicircle from the bifurcation. After
the graft was placed in the wound, the bronchial anas-
tomosis was placed first, using continuous locking PDS
4/0 sutures (Ethicon, USA). Next, atrial anastomosis was
performed using Prolen 5/0 (Ethicon, USA) continuous
winding suture on an atraumatic needle, and the pulmo-
nary artery anastomosis was performed last, also using
Prolen 7/0 (Ethicon, USA) continuous locking suture on
an atraumatic needle.

Upon completion of the anastomoses, we resumed
artificial ventilation, opened the clamp on the pulmo-
nary artery and under visual control performed graft
deaeration through the untied atrial anastomosis. Then
the knot was tightened and tied at the atrial anastomosis,
hemostasis control was performed. After hemodynamics
stabilization, artificial circulation was stopped, and pro-
tamine was injected in the calculated dose. The obser-
vation period was 4 hours, the thoracotomy wound was
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not sutured. Blood samples were taken selectively from
the left pulmonary veins every hour. Obtained data were
plotted (pCO,, pO, and respiratory index were assessed).

All experiments ended with taking graft biopsy spe-
cimens followed by morphological study. Microscopic
analysis was performed using a light microscope, photos
were taken using a digital camera. The obtained sections
were evaluated for vascular thrombosis, hemorrhages,
interstitial and alveolar edema development as well as
cellular infiltration.

The experiment was terminated by euthanizing the
animal with an injection of lethal dose of potassium chlo-
ride to trigger a cardiac arrest.

RESULTS

Respiratory index before donor lung explantation was
310+ 40 mmHg. Throughout the entire ex vivo perfusion
procedure, PaO,/Fi0O, increase maintained positive dy-
namics. After 120 minutes of perfusion, the oxygenation
index was 437 =25 mm Hg, which is a good indicator of
restoration of respiratory lung function (Fig. 2).

From the beginning of perfusion, lactate level in the
perfusate was 1.2 mmol/L, and a gradual increase in
lactate level was noted throughout the ex vivo perfusion
procedure. At the end of the EVLP procedure, lactate le-
vels in the solution were 7.4 mmol/L, indicating adequate
metabolism in the perfused lungs (Fig. 3).

Throughout the entire ex vivo perfusion procedu-
re, PVR decreased steadily. Initial PVR was 300 +
100 Dynxs/cm’, throughout the ex vivo perfusion, PVR
tended to fall. At the end of perfusion, the PVR index
was 38.5 + 12 Dynxs/cm’, dynamics of PVR changes
are shown in Fig. 4.

The PaO,/FiO, ratio was 345 + 25 mm Hg 60 minu-
tes after orthotopic left LTx; the respiratory index was
360 = 25 mm Hg after 120 minutes. Dynamics of the
respiratory index are shown in Fig. 5).
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Fig. 2. Dynamics of the PaO,/FiO, ratio at the ex vivo perfusion stage
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Changes in lung compliance indices (dynamic com- increase in values from the moment perfusion was in-
pliance) during normothermic ex vivo machine perfusion itiated to the final measurement indirectly indicated a
procedure are shown in the graph (Fig. 6). The positive  decrease in the amount of extravascular water in donor
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Fig. 3. Lactate levels during ex vivo perfusion
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Fig. 4. Pulmonary vascular resistance dynamics
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Fig. 5. Oxygenation index dynamics after transplantation
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lungs, being a criterion for EVLP efficiency, and reflected

positive dynamics of the functional status of the graft.
Throughout the entire ex vivo perfusion procedure,

airway resistance decreased steadily. At the beginning of

perfusion, resistance was 1.4 + 0.5 cm H,O/L/sec. At the
end of perfusion, resistance was 0.7 £ 0.4 cm H,0O/L/sec.
Dynamics of airway resistance during ex vivo perfusion
are shown in Fig. 7.
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Fig. 7. Airway resistance dynamics during ex vivo perfusion

Fig. 8. Histological pattern, area of atelectasis taken before
perfusion
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Morphological data

Before ex vivo perfusion, histological material was
taken from the atelectasis zones mainly in the posterior
basal regions. Sections showed a classical picture of ate-
lectatic pulmonary parenchyma in the form of recessed
alveolar air spaces (Fig. 8).

