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[Abstract]

Objective  To investigate the relationship between uric acid metabolism and brain injury following

cardiopulmonary bypass (CPB) in rats. Methods Healthy male SD rats were randomly assigned to either a Sham group or a CPB
group, each comprising 12 rats. The Sham group only underwent vascular puncture and did not perform CPB conversion, while the
CPB group was subjected to a CPB procedure with a perfusion duration of 110 min, and the brain tissue was collected post-procedure.
Microdialysate was collected 1 h before and after CPB initiation. Apoptosis in the paraventricular nucleus (PVN) was assessed using
TUNEL staining, and the expression of Bax mRNA in cerebral cortex and hypothalamus was determined via real-time quantitative
PCR. Apoptosis-related protein expression was analyzed by Western blotting. Differentially expressed genes (DEGs) were identified
through RNA-sequencing between brain tissues of two groups, and Gene Ontology (GO) analysis was performed to identify enriched
pathways among the DEGs. Protein-protein interaction (PPI) networks were constructed using String and Cytoscape softwares to
identify key genes. Liquid chromatography tandem mass spectrometry (LC-MS/MS) was employed to analyze differential
metabolites in the PVN before and after CPB, with Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
constructed subsequently. Uric acid levels in the hypothalamus was measured using a uric acid assay kit, and the expression of key
enzymes of uric acid metabolism [xanthine reductase (XDH), adenosine deaminase (ADA)] and uric acid transporter [organic anion
transporter family protein 1 (OAT1), organic anion transporter family protein 3 (OAT3), ATP-binding cassette transporter subfamily
G member 2 (ABCG2), glucose transporter 9 (GLUT9)] genes in the hypothalamus was evaluated by real-time quantitative PCR.
Results Real-time quantitative PCR revealed a significant upregulation of Bax mRNA in the cerebral cortex and hypothalamus of CPB
group compared to Sham group (P<0.05). TUNEL staining indicated a significantly higher apoptosis rate of cells in PVN region in
CPB group than that in Sham group (19.0%+5.0% vs. 7.6%+0.8%, P=0.01). Western blotting showed a significantly increased Bcl-2/
Bax ratio in the hypothalamus of CPB group compared to Sham group (P<0.05). A total of 2829 DEGs were identified between Sham
group and CPB group, with 1374 upregulated genes and 1455 downregulated genes. Uric acid metabolism-related pathways were
predominantly enriched in purine nucleoside metabolism and biosynthesis, purine nucleoside monophosphate metabolism, purine
nucleoside triphosphate metabolism, purine ribonucleotide metabolism and biosynthesis, purine ribonucleoside monophosphate
metabolism and biosynthesis, purine ribonucleoside triphosphate metabolism and biosynthesis, and reaction to purine compounds.
Eighteen differential metabolites were identified in the microdialysate, with 13 upregulated and S downregulated metabolites. KEGG
enrichment analysis identified 7 significantly enriched metabolic pathways, among which the nicotinate and nicotinamide metabolism
pathways were closely related to uric acid metabolism. Both RNA-sequencing and LC-MS/MS analysis suggested alterations in uric
acid metabolism in CPB groups. Post-CPB, uric acid concentration in the hypothalamic tissue significantly increased (P<0.01), and
the expression of XDH and ADA mRNA in the hypothalamus were significantly increased (P<0.0S), while the expression of ABCG2,
OAT1, OAT3 and GLUT9 mRNA significantly decreased (P<0.001). Conclusion  Uric acid metabolism in brain is altered during
CPB, which may be an important mechanism for brain injury following CPB.
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FERBBENL I MR T AL S CPBA, A4l 15 H.
R T ARAANAT A 2R, APEAT CPB#: i ; CPB4L
HEA7 CPBARAY , FEIT K 110 min, CPB 4% it it
SRR BUBOENTI , Fem a5 R B2 U2 7%
A SE AR, BT AR R TS bk 5 R O I 2
PR AR TAET 3 Ky CPB 2 Hy T 2 i bk 2 o
R s M AET: 3 H o e 12 H R 58
12 ik
121 KB CPBRIAIAY LS, SD K R I 3 5 2%
G EL 2240 (50 mg/kg) . RS ARUR TS IRAS (14G
PRSI/ NSIEIAIL, 4T HLGE
(B 3 ml/kg, PPN 60 UK /min, WEIFEE 1:1.5),
WA LA o AR T A7 Bk (14 G) . XU i 3 ik
(22G). E#thk(4 Q)T RIEE . B85 EHE T
RN =8, RRIKES TR (S00 U/kg) . #F75%
KIE (3 ng/kg). IR EMEE, BikMmsmk, HF
2 G P, CPB T IR I e B S ok B4,
HEAEMTNR A S . JFRALEIFIG CPB, B
WEEE, AR ERN 100 ml/(kg:min), AR
o 4k £ 7 2 3 ik JE (mean arterial pressure, MAP)
>60 mmHg, AN REZEF I e 1 AR5 H A
ML o AEE A5 R BUAHR T B, N AR A 4
it 4 35 AT IR A (304£0.5) °C. CPB BAHT K 110 min, 2%
G GH U ZUE T A
122 REGBOENTRICE R B FUBE R S
[# 7E T Wi ST A AL b, DD Sk B R R L, AR
PO VAR % NI AN I e A N Sl 73
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discriminant analysis, OPLS-DA )5 Y fit) 45 1 5 5 5 22
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0907 ok i e 25 AR, TR AR P<0.1 HI VIP
>1o W22 AR EAT st AR DY 5 L R 2 F R 4 4
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Al), 4 CHFE R, ¥ H %I HRP FH0 4 IgG(H+L)
(1:2000, I = AW BARA R A “hiiEE
45min(37 °C, FEIK), B2, ROEOCE T IKEE
3T

