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ABSTRACT—ODbijective: Sepsis is a complex disease characterized by an inflammatory response and tissue hypoxia.
Hypoxia-inducible factor 1a (HIF-1a) expression level is regulated by hypoxia and inflammation. This study aimed to explore
the correlation between HIF-1a expression level and sepsis by bioinformatics analysis and clinical investigation. Methods: Bio-
informatics tools were used to identify differentially expressed genes between sepsis and nonsepsis groups using the Gene Ex-
pression Omnibus data set. A clinical investigation was carried out to validate HIF-1a protein level in 54 nonseptic patients and
173 septic patients who were followed up for 28 days. Results: Bioinformatics analysis revealed that HIF-1a messenger RNA
level was significantly different between septic and nonseptic patients ( P < 0.05). Consistent with the study hypothesis, higher
HIF-1a levels in plasma were found in septic patients compared with those in nonseptic patients. The diagnostic accuracy for
sepsis, as quantified by the area under the curve, was 0.926 (0.885-0.968) for HIF-1a expression level combined with oxygen
saturation to fraction of inspired oxygen (SpO./FiO,), white blood cell, and blood urea nitrogen. The HIF-1a expression level was
also significantly correlated with the severity of the disease. The results of the restricted cubic splines model indicated a
U-shaped relationship between HIF-1a expression level and intensive care unit (ICU) mortality. Univariate and multivariate linear
regression analyses indicated that septic patients with the elevated HIF-1a expression levels had shorter length of ICU stay ver-
sus those with the lower HIF-1a expression levels. Conclusion: Hypoxia-inducible factor 1a expression level can be used for
diagnosing disease, assessing severity, and predicting length of ICU stay in septic patients.
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ABBREVIATIONS—HIF-1a—hypoxia-inducible factor 1a; DEG—differentially expressed gene; GEO—Gene Expression
Omnibus; WBC—uwhite blood cell; BUN—blood urea nitrogen; RCS—restricted cubic spline; ICU—intensive care unit; WGCNA—
weighted gene co-expression network analysis; PPl—protein-protein interaction; GO—Gene Ontology; KEGG—Kyoto Encylopedia
of Genes and Genomes; HRG—hypoxia-related gene; PO,/FiO,—arterial oxygen partial pressure/fractional inspired oxygen; aCCl
—age-adjusted Charlson Comorbidity Index; SOFA—sequential organ failure assessment; gSOFA—Quick SOFA; ELISA—
enzyme-linked immunosorbent assay; ROC—receiver operating characteristic; IMV—invasive mechanical ventilation; AUC—area
under the curve; RR—respiratory rate; bpm—beats/breaths per minute; WBC—white blood cell; ALT—alanine aminotransferase;
AST—aspartate aminotransferase; Cr—creatinine; Lac—lactic acid; PHD—prolyl hydroxylase domain; SpO,—pulse oxygen

saturation; FiO,—fraction of inspiration O,; FPR—false positive rate; TPR—true positive rate

INTRODUCTION

Sepsis was defined as life-threatening organ dysfunction caused
by a dysregulated body response to infection (1). Despite advances
in biomedicine and clinical medicine and the fact that the global
age-standardized incidence of sepsis per 1,000 of the population
gradually decreased from 1.075 in 1990 to 0.678 in 2017 (2), sep-
sis still accounts for 19.7% of all deaths worldwide (2). Thus, fur-
ther research on sepsis is warranted.

Hemodynamics in sepsis changes as sepsis develops and in-
cludes macrocirculatory derangement, such as relative hypovolemia,
decreased vascular tone, and microcirculatory dysfunction, includ-
ing tissue hypoperfusion and insufficient oxygen level (3), which
have also been considered as potent causes of the development of
secondary organ dysfunction (4). At the cellular level, sepsis is char-
acterized by an impairment of oxygen uptake and utilization. There-
fore, an in-depth understanding of the molecular changes during
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hypoxia in sepsis and their clinical significance may facilitate man-
agement of critically ill patients. Furthermore, exploration of the un-
derlying molecular mechanism may improve the understanding of
the pathophysiological processes associated with sepsis and lead to
the development of personalized medicine by selectively targeting
the molecular target.

The hypoxic response is mainly regulated by the heterodi-
meric transcription factor hypoxia-inducible factor (HIF) family,
including HIF-1a, HIF-2a, HIF-3ct, and HIF-1 (5). In contrast
to HIF-2a—mediated long-term acute hypoxia, HIF-1a is gener-
ally accepted to play a role in short-term hypoxia. Over the past
decade, cumulative evidence demonstrated that HIF-1a expres-
sion level was correlated with clinical phenotype in sepsis, such
as sepsis-induced lung injury and septic shock (6-9). However,
there is a paucity of research assessing the correlation between
circulating HIF-1a expression level and clinical characteristics
in patients with sepsis. Because HIF-1a expression level gener-
ally degrades rapidly under aerobic conditions, it has shown lim-
ited and variable clinical value.