Morphological examination of lung fragments from
zones of expanded massive atelectasis, obtained after
120 minutes of perfusion, showed that the architecto-
nics of the pulmonary parenchyma were preserved in all
observations. Well swollen alveoli were noted in most
sections. Microatelectatic zones were distributed hete-
rogeneously and were found only in separate segments.
Alveolar air spaces, as well as peribronchovascular in-
terstitium were slightly thickened (Fig. 9).
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Fig. 9. Histological pattern, areas of expanded atelectasis, af-
ter ex vivo perfusion

DISCUSSION

The high demand for normothermic EVLP procedu-
re creates prerequisites for coming up with alternative
most technologically profitable solutions. More and more
often in world literature, there are works featuring mo-
difications of the original solution, and attempts are also
being made to create a solution on the basis of official
drugs commonly available in the clinic [10].

The developed original native solution for normother-
mic EVLP that is based on commonly available registe-
red drugs is certainly the optimal solution for overcoming
the existing challenges. In previous works, experimental
testing of perfusion solutions prepared on the basis of
drugs commonly available in the clinic achieved positive
results. However, after ex vivo perfusion, LTx was not
performed under experimental conditions [11, 12]. In this
study, the main task was to create a model on a large ani-
mal, which is as close to clinical conditions as possible.
The EVLP procedure was performed according to the
previously described protocol using the original solution.
After ex vivo perfusion, lung graft was preserved before
the upcoming transplantation. The research work resul-
ted in the development of a single-lung transplantation
protocol on an experimental ram model.

Several animal models have been proposed in the
world literature. However, in the present study, prefe-
rence was given to rams due to the most surgically ac-
ceptable anatomy of the main vessels in the neck, which
is necessary for adequate anesthetic support [13, 14]. In
addition to setting up central access and invasive arterial
pressure monitoring, central vessels can be cannulated
on the contralateral side to implant a mechanical cir-
culatory support system supplemented with membrane
oxygenation, which was also implemented in this work.
During transplantation, a circulatory assist device was
implanted in order to prevent hydrostatic pulmonary ede-
ma and maintain adequate hemodynamics. Performing

orthotopic LTx under assisted circulation significantly
increases the duration of the experimental work, but at
the same time avoids many complications and brings the
experiment as close as possible to real clinical practice
[15-17]. The experimental study achieved satisfacto-
ry oxygenation index values during ex vivo perfusion
and two hours after orthotopic LTx. Dynamic compli-
ance indicators during the early post-transplant period
indirectly reflected the degree of ischemia-reperfusion
injury in the donor lung; and values >50 mL/bar along
with other indices suggest a low risk of early primary
graft dysfunction. Limit airway resistance values during
normothermic machine perfusion procedure and in the
early post-transplant period remained within the limits
of physiological norm; they were significantly lower
than the generally accepted constants during artificial
ventilation of the lungs. Low airway resistance is an
indirect sign of satisfactory functional status of donor
lungs, and also testify to the absence of parenchymal
edema, accompanying primary graft dysfunction.

The dynamics of a decrease in PVR during perfusion
indicates its adequacy and effectiveness. Experimental
orthotopic single-lung transplantation under circulatory
support with the use of peripheral cannulation of the
central vessels showed easy implementation and high
efficiency. The absence of pulmonary parenchymal ede-
ma and absence of pathological changes during perfu-
sion and after orthotopic transplantation, according to
histological study results, indicate that the technique is
effective and safe [18, 19].

CONCLUSION

It is possible to conduct a safe and effective normo-
thermic EVLP procedure using our own-made perfusion
solution. The developed orthotopic left LTx protocol
under assisted circulation, supplemented by membrane
oxygenation, is efficient and reliable.