1.2.7  RNA Jll J¥ (RNA-seq) Fll 22 S % ik 3
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AN RNA &I B 55 . 5 BRI, TS % e il SC
J# #4 # . >R HH Direct-zol RNA mini Prep Kit( 52
ZYMO Research /Aﬁj)%ﬁlﬂwéﬁé‘% RNA, A Oligo T
ST RO %, AU —4i% cDNA; i i) RNase H
fiti . DNA Z 5 B FI T, 3% 4% i 2L [ 52 0, AR 1P B
cDNA; WU cDNA £ Tns i i Befl, IR RN |
DU F 5 1Y RD P91 5 38 420 P 97 (¥ RD 7 41) 3% 4% PS
P7 PN 10, I T R AR PCRYHY s SURIRG
BT . P<0.05 K & % DEGs I . X} DEGs i1 T
LA (Gene Ontology, GO)ﬁﬂ‘ﬁ , AFEAEY) R
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Tab.1 Primer sequences for real-time PCR
P ERG19(5-3) RIE519(s'-3)
XDH TGATGGTTCGGTGCTGTTGA GGGACGGTGTTAGTGCTTGT
ADA AGAGCAAGCATTCGGCATCAAGG TCCATAGCCACCACGGTCTTCTG
GDA CTGAACGTGCTCGATGTCCTGAAG CTGCTCTTCGGATGGCGTCAAG
GLUT9 TCCTACTGCTTCCTCGTCTTTGC ATGGGTTCTGTTCTTGGTCTCTGG
OAT1 TTTATGGTGACCCCCACACT AGCTCTAAATACTTCCAACTGTGA
OAT3 CCTGGTGCCATGACCTTCTC TGGTGGGCTATTCCGAGGAC
ABCG2 TAGGTCGGTGTGCGAGTCAG TAGGATCTATGCCTTTCTAGCTGT
GAPDH CCTGCACCACCAACTGCTTA GGCCATCCACAGTCTTCTGA
DCTNI CACCTTGCCGAACAGCCTGAG CAGCCGTCCTACCTCCACACTC
VDAC2 TTGGATCCCACTGCTTCCATTTCTGCAAA ATTAATGCTCTTCCCATCTACCAGAGCAGA
HSPAS ATGATGAAGTTCACTGTGGTGG TTCTGATGTATCCTCTTCACCA
TUBA4A GCCCTACAACTCCATCCTGA ATGGCTTCATTGTCCACCA
Bax CGGCGAATTGGAGATGAACTGG CTAGCAAAGTAGAAGAGGGCAACC

XDH. # 536 JE i ; ADA. BRI 20 B ; GDA. 5 IS I 208 ; GLUTO. #5 A B i%i2 1K 9; OATL AL E FH B R EHREN 1;
OAT3. AHLI B FHAZIRFIEE 3; ABCG2. ATP 45 A &\ N 5% G U iA 2; DCTNL. 772K (IS 2 (1 1; VDAC2. HL AR AS: [
B FilIE 2; HSPAS. 70 kD #AYKTLEE [15; TUBA4A. o il 85 1 4A; Bax. Bol-2 JCHE X B 3 GAPDH. HIMEE-3-Wi i i St