To evaluate the diagnostic and prognostic value of HIF in pa-
tients with sepsis, bioinformatics analysis and clinical investiga-
tion were conducted in this study. This study may contribute to
promote understanding of the pathophysiological process under-
lying sepsis and lead to the development of more efficient
targeted therapeutic strategies.

MATERIALS AND METHODS

Data sets collection and processing

Gene expression profiling data that investigated the gene expression levels in
septic patients and nonseptic subjects were downloaded from the Gene Expression
Omnibus database, which included GSE100159 and GSE80496 data sets (10,11).
Two data sets were collected from adults and children with sepsis, respectively. The
differentially expressed genes (DEGs) obtained by taking the intersection of the
two gene sets mentioned previously were better representatives. The whole blood
samples were collected within the first 24 hours after the diagnosis of sepsis. The
corresponding expression matrix and clinical data were downloaded and matched.
The study design is shown in Figure 1.

Bioinformatic analysis

To identify DEGs, the “limma” R package was used, and DEGs were screened
using the following criteria (12,13): |[Log2FoldChange| > 1 and P < 0.05. Then,
weighted gene co-expression network analysis was used to construct gene
co-expression networks, find co-expression modules, and promote clinical gene
biomarker screening (14). Subsequently, “pickSoftThreshold” function was used
as the proper soft-thresholding power for the network construction, identification
of gene modules was performed via an average linkage clustering algorithm, and
Pearson correlation analysis of gene and clinical traits was carried out. According
to the screening conditions (([Module Membership| > 0.8; gene significance, >0.1),
modules that were highly correlated with the clinically significant modules (corre-
lation, >0.8) were identified as candidate genes. A Venn diagram was used to draw
the intersection of genes, which overlapped between DEGs and candidate genes.
The protein-protein interaction (PPI) networks were constructed via the STRING
online database (string-db.org) with a high confidence (0.700) (15). Top 10 hub
genes were confirmed via topological data analysis using Cytohubba plugin in
Cytoscape 3.8.0 software (Institute for Systems Biology at the University of
California, San Diego, CA) (16). Gene Ontology (GO) enrichment analysis
and Kyoto Encylopedia of Genes and Genomes (KEGG) pathway enrichment
analysis were used to exhibit the molecular function and critical pathways associ-
ated with intersection genes via the “org.Hs.eg.db” and “clusterProfiler” R pack-
ages (17,18). P value <0.05 was set as the cutoff criterion for the enriched terms.

To identify hypoxia-related hub genes, hypoxia-related genes (HRGs) from
HALLMARK HYPOXIA and BIOCARTA HIF PATHWAY gene sets were
downloaded from the MSigDB database (http://www.gsea-msigdb.org/gsea/
msigdb/help.jsp). To explore more specific target genes associated with the hyp-
oxia pathway, hub genes and HRGs were intersected.
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Clinical study design and subjects

The primary study population has been described previously (19). According to
the “Sepsis-3.0 criteria” (1), it was attempted to regroup the study population into two
groups: nonseptic group and septic group. All patients with sepsis who met diagnos-
tic criteria within 24 h, who were admitted to the intensive care unit (ICU) of three
medical centers (Tongji Guanggu Hospital, Zhongfa Hospital, and Hankou Hospital,
which all were located in Wuhan, China) from October 2014 to January 2015 and
from June 2017 to September 2018, were enrolled in this study. In the same period,
healthy individuals who were attended in medical examinations were assigned to the
control group. The study population was divided into sepsis group and nonsepsis
group based on the aforementioned criteria. For assessing oxygenation status in sep-
tic patients, the arterial oxygen partial pressure/fractional inspired oxygen (PO,/
FiO,) ratio has been the criterion standard. Patients in the sepsis group were further
divided into three subgroups according to PO,/FiO, ratio. The exclusion criteria were
as follows: paraquat poisoning, age at the time of diagnosis was younger than
18 years, death within 1 h after admission, and acute cardiocerebrovascular events,
such as acute coronary syndrome and stroke (20,21).

Age, sex, age-adjusted Charlson Comorbidity Index (aCCl), sequential or-
gan failure assessment (SOFA) score, vital signs, routine blood test, liver func-
tion, renal function, and other laboratory parameters were analyzed. This scor-
ing system was used to evaluate comorbidity in the study population. Quick
SOFA (qSOFA) is known as a precious measure for phenotypic screening,
and it was therefore selected as a reference index for evaluating the perfor-
mance of the diagnostic tools (22).

