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Abstract

Objective: To identify key genes associated with sepsis-associated acute kidney injury (SA-AKI), an-
alyze their correlation with clinical outcomes, and validate these key genes. Methods: Transcriptomic
datasets related to sepsis and acute kidney injury (AKI) were obtained from the GEO database.
Batch effect correction and differential expression analysis were performed to identify common dif-
ferentially expressed genes (DEGs), followed by Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses. The expression differences of key genes were fur-
ther analyzed between healthy controls and sepsis patients, as well as between survivors and non-
survivors, to screen core genes associated with clinical outcomes. A mouse sepsis model was estab-
lished by cecal ligation and puncture (CLP). Histopathological changes in renal tissues were ob-
served by hematoxylin-eosin (HE) staining. The levels of IL-1f, IL-6, IL-10, and TNF-a in renal tissues
were measured by ELISA, and the expression of core genes was validated by quantitative polymer-
ase chain reaction (qPCR). Results: A total of 11 differentially expressed genes associated with SA-
AKlI were identified. Functional enrichment analysis showed that these genes were mainly involved
in biological processes such as regulation of peptidase activity and immune response regulation.
Further analysis revealed that six genes, namely MS4A4A, VSIG4, CKLF, LY96, CD163, and CSTA,
were significantly upregulated in sepsis patients, and their expression levels were further increased
in non-survivors. Animal experiments showed that, compared with the control group, the CLP group
exhibited obvious renal histopathological injury, significantly increased levels of IL-1, IL-6, IL-10,
and TNF-a, and markedly upregulated mRNA expression of the above six genes in renal tissues. Con-
clusion: This study identified and validated six key genes associated with the clinical outcomes of
SA-AKI. MS4A4A, VSIG4, CKLF, LY96,CD163, and CSTA may promote the occurrence and progression
of SA-AKI by participating in inflammatory responses and renal tissue injury, and may serve as po-
tential molecular biomarkers for evaluating disease severity and poor clinical outcomes.
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1. 5l

JRBEAE S2 185 T2 00 G = A SRR s N BT B S S A= o B 4% B T RERRAS SR B AE[ 1], BA AW, B
PRI IE R 50 f 2] 2 B 5 4% (acute kidney injury, AKI)S IR FEAE R W H 5™ B I RAEZ —,
2924 R M ERAE BB 3 ] IR R kR IE 2UME B #5493 [3]-[5] (sepsis-associated acute kidney injury, SA-AKI). SA-
AKT AR Z I EF AR 1] BT 0H R S AR, 34 5518 2 B I L 22 28 R s 1 R A2 DR
K[6]. BRI, RAFRT SA-AKI 73T AU F i v SE R AR S, X500 B R0 X2 J=
L1 T7 B EEE X 7]-[9].

HETAN, SA-AKI BUR AR JEIFAF ol B IEARREE S, TR 5 R R BT e DhRe L.
TWABRFABERG « EAC R A0 T A A E g A5 55 22 ML B DA SR [10]-[14]0 Forbr, b FESOE 9 2ROAE S
IR 2 2R AR AN R BN B A A B L EEEA T [15] [16]. 2RTM0, SA-AKI B4 TR B 2 2%, Wik

ik
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Z LN Z IR A 2 2 R E, FOCRERE 70 1 MR SE A A, IR 7SO HE 12T SRS IR R R [17] (18],

BE & i Y A AEYE B T ER BR R J T JLBHR EEAZ 4500 A O O B 2k DA A 53
C BN S A R AEAUR A B ELTF B[ 7] [8] [19]- FENRIAZR G HrRESe MR BRIRAS h, fiide AR
& HEA A F R X EES T, NE Lo S sL i I uE S i s . ineFk, A AR GEO £
38 R IR AE AR ORI R AT PR R [20]-[23], (HFIN B ICERAE . AKT A1 SA-AKT 2 AL e s Al K, It —
W EE G MRS R A5 B R B S5 AT IR UE BRI ST AR X e [24]

FTULEER, AUFEEEE GEO Hu T IERE . AKI J SA-AKI AR H AW, fiik it
FRG 0a 22 S RIBFE ], FE5F Hdk 47 3 R A4 (gene ontology, GO) L REIF AN #3E [K 5 34 R 41 7 FH4= H(Kyoto
encyclopedia of genes and genomes, KEGG)id# % & & 0. fEULIEA b, d3F— ik O JE FE IR BRRE % I
ANFEIRES R N RIA 225, ik S5 A R RS IRiIE R . BE, KA EmE54L % fl(cecal ligation
and puncture, CLP)FJ /N IRERAEAAL, @it qPCR. ELISA }% HE Jefostpi st Rk . 40 [ S A 141
ZUR B O BT IRAE, LAY SA-AKI B AIR BT S AE 5 TR SR flE B AR