CQ). e (molecular function, MF), P<0.05 ]
ERHGIERE L {#H DESeq2 B AL/ MrEEAR 4
[ DEGS, #Jsh b i Bl dE A7 th — 0o geit
K, S 43 o B R BOR AE R A IR A W) R E D
WA/ Ny

1.2.8 & M -4 F 5 AH B AE ] (protein-protein
interaction, PPI) %] éﬁ E/‘] @TL M {Ej T *H %% E@ ﬁ
¥ CPB AL 5 F R4 DEGs F A String 7EZE 4K
, LLo4 R e P i PRI N 4% . S il , R
H Cytoscape AT PPI 25 i T AL 43 H, I
i CytoNCA i {415 2] Degree {H , i bE 5 A AH OC A9 3
X . 8 1 GeneCards ¥ 4 )& (https://www. genecards.
org/) LA “apoptosis” Ay 6 2% 1] 4R U YE T A G HE P,
5 DEGs B2 %, M 4§ Relevance score {H i & 56 5
A

12,9 RV FER D SR IR IR A I ik R &
(Co12-1-1, M= R U S AE Y T ARSI ) 0 2 PR IR
WIE o BT e S K B BT PBS 28 i &) 3K,
10 000xg B> S min. B 100 pl L& HIA 96 FLAR T,
I ZE Wi b o TR AT, 10 min 5 2K £
YIRE AR (2 18 Thermo 23 ) 7E 690 nm i K T (Ot
%1cem, &5 Ewﬁi)*ﬁ(ﬂ‘ﬂ%ﬁ‘ﬁﬁ(om{ﬁo 5350 wl
A F BCAKE I (AL 5T Solarbio A F]) o Fr X4k
SR PRI 5 2 1 B J& 1Y UL

1.3 Sitefab SR F SPSS 29.0 AR #EAT Gt 43
Mro A EUREATIESYER S, 68 IESS T
OB s KR, WL ] HO AR I ST FEAS ¢ 46
B AFEIESS TR M(Q, Q)FR,

PIZH 8] LR HAEZ RS . P<0.05 22 547 4E it

2 & g

2.1 CPBJE KMiAEN  SLHH 9865 B PCRAG
RN, SIEFARA R, CPBA KRN B
KR E g AR T A 56 FE ] Bax mRNA #3524
(P<0.05, &l 1A). Western blotting Kl Z5 R 7, 5
RFARAE, PB4 KR T Ffifi 1 Bl-2/Bax HUAE
0 5 Jh 5 (P<0.05, 8] 1B), TUNEL (8,45 B R,
HFARA R, CPBL4 KR PYN X IR 40 i i 1%
A 521 5 (19.0%+5.0% vs. 7.6%+0.8%, P=0.01, [1C).
2.2 RNA-seq 4R X R T AR 41 CPB 4 K Sl ki 20
LU T RNA-seq )7, $£155]2829 1 DEGs, Hrr I+
WHE 13741, T 14554~ DEGs [ 7] #i4k
MA FEInE 2 iR

2.3 RIACHTE M GO EENIE R
7N, FEAEWE AR, BRI AE O Y 38 #0475 1
MSAZ AT TR S A . PR A Bl R A R
WERS AL AT =W RRACI . MRS AR T R G B
G, MEMS R BRI A S AR A L I
WS R REAZ AT = BEIR AR S AW B . XHIERS LG4
N 55 5 43T IR 7 AL TG P A T 25 A S IEEns
MM 4G A kA 2w 4 iE
#(3k2).

2.4 JRIRACIHNE H PPI M ZSFI . String TEZREF4)
Mres R EoR, 122 DEGs 25 T R RICIH & A M 4%
FIRSEE, 18R 23T 128 kil , EEEPEM 1Y 45
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Fig.2 M-versus-A plot of differentially expressed genes (DEGs)
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Brain injury after CPB