The authors declare no conflict of interest.
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Objective: to analyze the possibility of using the liver of a donor undergoing hemodialysis as a transplant.
Materials and methods. A case of successful liver transplantation (LT) from a 40-year-old deceased donor, who
had been on hemodialysis for 10 years for chronic pyelonephritis and nephrosclerosis, is presented. Of the known
hemodialysis complications of chronic kidney disease, the donor’s medical records showed anemia and grade 3
arterial hypertension. Results. The recipient’s post-LT period had no significant differences from the postoperative
period of those that received liver from donors with standard criteria. Conclusion. Our first experience with the
use of a liver transplant from a donor who was on hemodialysis, in the absence of other risk factors, suggests that
the liver of this category of donors can be used for transplantation.

Keywords. Liver donor with end-stage renal disease, liver transplantation.

INTRODUCTION

In end-stage renal disease (ESRD), practically all
organs and systems of the body are affected. Obviously,
donors with ESRD belong to the group of expanded cri-
teria donors. And the use of such patients as liver donors
is in line with the global trend, i.e., expansion of liver
donation criteria, and such cases have not been descri-
bed by Russian researchers [2]. Such a factor as ESRD
is likely to have a significant impact on the quality of
LT. Organs of the digestive system are most frequently
affected, which is due to the influence of uremia [3].
The liver has been shown to be involved in excretion of
nitrogenous products. The majority of patients with chro-
nic kidney disease show various pathological changes in
the gastrointestinal tract organs, which can be detected
by instrumental and laboratory tests [4]. But given the
quality of renal replacement therapy at present, there are
patients for which changes in their gastrointestinal tract
organs are minimal against many years of long-term
hemodialysis therapy.

MATERIALS AND METHODS

A case of successful LT from a 40-year-old deceased
donor, who was on long-term hemodialysis for 10 ye-
ars for chronic pyelonephritis and nephrosclerosis, is
presented. Of the known hemodialysis complications
of chronic kidney disease, the donor’s medical records
showed anemia and grade 3 arterial hypertension. Cause
of death was parenchymal ventricular hemorrhage in the

right hemisphere, cardiac tamponade in the III and IV
ventricles, cerebral edema, and dislocation syndrome
against the background of hypertension crisis. Donors
with such causes of death are the most common [6]. After
hemodialysis session and exclusion of uremic intoxica-
tion, cerebral death was pronounced. Given the high risk
of viral hepatitis infection in patients receiving hemodia-
lysis treatment, blood was tested by ELISA and PCR for
viral hepatitis B and C, HIV infection, and syphilis. The
tests detected no infections. Donor’s anthropometric data
were: height 178 cm and body weight 60 kg. Laboratory
parameters (ALT, AST, total and direct bilirubin, blood
sodium level) were within normal limits. The follow-up
period in the intensive care unit was three days. Hemo-
dynamics vasopressor support was performed with nore-
pinephrine at a dose of 0.13 pg/kg/minute. According to
ultrasound, anteroposterior dimension of the right lobe of
the liver was 145 mm, that of the left lobe was 78 mm,
liver parenchyma was of moderate echogenicity and nor-
mal sound conductivity, no signs of fatty hepatosis were
detected. Macroscopic assessment of the liver: the liver
margin was acute, no signs of fatty hepatosis were noted
(Fig. 1, 2). There were also no signs of atherosclerosis
of the aorta and large arteries. There were no reasons to
refuse organ transplantation. The decision to procure an
organ from this donor was made jointly with specialists
from Shumakov National Medical Research Center of
Transplantology and Artificial Organs.
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RESULTS AND DISCUSSION

It has been reported that in some cases, transplanta-
tion using an available organ from an expanded criteria
donor is preferable than waiting for a standard crite-
ria donor, which is due to the negative dynamics of the

Fig. 1. Visual assessment of a liver from a donor who was on
long-term hemodialysis

Fig. 2. Edge of the left lobe of the liver of a donor who was
on long-term hemodialysis

patient’s condition while waiting for surgery [1]. And in
our case, the postoperative period of a patient requiring
LT from this expanded criteria donor as soon as possible
did not differ significantly from the postoperative period
of those that received liver from standard criteria donors.
The recipient’s length of intensive care and the dynamics
of laboratory parameters are comparable with those of
other recipients.