2. HREH*E
2.1. ATFBIEETH SR

FRA T A A 2% i PR 2 34 2 4 0408 I (GEO; hittps:/www.ncbi.nlm.nih.gov/geo/), M 3REL T ik F55E . AKI
1 SA-AKI s HRIBE PR . FHorr, GSE28750 BL7% 10 il ik BpAE 34 A 25 il BExd H; GSES7065 £l
B 28 BIRkERE 3 A 25 BRI GSE95233 & 51 7Bk EHE & A1 22 Bl f@ FEXT . GSE30718 &
T 28 5 AKI ZEEF 8 i fdHEMA . GSE232404 £U5 5 il SA-AKI 1 5 filfg 0T 8. M-SR 4R
RPN SCPE R SRRSO, R R B EREN AT JE R R, s M 2 AN ERE KT L [R] — BE R B, B
AP RIBENE N ZEE R R IE K

22. ERREEREE

FIF “SVA” R #4-4L, X GSE28750. GSE57065 Al GSE95233 ¥R 4T T & 3 Gk IE. Bl
J&, WKHflog FC|>1 H P <0.05 KitsiE, ikt Z=RRIEILKF(DEGs). &fh, BITEMEREEZ N EIHESE
M7 F LB EE, T %8 5 HY 5 R A o0 SV B A s S P SRR A% 00 22 S R IR L TR

2.3. BRSO

IRV 1200 JE R RV AE AR 2 DhRe A 5 a8 s, KA R A 1) “clusterProfiler” A% % L& GO
DIREVERE I KEGG i & 04T . GO 0 #r B FE A 1S #2 (biological process, BP). 7 ¥ HfiE(molecular
function, MF) 141 fifd 2H 43 (cellular component, CC)3 M4 TH . LA P<0.05 NEREF G FEX, ERXHAS
BRI EER.

2.4. LRI BARBIME

6~8 JAWSTENE CSTBL/6) /NRAEE 12 h J5, TLL CLP RMEMFREAA . AJF K NEREShiERE
H K, BF AR (Sham) U IEALEFLEH] . /NRAE CLP RJG 24 h BHATEU, SR 5 E EL-Z 4 (1% 7
50 mg/kg, ARMEASHXT /N BT RIE, RIS UG, R AR ERGEBRIGCR A MR A . I BCR S e U
SR B PR /N BRARTE, LAY /D R A 3 N B SR B S 8B 2% . JBES, S RPEAT AT 28 %
£, HITFRERE, EREFEFMIREERE, RSN BRI AR e U, S ED A 1R R 2% v
¥ (phosphate buffered saline, PBS){E 3t 3 X LA LBRIMANM, FHIEACR TR, FFi% MR sLI0 7 RiAT
ANFIAEHE: [ LSRN 2D SRR 10 £51 4% 2 R H A, DU T E8-aiy)
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Fio WURDRAE: K SURETE NIRRT, [ 5 % 280 CHEHMRIELUKAT R 7, HI T RNA $2HL.
2.5, RERSIRIGHEFRAE (LA

WPt AR T 6 NSO, T 4C. 1400 g %4 T O 15 mine HAREREZ O
WK BRI, I AT g 5 (0 TE T BP i R HEAME R 2R E UK b, BRiETEA5)
AT SCEEREARIN o S DN I I SRR ASIE N 4 H BB M AX GARII Mindray, BS-240VET), € LA
MPRFSES RS, BRIAEIZ)F 10 L M.