PTG 1(Pgk1) . ¥ 5k T Jun(Jun) . #7465 BR A Tl 3 1A
(Cs). NG CIEREES & 81 1(Pebpl) , BARF5 5
T 1a(Hifla) . HBEAYIEACHT 1(Sodl) . BERRPIHE S
PO 1(Tpil) . AT B PR VLS 1(Nmel) . BRI
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B, HARI S B
2.5 JHTAHOCEE R A 0 5 S I UE i % GeneCards
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2.6 (HEENTIRACIAL =T AR 2 PCA ST 4
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F2  RIRICHIAE DG 2E 3R B K (DEGs) 1Y GO & 4R 41T
Tab.2 GO analysis of differentially expressed genes (DEGs) with uric acid metabolism
eS| Hi's EgE| FEHHE "y
GO: 0006163 WA AT RR A I 84 0.034
GO: 0009126 CENS AT SRR A I 58 0.010
GO: 0009127 WSS AR AR M A 6 35 0.019
GO: 0009144 WERS A — R gt 58 0.012
GO: 0009145 MRS AZ AT = BRRR (194 M5 33 0.014
GO: 0009150 WER A R At 82 0.022
GO: 0009152 WEWS R WERZAT R W) B 46 0.037
GO: 0009167 WERSAZ M AZ T ER R AR A T 57 0.014
GO: 0009168 WERS A AZ T BB ER 1 A ) 5 33 0.019
GO: 0009205 RN MR = WERRACiT 58 0.008
GO: 0009206 MRS AR AZ T — W IR 4 A 15 T 33 0.013
GO: 0014074 Xof AL A i S 46 0.030
Jra— GO: 0001883 EERSAZ TS & 70 0.039
GO: 0032550 EERS AN B ek 70 0.033

GO. FEH AL

3 BRI 4, b B2 #, R
PRI 2

KEGG & £ ras iR, R 7K BEE
PRI S, ANk 4 iR . 7RI S0 g, IR ER
AL R A 5538 % T RE -5 PR ER I 2 DA G
2.7 CPBJa KEUF b BRI AEL WnEl 6
fis, CPBZL K FRT Fofigi A bR iR vk B I i i TR
AR (P<0.01); CPBZKET Frfili o R ER A O H ity
ke [R] 5 N2 04 3 R (Xdh) . R O %2 (Ada) mRNA
AHXF 2% 35 1 W 8 TR R 41 (P<0.001. P<0.05),
1717 1 W5 145 3% 22 86 ( Gda ) mRINA 22 3k 7 B B (I TR FA
20 (P<0.05); CPB 4 i IR IR iz R SE AT AL 25 4%
ERFIEE A 1(0atl) . AHLIHE T2 R R E A
3(0at3). ATP 45 & & X F% 2 R WK% G 1l b1 2
(Abcg2) . W EPHHELIZ 1K 9(Glut9) mRNA A B 0]
TR F AL (P<0.001)
3 3 i

ARWFFE KB, CPB A4 UF Ik 4 LA i A 1
RNA-seq S R4 24 53 B 45 S 42 7R CPB Ji5 IR R 1R 15
AR R A A, BRI 9T K R R 5 vl 28 R G ge
W2 B REDIET, RIARF I — SRR T IR
RIFPAT A SE N 2. 25 R R, CPBJE N MR
ik v i O S T, DR AR B DG B 2 H) Xdh mRNA
FHOXE 0k B B B L PR R §% 38 (R 3L B (Oatl
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Fig.3 Protein-protein interaction (PPI) network of DEGs with uric acid metabolism visualized by the Cytoscape software
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Fig.4 The expression of genes with apoptosis in the

hypothalamic of rats in two groups (n=6)
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Tab.3 Different metabolites in positive and negative ion mode

S R vIP SR P

EREB-H AR ER 183 1426 0.072
LB BE-H AR 2.0 1691 0.014

fili i b 204 1471 0.022
AN A= EER 233 1335 0.008
B- PR A 145 2069  0.064
FH 25 R 170 1338  0.090
¥4 O 223 1.843  0.021

IEBE TR
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2-Z T b 170 0.659  0.086
AN g 179 2630 0056
DY S E 177 0404  0.081
C16 iz 262 1654  0.024
(2R3R)-1,2,3-T =fE 181 2447 0077
3-FAEE |\ 2.04 0600  0.090
IR N T 206 0855  0.033
e HriEE 261 0444  0.001
LR 1.87 2018  0.021
JHIR 143 1995  0.083
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Tab.4 KEGG pathway annotation information table

Pk, KEGG il (lats

mo00600: #HARCIH cpd: C00836 Hif st
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T mR Gl [ivEN
. IR ESFI
R rmo00760: KHERER FIAR ot C00253 4

Jie iR
mo01100: fRifikss
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cpd: C00253 HHR
cpd: C00253 4R

KEGG. U#BSER SR 2 T R4 4

(mitogen-activated protein kinase, MAPK) o AP-1,
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Pebp1 2 i Raf J I il 25 1 (raf kinase inhibitory
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TR, i S DR B B TP R R IR OK O B I R
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U RKIP 8 &8 T 5 1 RIKRKIP &, R
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R RIS, oA I — R AN BRI M55 12 R

Yk T R
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Fig.6 The concentration of uric acid, the mRNA expression of key uric acid enzymes and transporter in the hypothalamus of rats (n=12)
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