A retrospective assessment of the morphological pic-
ture in the graft also confirmed the absence of signs of
fatty hepatosis, it revealed single zonal necrosis, and the
portal tracts were weakly fibrosed.

CONCLUSION

The first experience of using a liver transplant from
a donor who was on long-term hemodialysis treatment,
in the absence of such risk factors as age, transaminase
levels, hemodynamic instability, duration of cold ische-
mia time, significant steatosis and hypernatremia [5],
suggests that the liver of this category of donors can be
used for transplantation. This reduces the LT waiting
time for waitlisted candidates.

The authors declare no conflict of interest.
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In recent years, oxidative stress, characterized by excess free radicals in the body, has been called the cause of
many diseases. There is an active search for drugs with antioxidant properties that are suitable for long-term
maintenance therapy. Nicotinamide (NAM), an antioxidant, is used to treat a variety of diseases, usually in oral
or injectable form. Given the peculiarities of the drug regimen (dose, prolonged administration), a new dosage
form of NAM, a microemulsion-based transdermal patch (TP), containing 20 mg/10 cm? of NAM, has been pro-
posed. The objective of this work is to compare the pharmacokinetic parameters of intramuscular and transdermal
NAM administration in animal experiments for 24 hours. Materials and methods. We used laboratory samples
of nicotinamide TP based on a microemulsion-based transdermal delivery emulsion (TDS) with different content
of sodium docusate transfer activator. The pharmacokinetics of transdermal and intramuscular injections were
studied in male Chinchilla rabbits weighing 3.5—4.0 kg. Plasma NAM levels of the experimental animals were
determined by high-performance liquid chromatography using a specially designed method on NUCLEODUR
PFP columns (5 pm, 250 % 4.6 mm) using the mobile phase acetonitrile: deionized water. The samples were preli-
minarily purified by solid-phase extraction using Chromabond C18 Hydra cartridges. Results. When administered
intramuscularly, the maximum blood NAM level was 13.3+1 pg/mL; when NAM transdermal forms were applied
in the same dosage with different contents of the transfer activator, the levels did not differ significantly — 3.1
and 3.2 pg/mL. It was shown that in transdermal administration of NAM, concentration of the active substance
remained at a constant level for ~6 hours. The bioavailability of NAM with transdermal administration was
calculated relative to intramuscular administration: 1.43 for TP with 9.8% docusate sodium and 1.84 with 3.3%
docusate sodium. Conclusion. NAM has a higher bioavailability when administered transdermally at 20 mg than
when administered intramuscularly in the same dose. With transdermal administration, NAM concentration can be
maintained at a constant level for a long time, without the jumps that are typical of intramuscular administration.

Keywords: transdermal therapeutic system, transdermal patch, antioxidant, nicotinamide,
pharmacokinetics.

INTRODUCTION

In recent years, the possibility of using antioxidants
as both the main and adjuvant agents in the treatment
of a number of diseases caused by oxidative stress, has
been actively studied [1, 2]. This condition leads both
to damage at the cellular level and disruption of the
functioning of entire organs and systems, resulting in
diseases such as cancer, atherosclerosis, chronic renal
failure, diabetes and its characteristic complications, au-
toimmune diseases, hemorrhagic shock, heart attacks,
ischemic conditions, etc. It is known that oxidative stress
also accompanies surgical procedures associated with
reversible vascular ischemia [3]. It is worth noting that
graft rejection, as well as graft dysfunction caused by
ischemia/reperfusion injury, is often associated with oxi-

dative stress [3—5]. In practice, various methods of donor
pretreatment and antioxidant treatment of donor organs
are actively used. At the same time, antioxidant therapy
is also indicated for recipients to improve graft perfor-
mance. However, instrumental methods that are mostly
used are rather difficult to implement [4, 6]. A combina-
tion of antioxidant approaches seems to be a rational way
out [4]. There is evidence of the benefits of using both
antioxidant enzymes and some vitamin preparations with
antioxidant properties among organ recipients. Natural
antioxidants are also capable of reducing damage under
oxidative stress, which has been shown in experiments
on a model of liver ischemia/reperfusion injury, but their
use is limited by the need for long-term continuous ad-
ministration and large doses [6]. For example, the use
of vitamins E and C after cardiac transplantation is
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recommended to protect blood vessels, but no large-scale
studies in this area have been conducted [7].