2.6. HE ¥t

BHLAWED T E T 60 CHRA TR 1 h, DLEBR/KS IR AN SHI T IS 7, BERIRE
TFZE I 4% 10 min B, FEZE 100%. 95%-. 90%- 80%- 70%ZLEESS 5 min BEEEKAL, ZEIEHKIRIE 2
min. Z 5BV BT ARG YL 5~10 min, HRKMYE 3 min f5, PL0.5%3hE 485010 5~10s,
PRI R A% RIEMWE s 2k B TG Ge s 2~3 min, fFHK KA ARH R R R AL ELL
Pt 521, VIR RIRE 70%. 80%- 90%. 95%-. 100%ZEER/K, 34 KK 2 min BT, FE)5
DLW e A, TR 37CH&MA T FEE L. SE, B HREY) A A {L(OLYMPUS,
SLIDEVIEW VS200):K4E 4 #LEF =1 73 HE 4

2.7. ELISA %50

HY Sham A1 CLP 4H/NREHZ, Hl& ALK E O EE . KA ELISA {7 & (X BOSTER)
Kl B L4 (3 41 A -1 (interleukin- 15, IL-15)« 41 i/ -6 (interleukin-6, IL-6). 41/ 2-10 (in-
terleukin-10, TL-10)A1 83 48 FE A T--a (tumor necrosis factor-a, TNF-a)7KF-o $5A4F 25 1™ ks 42 8357 & 08 1
FitAT,

2.8. KRS EE PCR ¥ 14

HY Sham ZHA1 CLP 4H/NEREZHZ, RHA TRIzol 552 HUE RNA,  $4 i i i 510 G vl B 5K RNA
Wi#E 5%~ cDNA. LA cDNA AR , SR FSERT % % %2 & PCR (quantitative real-time polymerase chain reaction,
qPCR)G MS4A4A. VSIG4. CKLF. LY96. CDI163 Fl CSTA ff] mRNA Fik/K*F, L GAPDH NS
R MR RIEER 20 -AAC L. BIVIFESE 1.

2.9. GitES

A T EAR ST o AT S TR R 4.2.1 & GraphPad Prism 9.0 ¥ fF58 /. Shscie ik & 5k A3
HAbrE 2RI, Sham 415 CLP AIPTALIA] LEECR I MOLFEAR i, FrascietY Bl n>6 LY ¥EER,
LA P<0.05** xR BA G E L.

Table 1. Primer sequences for gPCR
= 1. PCR 3149751

Name Sequences (5’— 37)
Ms4a4a-Forward ACTGTGTCGACCGGTGAAAT
Ms4ada-Reverse GCAAACACGGAGCTGGTAAT

Vsig4-Forward ACAACCCTGCACTCCTCTTT
Vsig4-Reverse TCCTGCAGCGGAACAAGATA
Cklf-Forward GCCCTTCTGCTGTACTCTGA
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Bk
Cklf-Reverse GGCACAGTCGGCAATAGTAC
Ly96-Forward GTTCTGCAACTCCTCCGATG
Ly96-Reverse AGAACTTCCTTACGCTTCGG
Cd163-Forward TCGTGTGCAGTGTCCAAAAG
Cd163-Reverse CCCAGGAGTCATCACACACT
Csta-Forward GGAGATTGCTGACCGGGT
Csta-Reverse CCTCGGTTTTGTTAGTCTGGT
Gapdh-Forward GTGGCAAAGTGGAGATTGTTG
Gapdh-Reverse CGTTGAATTTGCCGTGAGTG

3. 58
3.1. BREFEHEXHIBENHUR I FFIE

N AR AN TR B3 B YR 43 BT 45 S5, AR R A “SVA” R X GSE28750. GSE57065
1 GSE95233 iX 3 MR FFESIEE TINS5 B, HERERIERT, AEBHEEREARRIEE
—ERERSE, SRIEfR, SFEARRESET S 1), s 3 N SR RSN A T
K, BTHT RSB 9 HT .

Before batch correction After batch correction
601
50
301
01 Type Type
@
(o] GSE28750 oY GSE28750
O O 0
o GSE57065 - GSE57065
—501 E GSE95233 E GSE95233
_30 o4
-100+
-50 0 50 -50 0 50
PC1 PC1

(@) (b)

Figure 1. PCA plots of sample distribution before and after batch effect correction in sepsis-related datasets

1. RSEHEEARENREREHFAS T PCA B

3.2. ERFTIAEEE

EHRIE E G, LAlog FCI>1 H P <0.05 Jyffiidebrity, SHtcrs i 5 i e d Ao A 0 . AKT %L
#E4E GSE30718 [ SA-AKI ##545: GSE232404 43 nllidkAT 72 R IE b . S5 R WoR, FEMLRIE S I kEE
SERHR R p s e Y 554 AN ZE R RIAFE R, b Bl 310 4, R 244 /N 7E GSE30718 Htde e
122 M ZESFRIBERF, o B 64 A, T 58 A 7E GSE232404 H3L%5E Y 3468 2 Rk 5L A, I
W B 1579 A, I 1889 AN 2). ASFIEHEAE IR R 3 2 e R B K i A e — e 2 5, MR
re G T DRI 0B 225 SR (AR AR I, AW ST — 0 AN M SR ) 22 S SR R AT A B by, RS G HLAR 5]
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Figure 2. Volcano plots of differentially expressed genes

