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[ABSTRACT] Objective To establish a technical system for allogeneic kidney transplantation surgery in
pigs using the Banna miniature pig inbred strain, and to evaluate it through routine blood tests, liver and
kidney function tests, thus providing reference data for the preparation of allogeneic kidney
transplantation models. Methods A total of 4 cases of allogeneic kidney transplantation surgeries were
performed, including 1 case of single kidney transplantation in a healthy pig, 2 cases of kidney
transplantation after unilateral nephrectomy, and 1 case of kidney transplantation after bilateral
nephrectomy. Before kidney transplantation, cross-matching and complement-dependent cytotoxicity
(CDC) tests were used for matching between donor and recipient pigs. After kidney transplantation,
peripheral blood samples were regularly collected from pigs for routine blood tests, liver function tests, and
kidney function tests, and color Doppler ultrasound technology was used to detect blood supply to the
transplanted kidneys. After reaching the experimental endpoint, both kidneys of pig DR1 and the left kidney
of pig DR3 were collected and hematoxylin-eosin (HE) staining was performed to evaluate pathological
changes in the transplanted kidneys. Results Recipient pigs DR1 and DR3 died at 17 days and 30 days
after surgery respectively, while recipient pigs R and DR2 remained in good condition during the 30-day
observation period. The results of liver and kidney function test showed that in pig DR1, alanine
aminotransferase (ALT) levels increased on postoperative day 1(>1000 U/L), peaked on postoperative day 7
(1300 U/L), and aspartate aminotransferase (AST) levels peaked on postoperative day 1 (>3 000 U/L). On
postoperative day 17, ALT and AST levels remained high (ALT, 500 U/L; AST, 700 U/L). In pigs R, DR2, and
DR3, ALT and AST levels returned to normal around day 17. Serum creatinine (Crea) levels in pig R remained
stable without postoperative increase. Crea levels in pigs DR1 and DR2 showed transient elevation on
postoperative day 1, then gradually returned to normal (<100 wmol/L). Crea levels in pig DR3 remained
below 500 pwmol/L from postoperative days 2-10, but increased between days 11-28, reaching up to 1500 wmol/L,
indicating gradual loss of kidney function. Ultrasound results showed that the preoperative resistive index
(RI) of recipient pig R was 0.91. On postoperative day 24, renal cortex and medulla showed abundant blood
flow signals with Rl value of 0.88, which was close to the pre-transplantation Rl value. For pig DR2, the RI
value on postoperative day 17 was 0.89, with poor renal cortex blood flow and relatively good renal medulla
blood flow. In pig DR1 on postoperative day 17, no blood flow signals were detected in the transplanted
kidney. HE staining results showed that the non-transplanted healthy right kidney of pig DR1 had normal
structure, while the transplanted left kidney showed blurred glomerular structure and nuclear dissolution,
indicating that the left kidney had lost function before removal. In the transplanted left kidney of pig DR3,
large numbers of red blood cells and lymphocyte infiltration were observed in glomeruli and renal tubules,
indicating possible coagulation dysfunction and rejection reactions after kidney transplantation.
Conclusion Banna miniature pig inbred strain is used as experimental animals to perform four cases of
allogeneic pig-to-pig kidney transplantation. The physiological parameters of the recipient pig and the
function of the transplanted kidney are monitored after surgery using routine blood tests, liver and kidney
function tests, color Doppler ultrasound, and pathological examinations. The allogeneic pig-to-pig kidney
transplantation technical system established in the study can provide a foundation for clinicians to
conduct kidney transplantation surgeries.
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Note: A-B, Flow cytometry results and cell death rate for the donor pig C2, C1, D versus recipient pig R in CDC matching test; C-D, Flow
cytometry results and cell death rate for donor pig C2, C1, DR2 versus recipient pig DR1in CDC matching test; E-F, Flow cytometry results
and cell death rate for donor pig C2, C1, DR versus recipient pig DR2 in CDC matching test.
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Figure 2 Results of the CDC assay between donor and recipient pigs
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Table 2 Allogeneic pig kidney transplantation surgery conditions

FHREW B iaHE PR AT ()

HIRERZ RS HIKEES/g PR [ B 18] 7% TR [N AT 8] ) I I
. . X . L . L Time to initiate urination
Donor/recipient number Donor kidney weight/g Warm ischemia time Cold ischemia time .

