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Abstract

Objective: To demonstrate that hypoxia-inducible factor-1a (HIF-1a) regulates the formation and
release of neutrophil extracellular traps (NETs) through the HIF-1a/glycolysis pathway, thereby
modulating the inflammatory response in sepsis. Methods: A rat sepsis model was established and
treated with HIF-1«a inhibitors. Peripheral blood samples were collected for ELISA detection of
TLR4, NF-kB, IL-10, CitH3, cfDNA, and MPO levels. Lung tissue samples underwent hematoxylin and
eosin (HE) staining, lung injury scoring, and RT-qPCR analysis of HIF-1a, GLUT1, HK, PKM2, LDHA
mRNA expression. Results: HE staining of lung tissue: The sepsis model group (LPS group) exhibited
significant alveolar space occlusion, pulmonary consolidation, inflammatory cell infiltration, dam-
aged alveolar epithelial cells, and focal hemorrhage. Inflammatory exudation and tissue damage
worsened on day 4 compared to day 1. The HIF-1« inhibition group showed reduced lung injury
severity compared to the LPS group at the same time points, with greater improvement over time.
Lung injury scores and expression of HIF-1a, GLUT1, HK, PKM2, LDHA, and peripheral blood bi-
omarkers (TLR4, NF-kB, IL-10, CitH3, cfDNA, MPO): Compared to the normal control (NC) group, the
LPS group showed elevated levels of all measured indicators at both d1 and d4 (all P < 0.05), with
further increases from d1 to d4 (all P < 0.05) with statistical significance. In the LPS + HIF-1«a (-)
group, levels of these markers were higher than in the NC group at d1 (all P < 0.05) but significantly
decreased by d7 compared to d1 (all P < 0.05). Additionally, the LPS + HIF-1a (-) group demon-
strated lower levels of these indicators at d4 and d7 compared to the LPS group at the same time
points (all P < 0.05), with statistical significance. Conclusion: (1) In the LPS-induced rat sepsis
model, the expression of HIF-1a, glycolysis, NETs, and inflammation significantly increased, indicat-
ing that this pathway plays a certain role in the regulation of sepsis. (2) Inhibition of HIF-1« atten-
uated glycolysis, NETs formation, and inflammatory responses, indicating that targeting HIF-1a may
offer a novel therapeutic strategy for sepsis.
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1. BY

JHREFAE (Sepsis) BB € A BT JEXH IR GL I AN 24 S 21T 512 19 8 S 2F i PO 4 B 3B [1] [2]. BRERAE
FIRPURIE A, OB IIERAG . BRI LORIR T kil s AG5% 2 Ahops BEAE B AR, Horh JORE AN G
PEA IR B IR BEAE B DLKRFAE[3] [4]- H ITET XS IKEEAE-ARDS BVGEYT, Im RS AR SRR . WA
B OB R BUSER A ZG YT (BAR TR G SE) N L, (R RA SRR R AR SE T R M R [5]

AR, IRBERAE A0 A i s PR AN N B PR T2 B, T/ UK BRAER ALt NETs BORE 0

ik
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IN[6]. NETSs B4 SZ B & Rl AR N, kL MR i i) — b i 26 R 2H DNAL 4 E . Rl A
(myeloperoxidase, MPO). 4 4 Jifg 3% % 25 14 B (neutrophil elastase, NE) A KRR BRILAHE A 3 (citrulli-
nated histone 3, CitH3) %5470 i & [ 4 B 2T 4E LR EE /[ 7] AERREWIIY, J& & NETs M vl [l e i 7
PR RAEATTRAE 8] SRTMT NETs H 5 eafyy 1 20 25 1 A Bk AT DA 4L 4R 40 i 7 A T 42 4 it 75 A (9]« B Ah,
AR NETs A Aeidid SR J5 30 mn ik B2 (0 M /NBR « £E 4 B RN B I BF 7 J M AS:, M REERERT, Ptk
WL MR FE S0, O P AR BRORIRE S () NETs U2 X LA I i 5 [10], NETS HIAFEE AT 8 A 1 T itk 25
iE R HIFET- R [11], GBI R T NETs IKSF B AT LLSCA TR 7 K 250 1 — Rl )7 2

BEAFE R T (HIF)Z —F g RS T, B o WM ERIAN g WHA L, 16
ARSI 2 5 T B FH[12]. IREREE T, HIF-1a WIEMBRIEA 2B T B2 B304, HIF-1a
Fase g n, KFRR[13]. BREFISAELEMK BRAE-ARDS IR & A, 5 HF 50 2% W 5 25 1 4 T SRR e AN
S, TLRA fEy— Mg R 32 44, 7T LLRAIFBOE K 1-«B (NF-«B), EWRRANEH IKKS (] 1% «B
) 5 P RS U AT BLYES HIF-1a (3RIA[14].