2. ERFEEFENLE

3.3. SA-AKI L ERFIEEETFE

N TIES SA-AKT KA K FEFVIARRKI SCHEE D, ABE T mIxs Bik 3 S H 4 b i iR A
NRERRIEIEDEATHE R ERL R b SRR, MURE S 11 AN EFE B RO 2 57 RIE A, R
KISEE TN B (5] 3), XL IL R R R T REFE SA-AKT HY A K R vh B B 2R 22 3.

Sepsis- AKl-up sepsis-do Kl-down

SAKI-up
() (b)

Figure 3. Venn diagram of differentially expressed genes

3. ERFTEEEH Venn &

SAKI-down

3.4. GRS REXIREERFE

HE— RS 11 A0 22 57 R0 B RIE S OB E 5 OB R AE O HE RS . AKT Hd 4R J2 SA-AKIT Hiffi £ o
BEATAOGIE M AT S RETR, IREEIE AR 2 Ea e T  RIUI BN — BN IEA G R, SR LT REAF
FEMFRIRIER R 4). BEEHET GO DIREERE 2 KEGG % & S0, 45 RE/RIX 11 MO H R
5 R T 3 1k DU B S B B AR R (8] 5), SR HL AT REIEI 25 SO0 5 S i T i R (23t SA-AKI 1
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Figure 4. Boxplots and correlation analysis of differentially expressed genes
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Figure 5. GO and KEGG enrichment analyses of core differentially expressed genes
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H1 CSTA TERRERIE B35 TP IRIA AP RAE RO IR B35 T 51, BAESRAAS 3 h R/t — 0 T3,
ZR R G E (K 6). $rr Bk 6 NIRRT RE SR ERIE M R A R A R TG B IR G, ik, A6t
FUEF MS4A4A . VSIG4. CKLF. LY96. CD163 F1 CSTA i NlaIR S5 R SAsEE I, FEHET T IS 80A0E
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Figure 6. Clinical relevance analysis of candidate genes

6. fRiEEREIEAREXIEIHT

3.6. CLP 55 SA-AKI /R iEB 2 R IGLEE

T IRAERTHAZE B, AHFFC R A CLP VEMIEE SA-AKI /N, 35385 15 Th RS M S A=A FE FRAG Il 2
HE et XA 31T iR . 455 B8, 5 Sham 4IAHEL, CLP 2/ BRI LB (CREA) ALK & Z(UREA)
AP REETHE, 40008 Sham 01 4.16 {550 2.34 5, ZRHAE G EEN(E 7), $#&7~ CLP A5
/INERE T RE B A2 40

HE Jeta25 R 0o, Sham /N HNLGEM E8, BRI E NERSIEARIES, KW ERIEH
JH 32 i B A 3451457 o i CLP £H /N BB AL 20n ) L W SR 32 4, SR DN /N b i A A« 2SR
Yok, HEPIZREL, S XA K AR K A G R IR (] 8). LIRSS IR, AR IR T
T SA-AKI /N,

3.7. CLP /N AR RGER FKFEL

RPN SA-AKT /N UE H 2530 90E IOV AR AL, A 9T R ELISA il 2H 23 IL-158. IL-
6+ IL-10 Fl TNF-a [IEIEKT. SR ER, 5 Sham ZLAHLL, CLP 4/ B 44 IL-148. IL-6 F1 TNF-
o KPP REFGEIE9), ZRAFAS ¥R L. #~ CLP 1531 SA-AKI i F2 i 22350 98 0 S BL
IR, T AERE SORE SR T R A

ol * %k ok %k
150 40-
[ ]
- 0%
= I 30
5 100 =
o
g £
e 3 20
<
& 50 é
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0- 0-
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Figure 7. Changes in renal function biochemical indicators in CLP-induced septic mice
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Figure 8. HE stain in renal tissues of CLP-induced septic mice
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Figure 9. ELISA results of inflammatory cytokines in renal
tissues of CLP-induced septic mice
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Figure 10. qPCR validation of candidate genes in renal tissues of CLP-induced septic mice
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