Ethical approval was obtained from the Ethics Committee of Tongji Hospital Af-
filiated to Tongji Medical College (Wuhan, China; approval no. TJ-IRB20150318).
All subjects signed the informed consent form before enrollment.

Detection of HIF-1a level and follow-up

Whole blood samples for HIF-1a measurement were collected on day 1 of ICU
hospitalization and placed into tubes containing ethylenediaminetetraacetic acid
(EDTA), and a cocktail of protease inhibitors was added immediately (Sigma-
Aldrich, MO). Plasma was separated from the aforementioned blood samples
via centrifugation at 3,000g for 15 min at 4°C. The remaining blood samples
were centrifuged and immediately stored in the —80°C super cold refrigerator
as described previously (19). The sample collection, storage, and testing methods
were proved to be effective in preventing protein degradation (23-25).

Hypoxia-inducible factor 1a expression level was measured using enzyme-linked im-
munosorbent assay (ELISA) kits (HM10162; BioSwamp, Wuhan, China) (25). The fol-
lowing steps were performed for ELISA experiment: (1) Diluting standards were imple-
mented according to the manufacturer’s instructions. (2) Addition to samples: blank
hole, standard hole, and sample hole were set on a 96-well enzyme-labeled plate. A
volume of 50 pL/well standard sample was added to standard holes into a 96-well
plate. Next, 40 pL of sample and 10 pL of antibody were added to sample holes.
(3) Enzyme addition and incubation: Each well, except for the blank hole, was
added to 50 pL enzymatic labeling solution and incubated at 30°C for 30 min.
(4) Washing: The 30-fold washing solution of configured liquid was diluted for
30 times with double-distilled water. Every hole was rinsed with washing solution,
which allowed to stand for 30 s and was then discarded (five replicates). (5) Color
development: Chromogenic agent A (50 pL) and chromogen B (50 pL) were
added to each well in sequence and gently mixed and incubated for 10 min at
37°C. (6) Termination and measurement: A 50-uL stop solution was added to each
hole. Blank well was taken as zero, and the optical density was measured at the
wavelength of 450 nm after adding.

The primary outcome measure was the ICU mortality, and the secondary out-
come measures were length of ICU stay and 28-day survival. All patients were
followed-up for 28 days by telephone after the onset of the disease.

Statistical analysis

The statistical analysis was performed using R 3.6.3 and STATA 14.0 (Stata
Corp, College Station, TX) software. Normally distributed continuous data were
presented as mean =+ standard deviation and compared using the Student # test or
one-way analysis of variance, whereas nonparametric data were presented as me-
dian (interquartile range) and compared using the Kruskal-Wallis test or
Mann-Whitney U test. The categorical variables were tested by the chi-square test.
Correlations were evaluated by the Spearman correlation coefficient. Receiver op-
erating characteristic (ROC) curves were plotted to evaluate the diagnostic value of
HIF-1a for sepsis. DeLong test was performed to compare the accuracy of differ-
ent indicators using ROC curves. Logistic/Cox regression models were used to in-
vestigate the association between HIF-1a expression level and adverse outcomes,
such as invasive mechanical ventilation (IMV), intrahospital mortality, and 28-day
all-cause mortality. Potential nonlinear relationships between HIF-1la expression
level and in-hospital mortality were tested with restricted cubic splines (RCSs).
Testing of a U-shaped relationship was carried out by including squared terms in
the models and “utest” method (26). Stepwise multiple regression analysis was



SHOCK June 2023

HYPOXIA-INDUCIBLE FACTOR 1A AND SEPSIS 857

] [Data sources:GEO database
with hypoxia

[Scrccnmg for genes

in non-septic and septic populations Selection criteria:

Y

Time span of search:2015-2021

Search

1.Datasets with both septic and

[ GSE80496 ]

normal controls
2.Clinical specimens were
collected within 24 hours

Differences genetic weighted gene
screening coexpression network

Differences genctic

(LIMMA package )

weighted gene
screening coexpression network
analysis

[

(LIMMA package ) analysis

‘Taking the intersection of differential expression
genes and candidate module genes (n=64)

E
2
E
g
s
g
g
3
£
g
2

Using the STRING database and the
Cytoscape to identify hub genes

Hypoxia-associated gene sets

|
I

Taking the intersection of hub genes and
hypoxia-associated gene sets (n=1,HIF-1a)

Collected clinical data to verify
HIF-la at the protein level

IData sources:Tongji Hospital Data

ion criteria:

_ |collection time:From Oct 2014 to
[ Study population (N=268) 2 lian 2015 and from June 2017 to
Sep 2018

Study population included:Sepsis (N=214), Control
(N=54)

1.Drug intoxication (N=12)
[2. Tumor history (N=21)
13.Pregnant patients (N=5)

=
B
=
=2
=
g
=
S
g
cl

4. Acute cardiovascular and
(cerebrovascular events (N=2)
5.Death within 1 hours after
ladmission (N=1)

Final study population included:Sepsis (N=173), Control
(N=54)

FIG. 1. The flowchart of study design.

used to assess the relationship between HIF-1a expression level and length of ICU
stay. A two-sided P < 0.05 was considered statistically significant.