after opening the loop

R 18.9 Tmin5s 4'h 35 min 2 min

DR1 87.3 2min5s 1h 15 min 5 min

DR2 15.7 5 min 6 h 23 min 3 min

DR3 100.5 4 min 8h 18 min 4 min

24 AMRAERERMABINSHAEENINLE
. BFIheEfN S Ihae =ik

MEMME (B3) Ex, EREBdEREI,
B RETE A (white blood cell, WBC) . bk 48 fits
(lymphocyte, Lym) FHA ¥R 400 (neutrophil, Neu)
HEEAE - ENBEE, ZE 14~21 dEHRIREARET
K fEARRBI3 dEARJE 17 d, % DR1H) WBC #] Neu
W&, Lym 8GR AR, 5% DR2 B WBC
1 Lym 380 &, New WHEUR# IR RJ50~28d, ¥4
DR3 #) WBC. Lym Fd Neu it 0 8 &2 FFF a9,
FFDhBEFN S DO RERR I &5 SR Z 7~ . % DR1 AR5 1 d
NE R RS (alanine aminotransferase, ALT)
fACEFE (51000 UL), RIG7d ALT BIKEIAZ]
ElE (1300 U/L); ARG 1 dRITERABR LR
(aspartate aminotransferase, AST) [ 7K X 2 /& I
(>3 000 U/L); ARJ517d, ALTHIAST #)& &40 F
B &K (ALT, 500 U/L; AST, 700 U/L) . ¥4 R.
DR2F1DR3 [ ALT FIAST {9 & &3 T 17 d EARE 2
EEKE (E3), BRIMEFHEALEF (creatinine,
Crea) SRR NTE, REXRAE LI DRI, DR2
MG Crea S EAEARIG | dIE — KA S, 25
B A 2 1B H K (<100 wmol/L) ; $% DR3 ] Crea
IKSEAEARSG 2~10 d BT 500 pmol/L, RJ5 11~28 d
EIAF] 1 500 wmol/L,

25 EMHRAESBEEHRAEBENSEENSIED
nEL

SR TR, Z AR R B RHTH 748 &L
(resistive index, RI) 5091 (E4A), B Kz F15EHE
MmmEaE: RE24dELE. #EHELRGESFES, RI
fEH0.88 (K14B), 5ARBMERTH RI{EHT, & DR1
ARG 17 d, BHEESHRENZEINRES (B4C); 14
DR2 ARG 17 B RIME ] 0.89, B RzfRIMIRE %, SiE
JRIMAEESF (E4D),

26 EAMRAEERERMABENSEENSIEA
NRBZETK

ZARSE DRUIE S BEARTG S 17 RITR R, HIH
B, WEERMARAS, KB 0 HE 155 R R A A 2 27
K, BiEoREELl f, SRR KR ISR N IE &%t
fE (E5A. D); BEBSCESHEBALZRE, L5507
B, BhEpiastEe (KS5B. E). DRI FARE
30 dFETS, fRE1&BUE DR3 RS AE S IR & ARG
izt B AR, 2HEM (BS5C. F), HEZ
L5 R, & DRI BYRHIfE B2 1 A B /NBRFT S /N &5
MsEEETEMT, 40Nk, JHRRIEM T, B s —
%, BNERNEORAHE, RILASRG (K
5G), & DRI HIRSAE B A S/ INE T S5 B AN IS
IR R WA, RIFHAMEZER (B SH); ¥4
DR3 A EAEE B /N . B /NE AT IR R AL 2 oA
REEZRAIRIE  (B50),

3 itie

BRI AT RIETE Y, 505
WRBIIMELL, 8 BRI R/ NRRSI S 5 AR R
FHML, 2R A LR B B SLIG s . AR
T BER AN, BTSSR 55
fa FEARMOLME 128 F RN 1 32 R ST (R A A
A, WA FMEM. 6. BIhaE k48
JRBELARN, R BB Z ARSI
BAEFARIRE. BREETETERGEFERIERES
%, JHRAEEMER .