JRFHIE-ARDS 150, HIEBE LR A AL, RN A R R LR, INERR T E R
PERLAH I R ARG R, 7 K SE R AR R 15 A GERE ATP 7= A2 DLYUE L RE, I nld ik LR AKCF 17t =
SPHTANAL pH {E[15]. SR AEE B H MK ATP AP A @S TP R g e s 5# S, S5
R AR O RS, FERRSZ BIHI[16]. WHAUREA, FESRZ AN IR IR, o MR R TG v e R
PMA B NETs, VSO0 %05 NETs IR, 1 400 i) v P o 4 PR o e At D0 o] LA BB ) ATP 19 2E
JR[17].

Z PP A2 B e ARUHA Y, BRI R T 6 2 0 (LPS) S BU R BRI FR M I T, B8 I b
PG AR T N F-1a (HIF-1a) [18] 0 75 JLFRSNFIR P SERL AL v, /N BRASEBURIE 72 o, e S MRS HIF-
Lo B R HIF-1a B[R G822 92> NETs A/, B BEANAE 2Bk HIF-1o 3& AT DULRIP /N 532 LPS 153
MIBET[19]. BRIELFRATTHENI 7L /™ 5 (¥ SR SOSIET,  FeE RIAM) HIF-1o 3G 5R Y NF-xB I8 5 PiE
P [ B S840 o AP R 4 R 35 50 T 75 ) ATP A NETs ZKSF T 5i[20], 5 280 5 B 25 -ARDS  #E I
JVi o

2. MRFAEE
2.1. SEEE NI

SPF £ SD Mt KRR 54 R, &AL 220~2509, T 57 DUAR L) EMEARG IR A A 5 HE H 5%
eI T HEAR R 25 () 1)« ELISA R &8 TN AR A IR A R (IL75). TransZol Up Plus RNA Kit.
TransScript One-Step gDNA Removaand cDNA Synthesis SuperMix. PerfectStart Green gPCR SuperMix 4T
EREEVMHEARGRAFACR) . 518 T4 LAY TR AR~ 5 (L.

22. SEWAEE

2.2.1. EREIR

¥ 54 HgEE SPF 2t SD W& VERMEME K R E TARMESRIR R 5, ENMEMFE 1S, B vIEE 4
(NC 4H). FREPERAIH(LPS 41) LPS + HIF-1a flIfilFIZ41(LPS + HIF-1a (-)4), 45 1. 4. 7 K(d1,
d4, d7) =B TE A, ARBRATT: (1) NC 4. R KiES PBS (5 LPS %5 5&). (2) LPS 4H: d1 & likiE St
LPS (1 X)¥% 5mg/kg it . (3) LPS+HIF-1a (-)41: d1 EifhkiES LPS (1 k)% 5 mg/kg iH5, /iR
FEEFIKIE ST HIF-1o 308070 (FE 5 FH 5 5 B8RS 7% 30 malkg iHE). AR/ S2ih iR 22 4 5 eh 2520 B i — AR
1T o AW FUI0 & P332 ot A A B B A6 T 2% 17 2 (A S SR A B S R R b, LI A8 B % G 2 () kot (kv

DOI: 10.12677/acm.2025.1561938 1977 I IR 2= =23t e


https://doi.org/10.12677/acm.2025.1561938

FFK, HAE

%5 : 2022-MER-134).

2.2.2. BU#t

SRFAL: ey BRIEER SRR VIOT R, SR o R, 22 KRR Dol OB L2 2 ml, 2> B UL )
T80 CUKFIVRAF# M o AL BRIK B R Fa i, 2 B, SOl T HE B, R &
T EPES, ET-80CUKMHMAEM.