RESULTS

HIF-1a signaling pathway was enriched in Sepsis patients

Differential gene expression analysis showed 2,132 DEGs in
the GSE100159 data set, including 891 upregulated and 1,241
downregulated DEGs (Supplementary Fig. 1, A—D, http://links.
Iww.com/SHK/B672). In the GSE80496 data set, 947 DEGs
were obtained, including 481 upregulated and 466 downregulated
DEGs (Supplementary Fig. 1, E-H, http://links.lww.com/SHK/
B672). Weighted gene co-expression network analysis identified
2,143 and 1,244 sepsis-associated candidate genes in the
GSE80496 and GSE10095 data sets, respectively (Supplemen-
tary Fig. 2 and 3, http://links.lww.com/SHK/B672). The inter-
section between upregulated DEGs and sepsis-associated candi-
date gene data sets revealed 177 genes (Fig. 2A). Furthermore,
the GO molecular function enrichment analysis showed that
HIF-1la genes were involved in protein dimerization activity
(Fig. 2B). The KEGG pathway enrichment analysis indicated that
the intersection of gene sets was enriched in the pathway of HIF-
la signaling pathway (Fig. 2C).

HIF-1a was identified as one of the hub genes in septic patients

The top 10 hub genes were identified using the PPI network
and the connectivity degree method among 177 intersection

genes (Fig. 2D, E). To further identify hypoxia-related hub genes,
an analysis was performed between the top 10 hub genes and
HRGs using a Venn diagram. As a result, the hypoxia-related
hub gene HIF-1a was obtained (Fig. 2F).

HIF-1a expression level significantly increased during sepsis
There were significant differences in the level of expression of HIF-
la expression level between the sepsis and nonsepsis groups
(GSE80496, 9.440 + 0.387 vs. 11.328 + 0.505, P < 0.001, Fig. 2G;
GSE100159, 6.540 + 0.314 vs. 7.860 + 0.848, P < 0.001, Fig. 2H).

The baseline characteristics of the study population

The study ultimately included 54 nonseptic patients and a total
of 173 septic patients. Table 1 summarizes the baseline character-
istics of the nonseptic and septic groups. Vital signs, biochemical
markers, and ICU parameters were measured within the first 4 h
after ICU admission. Patients in the septic group had significantly
higher temperature, heart rate, and mean arterial pressure com-
pared with those in the nonseptic group (all, P < 0.001). Further-
more, patients in the septic group had higher values of laboratory
parameters, including infection-related indicators such as white
blood cell (WBC) count, and liver function indicators such as al-
anine aminotransferase and aspartate aminotransferase, as well as
renal function indicators such as creatinine (Cr) and blood urea
nitrogen (BUN), when compared with those in the nonseptic
group (all, P <0.05). In addition, patients in the septic group also
had higher SOFA scores on admission to the hospital, longer
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FIG. 2. Identification and validation of hypoxia-related hub genes. A, A Venn diagram program was used to reflect the intersection between WGCNA
candidate genes and upregulated DEGs in GSE100159 and GSE80496 data sets. B, The GO enrichment analysis of intersection genes. C, The KEGG enrichment
analysis of intersected genes. D, The PPI network of intersected genes, including ITGAM, TLR2, TLR4, S100A12, TLR8, FGR, CYBB, HK3, HIF-1a, and FCGR1A.
E, The PPI network of hub genes. F, The intersections of hub genes and hypoxia gene set. G and H, The HIF-1a mRNA expression level in the sepsis is
significantly higher than that in the nonsepsis group ( P < 0.001) (GSE80496, GSE100159).

duration of undergoing IMV, and higher 28-day all-cause mortal-
ity rates compared with patients in the nonseptic group (all
P < 0.05). According to the intragroup comparison, there was
an increase in HIF-1a expression level with the reduced PO,/
FiO, ratio in the septic group, although the differences were not
statistically significant (P > 0.05).