In literature, pancreatic islet transplantation is men-
tioned as a promising alternative therapy for diabetes
[8], which at all stages is accompanied by the use of
antioxidants that promote islet cell engraftment, improve
vascularization, and exhibit immunosuppressive pro-
perties [9]. Earlier studies in beta cell transplantation
noted the positive effect of antioxidant drugs, including
vitamins E and C [8].

We chose the water-soluble amide form of vitamin
B;, nicotinamide (NAM), a precursor of nicotinamide
adenine dinucleotide (NAD), nicotinamide adenine di-
nucleotide phosphate (NAD") and their reduced forms
as an antioxidant. NAD" derivatives play an enormous
role in cellular homeostasis, generation, and inhibition
of reactive oxygen species [10, 11].

The protective effect of NAM on insulin-producing
B-cells has long been of particular interest; in addition,
its stimulating effect on insulin secretion has been re-
ported [12—17]. In addition to its protective effect in the
treatment of diabetes, vitamin PP also plays a major role
in islet cell repair [18]. The use of NAM in the therapy
of diabetes can reduce the frequency or intensity of the
most common complications of this disease, such as
angiopathy, retinopathy, and neuropathy due to oxidative
stress [11, 19-21]. The regenerative effect of NAM has
been demonstrated in the restoration of liver tissue and
its function in an experiment after partial hepatectomy
[22]. The possibility of using NAM to reduce phosphate
levels in hyperphosphatemic patients with renal failure
who are on hemodialysis has been shown [23].

Constant, controlled rate of administration of appro-
priate drugs is an important condition for antioxidant
therapy in transplantation [4]. A solution to this problem
could be the use of reverse emulsions as part of trans-
dermal therapeutic systems (transdermal patches, TP),
which provide controlled continuous dosing of the active
ingredient over a long period of time, delivering it to the
target organs in unchanged form through the systemic
circulation without first passing through the liver. The
main advantages of TP include prolonged release of the
active ingredient without jumps in its blood concentra-
tions that can lead to adverse effects [24].

Given the physicochemical properties of nicotinami-
de (small molecular weight of 122.1 g/mol, hydrophili-
city) [25] and the features of the regimen (long courses,
oral or injected administration from 1 to 4 times a day,
high doses, the need to divide the daily dose into several
doses) [26], the authors developed a transdermal patch
for nicotinamide (20 mg/10 cm?®) based on a microemul-
sion-based TDS [27]. The aim of this work is to carry
out a comparative analysis of the pharmacokinetic para-
meters of nicotinamide in transdermal and intramuscular
administration.

MATERIALS AND METHODS
Materials and equipment

Nicotinamide (molecular weight 122 g/mol Sigma,
USA) in powder form was used as the active ingredient.

Laboratory samples of nicotinamide TP were made
using materials and excipients approved for medical use
and meeting the requirements of current regulatory do-
cumentation.

The microemulsion-based TDS for nicotinamide in-
cluded the following components: deionized water, sodi-
um dodecyl sulfate (AppliChem Panreac, Spain), apricot
kernel oil (Desert Whale Jojoba Company Ltd, USA),
a-tocopherol acetate (BASF SE, Germany), dioctyl so-
dium sulfosuccinate (docusate sodium) (Sigma, USA),
and Decaglin PR (Decaglyn PR-20, Nikko Chemicals
Co., Ltd., Japan).

To create the nicotinamide TP, the following auxili-
ary materials were chosen: elastic microbubble materi-
al Foam tape 9773 (3M, USA), sorbent base PALV-01
(Palma Group of Companies LLC, Russia), Skotchpak
9730 film (3M, USA).