2.2.3. RT-qPCR #&MAHLALAH HIF-1aw GLUT1, HK., PKM2, LDHA mRNA KI5Ri&

FEMOR BT ZEZY RNA 05 e B2, ) S e 570 & RNA e 5% cDNA, K H RT-gPCR 246l
RHNFEE. 51 5(5-3") HIF-1a (F: CCCCTCCTACCACCGTTCA, R: CATCCTGCCCACCAAAGC),
GLUT1 (F: CTTCCTGCTCATCAATCGT, R: AGGTCTCGGGTCACATCG), HK (F: ATGGAGGACAGAG-
GAAAGG, R: AGACTGGGATGAGCAACG), PKM2 (F: GGTGACCTGGGCATTGAG, R: CGCAGATGACT
GGCTTCC), LDHA (F: ACAAGGAGCAGTGGAAGG, R: TCATGGTGGAAATGGGAT), i#% p-actin {F
NN B F K (F: CCCATCTATGAGGGTTACGC, R: TTTAATGTCACGCACGATTTC).

2.2.4. ELISA %5 E A TLR4, NF-xB. IL-10. CitH3, cfDNA, MPO &&
4 ELISA H AR sepsis-ARDS 2411 NC ZH Ifilif5 # TLR4. NF-xB. IL-10. CitH3. cfDNA. MPO
M5B S e ELISA R ik B Hdk A7

23. Gt FERE

AIF GraphPad Prism 9.5.1 BXAFX Kidia #EAT 20 M, I X+ 8 JEREE AL o 35 AL IR 25701 (1P A AR B
RS FEA R A B BRI B IEAS A0 ZROR BRI 3. X Ee 2 N BEAEE, REUAEFEIZE 7 294, P
< 0.05 ez Hdl A7 78 S 3 2= 52

3. /R
3.1. FARKEREHE

3.1.1. REKXBAHER HE REXILE

R BRI ZEAT HE e, S50RER, NC AN SN 7o f R, VRN A28, wT WA
ol R AL Y B i ] B A R LS i, R AR TR R A G R LPS AL R T EE, il
YA, SEARIX A AT WL 2 R A IR S A A il b B A, Jmy ek ml ML I, d4 A d1 AR AEV5 HE W) R 4
Z. BURREEINE, d7 % d4 ARG, EOREEIAR) d1 /K LPS + HIF-1a ()41 Rkt 5 S48 0%,
Pl T s P 26, R LB A SIe A, v 1 G B i Js A T L/ VE S AR IR, SRR T LR O, 5 R
L LPS IR WlAg, HIN EGEAC, Je R OB 2 (L 1),

3.1.2. FBEHKRIGRGRIEITS

{8 Mikawa PF7 255 K R A AR 3 AT R4, PR 4 R R LPS 41 LPS + HIF-1a (-)4H
d1 KEPESr 40 9(7.42 + 0.74, 7.33 £ 0.52). d4 KEITF573714(13.92 + 059, 4.92 + 0.86). d7 KI5
43 31°8(10.83 + 0.88, 1.42 + 0.74). WFFERPL: LPS 2 d1. d4 % NC 4 [A I HAKH E P4 FF =i (t = 24.684.
58.319, ¥J P <0.01), LPS 4 d4 % LPS 4 d1 #HLLPF4r F+mi(t = 16.941, P < 0.01); LPS + HIF-1a (-)41 d1
5 NC 2[R B BAKH EL P20 TF i (t = 34.785, P < 0.01), LPS + HIF-1a ()41 d7 % LPS + HIF-1a (-)41 d1 At
PR BEA%(t=16.12, P <0.01), LPS + Hif-1a (-)4H d4. d7 % LPS 41[E i HAH Eb P43 FAAK (t = 32.578. 20.166,
¥JP<0.01), ZRAZIFENL.
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LPS 2

LPS + HIF-1a (-)4

Figure 1. Representative hematoxylin and eosin (HE)-stained lung tissue sections from each experimental group at d1, d4, and
d7

1. BLAKER dl. d4. d7 KEHZELE HE Z£(400x)

3.2. REKBMALE RNA R HIF-1a &8

AREFAI T FH K FIHA PR HIF-1a () mRNA [(REE, 45RER: S RRMAES T dl.