Elevated HIF-1a expression level might be a potential
biomarker for adjuvant diagnosis of sepsis

On the first day of admission, HIF-1a expression level was
significantly higher in the septic group than that in the
nonseptic group (2.980 [1.990-3.857] ng/mL vs. 2.194
[1.589-3.316] ng/mL, P < 0.05). Area under the ROC curve
values of clinical indicators were calculated to compare the di-
agnostic performance obtained by the ROC curve analysis
(Fig. 3). A poorer diagnostic performance of HIF-1la was
found in the diagnosis of septic and nonseptic participants
compared with qSOFA (Table 2). To enhance the diagnostic
performance, an indicator, namely, HIF-la,gj, which could
combine clinical parameters and HIF-la expression level,
was proposed. The HIF-1a,q4; index was formulated as follows:
HIF-1o,g; = HIF-1a x FiO,/SpO, (Equation 1). According to
the ROC curve analysis, the diagnostic accuracy in differentiat-

ing the septic group from the nonseptic group using HIF-1at,g;
was moderate, which was similar to that of qSOFA. White
blood cell and BUN showed a similar diagnostic performance.
However, a significant increase in the diagnostic performance
was found when HIF-la,q; was combined with WBC and
BUN. The combination of HIF-1ca,4; and BUN decreased the
diagnostic performance, whereas this phenomenon was not
found in the combination of HIF-1a,g; and WBC.

Associations of HIF-1a expression level with different parameters

Heat map showing HIF-1« expression level was positively cor-
related with a variety of factors, such as laboratory indicators, hyp-
oxic indicators, and scoring systems (Fig. 4A). Hypoxia-inducible
factor 1o expression level was found to be correlated with the se-
verity of the disease. In the beginning, all patients were divided into
four groups according to qSOFA score. A statistically significant
increase in HIF-la expression level was found in both groups
gSOFA (1), gSOFA (2), and qSOFA (3) groups compared with
gSOFA (0) (Fig. 4B). However, there was no significant difference
in HIF-la expression level among qSOFA (1), gSOFA (2), and
gqSOFA (3) groups. Hypoxia-inducible factor lae was also noted to
be closely associated with the SOFA score and aCClI in our population
studies (Fig. 4, C and D). Thus, HIF-1a could be used to assess the



SHOCK June 2023 HYPOXIA-INDUCIBLE FACTOR 1A AND SEPSIS 859
TABLE 1. Clinical characteristics and laboratory tests of the study population
Sepsis (n = 173, PO/FiO,, mm Hg)
Characteristic Control (n = 54) >300 (n = 46) 100-300 (n = 108) <100 (n=19) P
Female (n, %) 31(13.7) 22 (12.7) 46 (26.6) 5 (2.9) 0.072,* 0.277t
Age <60y (n, %) 39(17.2) 33(19.1) 60 (34.7) 12 (6.9) 0.170,* 0.695t
Vital signs
Temperature (°C) 36 5 (36.32-36.9) 37.15 (36.8-37.6) 37.3 (36.5-38.2) 37.8 (36.95-38.4) <0.001,* 0.5631
Heart rate (bpm) 83 (76.5, 90.25) 112.2 £ 28.91 116.44 + 28.77 125.26 + 19.89 <0.001,* 0.233t
Respiratory rate (bpm) 20 (19-20) 20.5 (10.25-26) 20 (0-30.25) 18 (0-33) 0.806,* 0.654t
MAP (mm Hg) 89 (82.67-98.61) 81.22+225 81.63 + 20.98 78.23 + 20.28 <0.001,* 0.814%
HIF-1a (ng/mL) 2.19 (1.59-3.32) 2.74 (1.7-3.32) 3(2.04-3.91) 3.25 (2.32-3.97) 0.011,* 0.078t
Laboratory index
WBC (109/L) 6.56 (5.07-8.76) 12.43 (8.83-18.57) 15.23 (8.81-19.34) 21 8 (14.47-23.1) <0.001,* 0.0581
ALT (U/L) 17 5 (11-28) 23.5 (15-74.75) 28.5 (14-82.5) 35 (12-58.5) <0.001,* 0.9051
AST (U/L) 20 (15-28.75) 48 (23-84) 47.5 (24-119.25) 61 (20-136.5) <0.001,*0.8211
BUN (mmol/L) 4. 71 (4. 03 5.91) 11.65 (6.96-19) 10.35 (6.74-15.95) 3(7.77-21.38) <0.001,* 0.437t
Cr (umol/L) 64 (54-73) 123.5 (79-287.75) 117.5 (74.75-269) 162 (122-247) <0.001,* 0.5511
Critical illness score
aCCl 2 (0-3) 2(1-3) 2(0.75-4) 2 (0.5-4) 0.919,% 0.919t
qSOFA 0 (0-1) 2 (1-2) 2 (1-2) 2 (2-2) <0.001,* 0.6951
SOFA 1(0-2.75) 6 (4-10.5) 8 (5.75-10) 0(9-12) 0.001,* 0.001t
Arterial blood gas
PCO, (mm Hg) — 36.45 (29.02-40.98) 36.4 (29.67-42.23) 37 (29.1-50.35) 0.6161
PO, (mm Hg) — 143.5 (119.25-181.75) 84 (69.68-99.25) 57 (50.5-60.5) <0.0011
Sa0, (%) 100 (96.25—-100) 98.5 (94.75-100) 93 (90.5-97) <0.0011
Lac (mmol/L) — 3.45 (2.35-5.08) 3.88 (2.83-6.29) 5.06 (2.84-8.88) 0.191%
PO,/FiO, (mm Hg) — 365.43 (330.49-466.43) 201.35 (151.5-241.53) 66.25 (60-85.53) <0.0011
Clinical outcomes
IMV (n, %) — 20(11.6) 62 (35.8) 16 (9.2) 0.010t
IMV time (h) — 0 (0-33.75) 11 (0-87) 31 (15.5-74) 0.033t
In-ICU mortality (n, %) — 4(2.3) 13(7.5) 1(0.6) 0.808t
ICU stay time (h) — 86 (41.5-161.25) 90.5 (39.75-214.5) 60 (26—159.5) 0.387t
28-d Mortality (n, %) — 9(5.2) 33(19.1) 9(5.2) 0.077t
28-d Survival (d) — 28 (28-28) 28 (20-28) 28 (13-28) 0.1471