Sodium citrate (NPO RENAM, Russia) was used to
stabilize blood samples during in vivo studies.

All plasma samples, including calibration solutions,
were purified from impurities using solid-phase ext-
raction (SPE). Purification was performed using 3 mL
Chromabond C18 Hydra cartridges (Macherey-Nagel,
Germany) with a sorbent mass of 200 mg, which were
prepared using solvents (acetonitrile (PanReac, Spain)
and deionized water) used to create the mobile phase
during chromatographic analysis.

Quantification of NAM in the samples by high-perfor-
mance liquid chromatography (HPLC) was performed on
aNUCLEODUR PFP column (5 pm, 250 x 4.6 mm Ma-
cherey-Nagel, Germany) witha NUCLEODUR PFP pre-
column (4 x 3 mm, 5 um Macherey-Nagel, Germany).

Equipment used in the work: DIAX 900 dispersant
(Heidolph, Germany), UIS250V ultrasonic homogenizer
(Heilscher, Germany), GH-200 analytical scales (AND,
Japan), Rotina 38R centrifuge (Hettich, Germany),
cleaning system Simplicity (Millipore, Germany), va-
cuum system with manifold and LiChrolut pump (Merck,
Germany), Agilent 1260 Infinity chromatograph (Agi-
lent Technologies, USA) equipped with diode matrix
detector, column thermostat and Chem Station software
(Agilent, USA).

Study design

The pharmacokinetics of NAM in transdermal and
intramuscular injections was studied on male Chinchilla
rabbits weighing 3.5-4.0 kg.

The rabbits were obtained from a nursery belonging
to Krollnfo Ltd. The producer provided a veterinary
certificate for the last animal health monitoring. All the
experimental animals were specially bred and were not
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previously involved in research. Quarantine was for
14 days. All manipulations didn’t cause any pain to the
animals and were conducted 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) and in
accordance with the Russian legislation: GOST 33215-
2014 (Guidelines for accommodation and care of labo-
ratory animals: Environment, housing and management)
and GOST 33216-2014 (Guidelines for accommodation
and care of laboratory animals: Species-specific provi-
sions for laboratory rodents and rabbits).

Plasma NAM levels in transdermal and intramuscu-
lar administration was studied according to the develo-
ped design. The animals were divided into three groups
at random. The first group of animals (n = 5) received
NAM once intramuscularly at a dose of 20 mg. In the
second (n = 7) and third groups (n = 5), we examined
the pharmacokinetic parameters of the transdermal the-
rapeutic system with the drug at the same dose but with
different levels of the transdermal carrier of dioctyl so-
dium sulfosuccinate (3.3% and 9.8% respectively) in
the microemulsion-based transdermal delivery system.

In groups 2 and 3, transdermal patch was applied to a
pre-shaved dorsal skin area at the base of the neck. The
drug was applied to healthy skin not earlier than one day
after the hair removal procedure.

Blood sampling of the experimental animals was per-
formed before administration of the drug, as well as at
discrete time intervals from the marginal ear vein, into
tubes with 3.8% sodium citrate solution. Blood sampling
times for TP were 40, 50, 60 minutes, then every hour
for 8 hours, 12, 15, 18, and 24 hours of application. For
the injectable form: 5, 10 minutes, then for 1 hour every
10 minutes, then every hour for 8 hours after intramus-
cular injection of NAM.

Test tubes containing the blood samples from ex-
perimental animals were centrifuged for 5 minutes at
1500 rpm at room temperature, then the plasma was
carefully collected.

HPLC for quantification of nicotinamide
in the plasma of the experimental animals

Sample preparation

Eppendorf tubes were filled with 500 pL of blood
plasma samples and diluted with distilled water in a
1 : 1 ratio. After stirring, the contents of the tubes were
transferred to a previously activated SPE cartridge. The
sample was passed at a rate of 1-1.5 mL/min, adjusting
the rate using the manifold valve. A three-fold wash with
water (1 mL each) was then performed, after which NAM
was eluted with the mobile phase (acetonitrile:deionized
water, 20:80, 1 mL). The eluate was then analyzed on a
liquid chromatograph.