A CDC SEIGEE R TR, IRANTEDRE IR &
AMAME (D-R. DR1-DR2. DR2-DR14&) HIZHHAE
TR H AR TIm ¢  IEE Cl. Q2 5iER A MK
(C1-R. C2-R. CI-DRI1, C2-DRI. C1-DR2, C2-
DR2) FCFIRTAIAIIESET SR, BN, ABFFF R 441
FRANTEELIE I 22 R R PP R B A AR AR R Ak
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R DR1 DR2 DR3
4 4 40 4
SEl
WBC 520 \/// 5%
L L L L L L . . . . 1 L . 1 L
3 7 9 14 21 3 7 17 L A - L i L 2 s 10 15 21 28
Wi st/ 31 417 =
i Laon] :
Time/d el Timeld Time/d
201 20 20
B 3
o u
L L L L L . L L 1 L L . . L L i L L L L L
3 7 ) 14 21 3 7 14 17 3 3 NM/J 14 17 8 10 15 21 28
/0 B/ J st/
Time/d Timeld Timed Time/d
il 7
i)
Neu
L L L L L L | L L L L L L L . L L L L L
3 T L 2 14 21 14 17 -3 1 3 7 14 2 8 10 15 21 28
’ e /d Bl /d e /d
i Time/d Timeld Timeld
ime/d
200 1500 . 200r 150
Z 4 : 2
= 150 = _ T 150 S
WERGEE T o 1 o5 e
TR 25100 e < 100 23
& 23 £s ke
3 ® = Pt 5
ALT gs #3 so0f o] ® = sk
&= 50 g & S0 &
¥ = H £
1 ! L L L E L ! L L ! L L 1 1 L L 1 1 L L 1
3 7 9 14 21 T 3 7 1417 3 1 3 1 14 17 8 10 15 21
Bt/ i/ Bifel/d wii/d
Time/d Time/d Time/d Time/d
~ 400 T 4o0r ~ s T o1s0r-
3 300) <3000 S eoof <
o @7 = & 100
REGRAE o7 £ He i:
R £ < 200) £ 20001 & < 4001 -
# 2 BZ o .
= z G &% sl
AST £z E - E G s
] Z 100 ¥ 1000 5 200 &
= , . ; N L ® AT T T g o ® . . . . .
-3 7 9 14 21 3 7 14 1 -3 1 3 z 14 17 8 10 15 21
B /a B /d TR /d Bl /d
TiI::/d Time/d Time/d Time/d
150 400 200 1500
=7 150
JLEF I3
-
Crea \\.—__. £z 100
& )
25 100 EC 50
L L . L L . L | 1 L . 1 L L . 1 L L . L L 1
3 7 9 14 21 T 37 14 17 3 3 7 14 17 8 10 15 21 28
wtfi/a B/ wifl/d NG
Time/d Time/d Time/d Time/d

E: WBC, BHETEG Lym, MEMRITE; Neu, SHEHMEITE; ALT, RERAERLBE; AST, RIIZaRAEEBE; Crea,

Bfo MRRETEPENROE—EHEE, ROLSEFSEEMBURGNIRES, SHENESNEEERE.
Note: WBC, White blood cell count; Lym, Lymphocyte count; Neu, Neutrophil count; ALT, Alanine aminotransferase; AST, Aspartate

A

aminotransferase; Crea, Creatinine. Blood collection in pigs is difficult and may cause stress and detection errors, leading to missing data

at certain time points.

B3 BBEn R EMZAENME I

8. BInagta

Figure 3 Routine blood, liver, and kidney function test results of donor and recipient pigs before and after kidney

transplantation

AR R AL, & DRIFENE VIR S G
75 30 do IXEELERAE—ERERE BRI T RN AL S
VLA Z MR ZE 7 BN o FRATHTHATT Fee B el i 2

HIER RO RFAA R R TR, SLAK
ROH F Bt (>10 Mb) 5 29.7%, F¥J FROH /& ik
47.57%, S H T AU SRR R e B/ NS 1

N
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SR 745 SR 5 AT R RO AR AR 1 52 A B 1A%
TGS R—EL, FE— P EIE T RN 38 R M
[EIE=32 2 N NS R
B IRERIIRE B0 S iR s /12t e 2 B %

TG 24~72 h GRIZIVHSE A, Horb, RES245EI
A Crea ZKERAEARSE 3 dNZEDRRES0%, [
T 25 g A VG A B R IR s SRR

MM 2 A E, RS shiioka . MR
FMEIRAE, WA mMAER " IR -,
BREFARNKEH —KATILR, B2 %'M NS
BRI AR ARAFAS 24 8065 I8 W & I R T
Note: A, Preoperative ultrasound image of pig R; B, Postoperative M2k 4G /NEIRIE (acute tubular necrosis,
ultrasound image of pig R at 24 days; C, Postoperative ultrasound ATN), FEERIADFREToIR Mo Crea @V T
image of pig DR1 at 17 days; D, Postoperative ultrasound image of eI OMElR e —, HIRE AT e B /NERE L Th

F: A, BRABIMNBEER; B, HRABE2AJINBEER; C,
DRI¥AE17dRIERER; D, ¥DR2ARF17 dBFER.