*Comparisons between nonseptic and septic group.

TWithin septic subgroup comparisons.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; bpm, beats/breaths per minute; Lac, lactic acid; PCO2, partial pressure of carbon dioxide;

Sa02, arterial oxygen saturation.
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FIG. 3. The ROC curve for the diagnosis of sepsis. Receiver operating characteristic curves were compared between the nonseptic and septic groups. FPR
indicates false positive rate; TPR, true positive rate.
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TABLE 2. ROC curves in assessing the statue of sepsis

Variables Cutoff values Sensitivity (%) Specificity (%) AUC (95% Cl) Youden index P
Model 3 0.418 0.896 0.852 0.926 (0.885-0.968) 0.748 0.001
Model 2 0.569 0.867 0.815 0.894 (0.844-0.945) 0.682 0.051
Model 1 1.268 0.792 0.907 0.897 (0.851-0.942) 0.699 0.049
HIF-10,; 1.220 0.595 0.907 0.829 (0.769-0.890) 0.503 0.686
WBC 10.045 0.870 0.699 0.796 (0.736-0.856) 0.570 0.174
BUN 6.035 0.796 0.832 0.847 (0.794-0.901) 0.629 0.889
HIF-1a 2.429 0.630 0.647 0.614 (0.530-0.699) 0.277 <0.001
gSOFA 0.500 0.994 0.537 0.843 (0.780-0.905) 0.531 Ref.

HIF-1a,q=HIF-1a x Fioo/Spo,. Model 1, HIF-1a,4;+ BUN; model 2, HIF-10,4; + WBC; model 3, HIF-1a,4 + WBC + BUN; Pvalues: DeLong test was used for

the comparison of different AUCs.
AUC, area under the curve; Ref., reference.

severity of the disease. Moreover, HIF-1a expression level was asso-
ciated with various clinical indicators in the present study. Spearman
correlation analysis revealed that FIO,, Cr, and BUN (Fig. 4, E-G)
were positively correlated with the HIF-1a expression level, and oxy-
gen saturation to fraction of inspired oxygen (SpO,/FiO,) ratio (Fig.
4H) exhibited a negatively correlation.

In addition, associations between HIF-1a expression level and
different parameters were further validated using univariate and
multivariate linear regression models. As shown in Table 3, the
univariate linear regression model indicated that HIF-1a was cor-
related with SOFA, gSOFA, and SpO,/FiO,. The aforementioned
results were confirmed by the age- and sex-adjusted multivariate
linear regression model. However, the associations between HIF-
la expression level and aCCI were unapparent in the multivariate
linear regression model aCCI model. The remaining indicators
did not show a significant correlation.

Association between HIF-1a expression level and in-ICU
mortality in septic patients

The RCS method was used to examine the dose-response rela-
tionship between the levels of HIF-1a expression level and in-ICU
mortality in septic patients. The risk of mortality corresponding to
minimum value of HIF-1a expression level was used as a refer-
ence point. The uncorrected RCS showed a nonlinear relationship
between HIF-1a expression level and in-ICU mortality (Fig. 5).
The quadratic regression model showed HIF-1a and HIF-1a (2)
(Supplementary Table 1, http://links.Iww.com/SHK/B672). The
aforementioned results indicate a possible regional variance in a
U-shaped relationship, and the relationship was further examined
using the U test method. The results indicated a U-shaped relation-
ship between the levels of HIF-1a expression level and ICU mor-
tality (HIF-1a extreme point, 2.558; U test, P < 0.05).