When preparing calibration solutions, 20 pL of a
standard solution of NAM with a known concentration
(6.25; 12.5; 25; 125; 250 pg/ml) was added to 480 pL
of plasma, then 500 pL of deionized water was added,
and SPE of calibration solutions was performed as de-
scribed above.

Since NAM is present in all tissues of the animal
body, to correctly estimate the amount of NAM in the
studied samples, its background values were taken into
account by performing plasma studies before applying
the patch and subtracting the values obtained when pro-
cessing the obtained data.

Quantification of nicotinamide

Quantification of NAM in blood plasma after SPE
was performed by HPLC under the following conditions:

Mobile phase: acetonitrile:deionized water.

Elution mode: gradient (Table 1).

Mobile phase flow rate: 1 mL/min.

Column thermostat temperature: 40 °C.

Volume of injected sample: 20 pL.

Detection wavelength: 262 nm,

Chromatographic time: 30 min.

NAM retention time: ~11.8 minutes.

Calculation of pharmacokinetic parameters

Pharmacokinetic research method allows to give a
number of quantitative characteristics of the processes of
absorption, metabolism (biotransformation), distribution
and removal of drugs from the body. For this purpose,
the following parameters were calculated [28]:

— C,..» maximum concentration of the drug in blood
plasma (ug/mL).

— T, time to reach maximum drug concentration
(hour).

— AUC, the total area under the drug concentration cur-
ve from the time of its entry into the body until its
complete removal from the body (h-mcg/mL).

— AUMOC, the total area under the curve of the product
of time and drug concentration in the body from the
moment of its entry into the body until its complete
removal from the body (h*mcg/mL);

Table 1
Composition of the mobile phase

Time |Ratio of the components of the mobile phase (%)

(minutes) Acetonitrile Deionized water

0 0 100

5 0 100

6 5 95

11 5 95

16 30 70

21 30 70

24 0 100

30 0 100
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— T,,, drug half-life — the period of time required for the
concentration of the drug in the body to be reduced
by one-half (hour);

— MRT, mean residence time — the average time that
the drug spends in the body (hours);

— B, elimination rate constant (h™');

— F, bioavailability.

Relative bioavailability was determined by compa-
ring the total areas under the drug concentration curve
from the time of entry into the body to complete removal
from the body in transdermal and intramuscular injec-
tions. It was calculated by the formula:

_ AUC(TP) X D(injection)
AUCipjection) < D(tp)

where AUC is the area under the kinetic curve, D is the
drug dose.

Pharmacokinetic parameters were calculated using a
model-independent method.

Statistical processing of results

Normal distribution of experimental data was pro-
ved using the Shapiro—Wilk test on a small number of
samples (n > 5). Significance of differences was deter-
mined using Student’s t test (standard software package
Microsoft Excel 2010). Differences were considered
statistically significant at p < 0.05.

RESULTS AND DISCUSSION

A comparative analysis of the pharmacokinetic pa-
rameters of NAM in intramuscular and transdermal ad-
ministration in rabbits was performed.

—_
\S]
|

—
(=]

o]

Concentration, ug/mL

The averaged pharmacokinetic curves of NAM obtai-
ned by application of TP with different levels of trans-
dermal carrier of docusate sodium (9.8% and 3.3%) and
intramuscular injection (at the same dose of 20 mg) are
presented in Fig.

As can be seen from Fig., for intramuscular adminis-
tration of NAM, the maximum concentration (drug) in
the blood was reached after 20 minutes, 13.3 + 1.0 ug/
mL. Then there was a sharp decrease to 5.3 0.7 ug/mL
by 2 hours after drug administration. By 8 hours of the
experiment, the concentration was 0.30 £ 0.35 pg/mL.