d4. d7 HIF-1a mRNA: NC 41(0.85+1.09, 2.08 + 1.83, 1.98 + 1.31), LPS #41(6.28 + 1.01, 12.07 +3.20, 11.87
+1.70), LPS + HIF-1a (-)#H(7.31 + 1.54, 5.45 + 1.66, 1.26 + 0.93). W7 &K Fl: LPS #H d1 % NC ZH [A] i} 3
AR IE T Ei(t = 6.498, P < 0.01), LPS ZH d4 % NC ZH [A] i HAH LL R 1A T & (t = 5.434, P < 0.01), LPS 41
d4 % LPS 41 d1 AL R IETF =i (t = 4.228, P < 0.01); LPS + HIF-1a (-)4 d1 % NC 2H [A) s 34 bL 35 T+ = (t
=5.38, P <0.01), LPS+HIF-1a (-)% d7 % LPS + HIF-1a (-)4] d1 #H b &3k PR (t = 8.247, P < 0.01), LPS
+ HIF-1a (-4 d4 % LPS 4[5 JH Hb 3k PR (t = 4.497, P < 0.01), LPS + HIF-1a (-)4H d7 % LPS 4[5
IS 3IRH B IR BRI (t = 13.398, P < 0.01), ZFA 4iit2% & X (WK 2).

3.3. BEAKAKBREESAE RNA 1 GLUT1, HK. PKM2, LDHA SE

AT WEFCINE] HIF-1a & 75 BERESMHHERE RIS 1E, AHFFTRI 7 841K A2 ) GLUTL. HK.
PKM2. LDHA ] mRNA (3l & (R ILE 1. & 3).

3.4. ZBHEABIMEM TLR4, NF-xB. IL-10, CitH3, cfDNA. MPO &

R T WHFEIIE] HIF-1o 2 5 REAMH NETs A2 B ARE N, ASHIE SRl 7 KR A& i TLR4. NF-
kB. IL-10. CitH3. cfDNA. MPO & & (45 R W% 2. & 4).
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RAT HIF-1a mRNA relative expression
( relative to B-actin gene)
g

¥E: P <0.01.

di

d4 d7

= NC4
= LPS
=3 LPS+HIF-1a(-)

Figure 2. Comparison of HIF-1a mRNA levels in lung tissues across experimental groups at d1, d4, and d7

F 2. ZEKER d1. d4. d7 XFEEAHZELZE HIF-1a MRNA & &

Table 1. mRNA expression levels of GLUT1, HK, PKM2, and LDHA in lung tissues of rats from each experimental group at
dl,d4,andd7 (n=6, X£s)

=1 &EAR d1. d4. d7 FHtEZE GLUTL, HK., PKM2, LDHA mRNA RiZE(n=6, X*s)

A7 1 d1 d4 a7

NC 4 0.41+0.06 1.45+0.30 1.72+0.21

GLUT1 LPS 4 5.25 + 1.06 8.11 + 1.46™4 6.39 + 3.64
LPS + HIF-1a ()4 4.87+1.03" 2.41 +0.85" 1.17 £0.58%*

NC 4 0.36 +0.03 1.75 +0.60 1.64 +0.03

HK LPS 41 5.45 + 168" 12.45 £3.30"2 10.27 £1.70
LPS + HIF-1a (-)41 4.80 +0.75" 3.85+0.77% 1.09 + 0.36"*

NC 41 0.69 +0.10 1.29 +£0.17 1.18 +0.44

PKM2 LPS 4 459 +0.90" 7.62+0.73"4 5.89 + 0.68
LPS + HIF-1a ()4 5.06 + 1.46" 4.47 + 289" 1.31 +£0.86"*

NC 4 0.88+0.01 0.95 +0.04 1.20 +0.07

LDHA LPS 41 3.48+0.33" 6.68 + 1.574 5.56 + 1.20
LPS + HIF-1a (-)41 3.40£0.78" 1.50 + 1.00* 1.00 £ 0.20%*

7E: P <0.05vs NC4l, *P <0.05vs LPS41, AP <0.05 4N kfd4 vsdl, *P <0.05 &4 A KRd7 vs dl.