The relationship between HIF-1a expression level and time-
to-treatment was explored using univariate and multivariate linear
regression analysis. It was found that HIF-1a expression level
was negatively correlated with the length of ICU stay time in uni-
variate model and in multivariate model (Table 4). No correlation
was found between the HIF-la expression level and 28-day
survival.

DISCUSSION

In the present study, the value of HIF-1a in diagnosing sepsis
was investigated, the clinical relevance of HIF-1a was elucidated,

and the ability of HIF-1a was further assessed to predict clinical
outcomes. The bioinformatics analysis was first used to identify
DEGs, and the differential expression of HIF-1a in the septic
and nonseptic groups was further verified. Subsequently, HIF-
la expression levels on the first day of admission were signifi-
cantly different in septic patients compared with that in nonseptic
patients; it was positively correlated with SOFA and gSOFA.. This
indicates that HIF-1a expression level could also be used as a
marker of the severity of the disease, particularly in septic pa-
tients. Second, the significance of the HIF-1a—based indicators
as a diagnostic and prognostic biomarker for sepsis was assessed
and verified. Third, a U-shaped association was found between
HIF-1a expression levels and ICU mortality, indicating that
HIF-1a expression level is highly closely correlated with ICU
mortality in septic patients. Finally, septic patients with high
HIF-1a levels had a shorter ICU stay compared with patients with
low HIF-1a levels. Thus, high HIF-1« levels on the first day of
admission can be used as a diagnostic and prognostic indicator
for sepsis.

The present study primarily concentrated on investigating the
messenger RNA (mRNA) levels of HIF-1a and assessed the ef-
fects of HIF-1a protein. Some results of the present study were
consistent with those reported previously. Bacterial LPS-induced
HIF-lo activation in human monocytes upregulated HIF-la
mRNA expression and HIF-law protein accumulation in vitro
(27). An in vivo prospective clinical study compared HIF-1a
mRNA level in the blood of healthy volunteers and shock patients
(including septic shock, hemorrhagic shock, and cardiogenic
shock) and found that HIF-lao mRNA level was significantly
higher in patients with shock than that in healthy volunteers (9).
Using bioinformatics analysis, Ferreira et al. (8) analyzed public
databases of septic patients and healthy volunteers and found the
elevated HIF-1ae mRNA level in blood specimens of septic pa-
tients. However, there were some discrepancies between the results
of the present study and those achieved previously; for instance, a
significant decrease in HIF-1a expression level was detected be-
tween patients with sepsis and healthy volunteers, rather than an in-
crease, as reported by Schafer et al. (28). In another in vitro study,
HIF-1loo. mRNA level increased after a 6-h LPS stimulation,
whereas it decreased after a 48-h LPS stimulation (28).

Two possible reasons may be responsible for these discrepan-
cies. The first cause could be LPS tolerance, a phenomenon that
the expression levels of inflammatory genes are upregulated with
the onset of an inflammatory or hypoxic stimulus, whereas



SHOCK Juxe 2023

SpO2/Fi02

Cr

HIF-1a

MAP

Sa02

Fio2

aCcCl

qSOFA

SOFA

ALT

AST

1000 -

500

>

S & 9 P L O
& & F & &g S
X &
o

o

Spearman
¢ ° °R=0.1§§
15 ° e o o
° P=8g2
«® ®e o o o
e o0 o @e o000 ® (1]
® 000 o o o o0® o
10 ° ®e e @ o

© emeoe © o®m® e o000
eee o °00 cam _@» 000
o®e [ K ] °

&

aCcCl

“p<0.05
“*p<001

<0001

Cor 10

0.5
0.0
-0.5

. -1.0

e ® o ®

B

HYPOXIA-INDUCIBLE FACTOR 1A AND SEPSIS

© 08O ®00 000 © O O® 0

8o by °
P . £ =
L s N ¢
= % #
¢ al .
- ’ H 3
34 ° % g q
L]
U o’. o0
‘ (J
2 ﬁ 3. & N
[ Jd
%o b 3 »
3 ’ p %
L ]
1 $ ) § L4
T T T T
GSOFA(0)  GSOFA(1)  qSOFA(2)  qSOFA(3)
Spearman E 100]e e oo @ “%SBearnian
R=0.145 R=0.144
¢ P=0.029 ° P=0.030
o o 80 eo0 o @ ® °
o
®o @ e omoo ° e o o4
N
oemm eomwo ° E 60{jeee oo e oo