When transdermal forms of NAM were applied with
the same dosage with different carrier content, increase
in blood concentrations was slower than with intramus-
cular injection, as shown in Fig. By the first hour, 2.2 £
0.85 pg/mL and 1.4 + 0.44 pg/mL drug were detected in
the blood when the transdermal patch was applied with
3.3% and 9.8% carrier, respectively.

With this method of administration, the maximum
NAM concentration in the blood for the patch with diffe-
rent transfer activator content did not differ significantly
(~3.1 and 3.2 pg/mL), remaining constant within the
statistical error for about 6 hours.

For TP with lower carrier content, the decrease in
NAM concentration began after 7 hours of application,
and after 15 hours NAM was no longer detectable in
the blood. In the case of application of forms with more
carrier, a gradual decrease in NAM levels was traced:
the beginning of the decrease was noted after 8 hours of
application, the drug concentration was 0.55 + 0.35 pg/
mL at 15 hours, and no NAM was detected in the blood
plasma at 24 hours.

¢ S .

15 20 25

Time, hour

O — Injection &

TP (9.8% carrier)

= =/ = TP (3.3% carrier)

Fig. Averaged dynamics of plasma NAM levels in experimental animals with intramuscular and transdermal administration.
Differences in the values of points (A) and (0) are not statistically significant (p > 0.05)
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Table 2

Pharmacokinetic parameters of nicotinamide
with transdermal and intramuscular
administration in rabbits

Parameters Method of administration
Intramuscular, Transdermal
n=>5 Transdermal carrier
content
3.3%, 9.8%,
n="7 n=>5
Cno Mg/mL 13.3 3.2 3.1
Tpue N 0.33 4 5
B, 1/h 0.495 0.301 0.187
T, h 1.4 2.3 3.7
AUC, h-ug/mL 27.01 49.75 38.58
AUMC, h?ug/mL 50.12 320.89 245.5
MRT, h 1.9 6.5 6.4

Thus, with the transdermal method of nicotinamide
delivery, there was a more uniform and prolonged drug
entry into the blood, while the concentration remained
at a constant level for ~6 hours.

The calculated pharmacokinetic parameters for single
transdermal and intramuscular administration of NAM
to experimental animals are presented in Table 2.

The average time that NAM spends in the body
(MRT) in the transdermal patch groups in both cases was
more than 6 hours. In the case of intramuscular injection,
MRT was 1.9 hours. Thus, a transdermal nicotinamide
therapeutic system can increase the mean residence time
of the drug in the body by about 3 times compared to
intramuscular injection.

The drug half-life T"* was 3.7 and 2.3 hours for the
drug forms with a higher and lower content of the trans-
dermal transfer activator, respectively. This parameter
was lower by almost 2.5 times — 1.4 hours — when NAM
was administered intramuscularly.

Calculation showed that NAM had a higher bioavai-
lability when administered transdermally than when in-
jected intramuscularly (1.43 for TP with 9.8% carrier
and 1.84 with 3.3% carrier).

Thus, the results of the in vivo studies and a compara-
tive analysis of the pharmacokinetic parameters of NAM
in transdermal and intramuscular administration showed
the promise of the transdermal route of administration
of the studied antioxidant.

CONCLUSION

In the course of this work, the pharmacokinetics of
intramuscular and transdermal routes of NAM adminis-
tration in vivo were studied using transdermal patches
with different contents of the transdermal carrier activa-
tor of dioctyl sodium sulfosuccinate.

Application of the NAM 20 mg transdermal thera-
peutic system has been shown to provide higher bioavai-

lability than intramuscular administration of this drug
at the same dose. At the same time, the maximum drug
concentration in the blood is 4 times lower and its resi-
dence time in the body is more than 3 times longer, which
may promote prolonged drug effect. Changes in the drug
concentrations in the blood for transdermal patch occur
gradually over several hours in contrast to its sudden
jump when NAM is administered intramuscularly. This
is a definite advantage of the transdermal nicotinami-
de system in case of long-term use for prophylaxis and
maintenance therapy.

The authors declare no conflict of interest.
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