RAT GLUT1 mRNA relative expression
( relative to B-actin gene)

= NCA
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= LPS+HIF-1a(-)

RAT HK mRNA relative expression
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104

8 |xx

(relative to B-actin gene)

d1

RAT PKM2 mRNA relative expression

d4

= NCA
= LPS
3 LPS+HIF-1a( -)

d7

¥E: "P<0.05, "P<0.01.
Figure 3. Comparison of GLUT1, HK, PKM2, and LDHA mRNA levels in lung tissues across experimental groups at d1, d4,

and d7

RAT LDHA mRNA relative expression
(relative to B-actin gene)

d1l da4 d7

[E 3. B4AAHR dl. d4. d7 sfEERH4E4R GLUTL, HK. PKM2., LDHA mRNA &8

= NCH
B3 LPS
B8 LPS+HIF-1a(-)

Table 2. Levels of TLR4, NF-«B, IL-10, CitH3, cfDNA, and MPO in peripheral blood of rats from each experimental group
atdl,d4,andd7 (n=6, X£s)
F 2. £HEAR dl. d4. d7 SMEIML TLR4. NF-xB. IL-10 #1 CitH3. cfDNA. MPO ££(n=6, X*s)

SES 2H 5 d1 d4 d7

NC 41 18.075 +0.73 18.86 +0.13 19.16 +0.44

TLR4 (ng/ml) LPS 41 335+0.13" 4743 +0.64°5 41.06 +0.83
LPS + HIF-1a (-)41 26.2+0.71" 24.20 +0.18* 21.71 +0.72%%

NC 41 11.21+0.13 11.99 +0.27 11.83+0.27

NF-xB (ng/ml) LPS 41 19.72 +0.27" 25.93 +0.50"2 22.62+057
LPS + HIF-1a (-4 15.73 +0.48" 13.90 + 0.35" 12.79 +0.38"*

NC 41 107.04 + 0.86 102.14 +2.23 103.42 +1.97

IL-10 (pg/ml) LPS 41 174.44 + 583" 203.26 +0.64°4 191.30 + 3.96

LPS + HIF-1a ()41

147.07 £ 0.76"

134.56 + 1.29*

121.06 + 0.86"*

NC %1 1810.98 + 15.70 1893.87 +18.75 1846.29 + 11.67
CitH3 (pg/ml) LPS 41 2747.16 +12.12" 3120.7 + 40.96"4 2967.59 + 6.04
LPS + HIF-1a (-)4 2429.88 +19.41* 2163.73 + 10.14* 1968.69 + 26.24%*

NC 41 20.91 + 0.46 22.70 +0.31 21.23+0.85

cfDNA (pmol/l) LPS 4 41.29 + 1.60" 48.31 +1.62° 4450 +0.19
LPS + HIF-1a (-)4 33.10 +1.02" 30.18 + 0.52" 27.19 + 0.69"*

NC 41 56.44 + 0.92 58.14 +1.03 57.86 + 0.87

MPO (U/l) LPS 4 70.64 +1.39" 76.31 +1.902 75.35 +0.41
LPS + HIF-1a (-)41 64.78 + 2.65" 56.33 + 0.84" 51.46 +0.51%%

VE: P <0.05vsNC 4, #P <0.05vs LPS 4, 2P <0.05 %40 KB d4 vsdl, *P <0.05 &F4 N kR d7 vs dl.
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Figure 4. Comparison of TLR4, NF-«B, IL-10, CitH3, cfDNA, and MPO levels in peripheral blood across experimental groups
of rats at d1, d4, and d7
B 4. BHEKRER d1. d4. d7 XFEESMEML TLR4. NF-xB. 1L-10 #1 CitH3. cfDNA., MPO &£

4. ¥1ig

JHR B A i T SR S LA R — b e e R R RS, RV AT IR 2 7 AR AR &R FL R AE ML, (HA
HE R R A B2 2 M B v AR iR, Bl T RIRGE, BT R 2R, IREEMR R %
RACTZATIMR R [20]. WREFGERT, ZMESBBRS5HY , A5 NF-xB. MAPK/ERK, JAK/STAT i
PI3K/AKt [21] [22]. TLR4 j&—FhEEHERAIZ 0k, BERGI S FAMIE LSS SR G FERER R, FES5AHMAC
WRAMEAEH, NF-«B & TLR4 {5 5@ TR I 1, T R p bt fm e . B
IR, NETs fE/ SR FEAE-ARDS R A4 K e v K OB E F[10] AR FR v K UMK ERIERL AL, R
FAMZH L HE Getty K fili38 45 07 4 SR A il oh, @3 ELISA J2A0 M 41 & 1 46 i Sl % K NETs /K°F, KRB
LPS 4H d1. d4 % NC 4L M b & & T P<0.01), H LPS 4 d4 % LPS 4 d1 S EX 7=y P
<0.05), #R/RMEFAENS, RIES NETs Hm &L,
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