pig DR2at 17 days. RERIHRMAFRE , 1B/ NERIEIS DhRE R R (1 /NEk#R
B4 SHR3ET0S A5 R S AR 7 40 %) B, CreaHEMHID, IMIEH Crea Ko ARH
Figure 4 Renal blood flow monitoring of donor and 7, JEDR1. DR2FIDR3RJGEE 3 KH Crea ZKFEHEG

recipient pigs Fif R, Hrf, FEDR2 M CreaZKESER%EE 100 pmol/L, [5

Contralateral kidney
of DR1 pig
DRI & A

Transplanted kidney
of DR1 pig
DR1##8 B At

Transplanted kidney
of DR3 pig

E: A-C, HRDEDRIARBES (WME). %DFU BiEEME DR3$§$E"2HFE’37({ML D-F, ﬁ? J¥EDRIABES (MMWE). ¥DR1E
EBMBEDRIBESIHAINEM; G, Z%DRHH%*E"‘ (U'E) HERBER; H, BORIBENSHEREER, EEHFERETNRRE
ZBABMBNE; |, BORIBEBHEREER, A&HERNETNENREMAR, BEHENERNRLMAB. mRA50 pmo.

Note: A-C, Gross appearance of the non-transplanted kidney (contralateral kidney) of pig DR1, transplanted kidney of pig DR1, and
transplanted kidney of pig DR3, respectively; D-F, Sectional views of the non-transplanted kidney (contralateral kidney) of pig DRI,
transplanted kidney of pig DR1, and transplanted kidney of pig DR3, respectively; G, HE staining of the non-transplanted kidney
(contralateral kidney) of pig DR1; H, HE staining of the transplanted kidney of pig DR1, with glomeruli showing nuclear dissolution
indicated by black boxes; I, HE staining of the transplanted kidney of pig DR3, with lymphocytes indicated by red boxes and red blood cells
indicated by black boxes. Scale bar = 50 pm.

ES5 BEBREXAMURMHERE

Figure 5 Gross observation and HE staining of transplanted kidney
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YRGB IEH /K 4 DR3 RJG 2~10 d f Crea K%
F 500 pmol/L, $27RFEAE S HELE EA R A H53 ThRE
11~28 d Iif Crea 7K P ik 2] T 1 500 wmol/L, FRAHIL
B HETIRE R E R . ZEH SRR L ATN BEAR
JERIMIAEIL, ATN BE ARG 2~3 d JREF] Crea /K
S, BHEERRIREARERE.

B R S S e N2 B R fE R AR
JE R — R g HE R R AL, BE BRI
24 hINHIEE 1, 58 DRITEARSE 17 d IR /INE |- R4
MARRILS, % DR3 ARG 30 d {7573 4™ 25 ik
BRI, XMAEN PR ER TR E AR EE,
RS H (O DR1) Al RE S Bl F G A %
(AST>3 000 U/L #2 7x /™ 5 BT 1 1 4% & 19 AR 8t 25
ELUST), Rkl B E . i (8 DR3) A]
BEVE E 58 B AN B e e RLE 1o ET A A S DR AL
(1) W& ARIEVEBRS RS B2 N RS B it
JRERHZIRFES | eI RRL, B HE R RN A
(2) R SRER A FRER A [a) - el e i B (R
RIFA LRSS E R RS RS, MBS
MERBRE TR, XERHE R NI INE R
KENE, BEATHER XU U85 (3) Sas im0 aY K i
JE = R R B AATT g HE R RN B S —— i@
AR RGEE, AIERBIR D> Z AR B
s 1 (4) RIGEGERAE S thabe 2L nH I
JRIA, 7 A7 18 PR % B 2 R TR e AR A5 28 R 42 1T A
I, St BRI S iR 2,

LT AN —E IR, B FO_RMNLT T
el (1) BEFEAREERRE, RenEmasEk
HODIRIVRERES . (2) SRS AR MEL S T 7
%, giE R [ e AU RIR AR A7 & (3) s
AN JE W S RG], DA AZ A0 Sy HE e ROBLRY
KA, IMEKBHEEAENE; (4) Sz
BHEEARKRRBR STREE, FRARAEBEG
ARSI IR AR B L DL B TR A

AR FELARR NS 1 28 B N SEgesh ¥, SEiie T
4 G SE R R R AR BT AR, ARGEBMEM .
FrIhee. 'BURELAREa L End, MN2EEr4E
PRI B AR DI BE R il o ARBHF FEA R A~
R A S BEE ARG R, NFIRREERAFEAR
Ferg. BuHt S tass BT T XU e B AR E B
HERBETHEY, NEFLRNYEBEB 2 E S
fith, A AR E R S AR D e B R A
HEHEE
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