° o cooamo o0 0@ o© %wwoo LX)
54 e@e ee0 o @ omoe 000 00 [
®o0 0000 000 © O ® 00 Z'M 40 Pt .ogo‘;%oﬁ;'ngo:
® © 00 o000 ® °
S eaw w o e ems e soe o
LN J L] L]
0 ecmoememe o ® o o 0 {cmes scmenr® oxaes cam @ oo 20 cnommwenes oo o =
T T T T L Y B R T T T
1 2 3 4 1 2 3 4 1 2 3 4
HIF-1a HIF-1a HIF-1a
e .  Spearman 50 - L Spearman ey swe 0% @ gpditman
R=0.143 o R=0.148 R=-0.151
P=0.031 69 =0.025 4 P=0.023
404 o o
° °
° o o ~ 99 L] L ] o o o L]
_ ° o 4/ [ o, .oo
C; e o % 071, ° L 8 .. = 80’ A m?oso
0 I
o - o o o o® ] %% °o® gqo° Q ° upéo 0200 @ (]
s ° ° 204 o o <P°0 do o & W 03" e0® 0@
s o S . °o e 240 0%¢o o @0 po, WBgw o
° ® o5, oo o8, °°® % e % o ° o ®,
oo OQOQ 0@‘000 o °e () g ° e 00803 o ¢
e d ° 0> 10-0 ® wO‘h&g oq"ﬂ ol %0 °9 om O .
omvR R  [EABLAERE . W07 M
O_W ® BT ROg 0> €, 098, K o
T T T T T T T T T T T T
1 2 3 4 1 2 3 4 1 2 3 4
HIF-1a HIF-1a HIF-1a

861

FIG. 4. The association of HIF-1a protein levels, clinical characteristics, and clinical prognosis. A, The Spearman rank correlation test was used for
exploration of the correlations. Positive correlations are illustrated by red squares; negative correlations are presented by blue squares. B, Hypoxia-inducible factor
1a distributions for different gSOFA score-based subgroups (2.09 [1.40-2.83] vs. 2.84 [2.04-3.77] vs. 2.94 [1.83-3.84] vs. 3.13 [2.404.22], P < 0.01, P
[overall] = 0.0063) (*P < 0.05, **P < 0.01, ***P < 0.001). C, The relationship between SOFA score and HIF-1a level. D, The relationship between aCCl score and
HIF-1a level. D, The relationship between FIO, and HIF-1a level. F, The relationship between Cr level and HIF-1a level. G, The relationship between BUN level
and HIF-1a level. H, The relationship between SpO./FIO, and HIF-1a level.

repetitive stimuli can inhibit the expression levels of inflamma-
tory genes. A class of time-dose-response models incorporating
LPS stimulation and hypoxic conditions in zebrafish larvae
showed that HIF-la«. mRNA level reached the peak after 8 h

(29). Another study of LPS-stimulated neutrophils experiment in-
dicated that 4-h LPS stimulation upregulated HIF-la protein
level and then significantly decreased gradually (30). Second,
the differences in therapeutic alternatives between ventilation

TABLE 3. Correlations between HIF-1a and different parameters in septic patients

Variables Univariate (95% Cl) P Multivariate (95% CI)* P

SOFA 0.038 (0.005-0.071) 0.023 0.035 (0.001-0.069) 0.046
gSOFA 0.232 (0.077-0.387) 0.003 0.211 (0.051-0.371) 0.01

aCCl 0.085 (0.009-0.161) 0.029 0.077 (-0.035 to 0.189) 0.176
FIO, 0.007 (—-0.0001 to 0.013) 0.055 0.005 (—0.002 to 0.012) 0.126
Cr 0.0002 (-0.0005 to 0.0009) 0.532 0.0002 (—0.0005 to 0.001) 0.563
BUN 0.013 (-0.002 to 0.029) 0.095 0.011 (-0.005 to 0.027) 0.190
SpO,/FiO, -0.157 (-0.279 to -0.034) 0.012 -0.146 (-0.282 to —0.009) 0.037

*Adjusted for age and sex.
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FIG. 5. Restricted cubic spline regression model. Unadjusted, RCSs with four knots were used to model the association of HIF-1a expression level with ICU

mortality in septic patients.

and oxygen therapies may explain some discrepancies. Studies
demonstrated that HIF-1a is hydroxylated by oxygen-dependent
prolyl hydroxylase domain (PHD), ubiquitinated by the E3 ubiqui-
tin ligase Von Hippel-Lindau protein, and it is then rapidly de-
graded by the proteasome under normoxic conditions (31). A pre-
vious study described that long-term exposure to hypoxia could en-
hance HIF-a prolyl-4-hydroxylase capacity of cytoplasmic and
nuclear protein extracts, which accelerated decomposition of
HIF-1a after reoxygenation (32). The PHD activity decreased un-
der hypoxic conditions, blocking hydroxylation and stabilizing
HIF-1a expression level (33). Oxygen therapy, including nasal
catheter oxygen or mask oxygen therapy, IMV, and other methods,
was applied to patients with sepsis at admission, whereas improv-
ing hypoxic conditions might remarkably reduce HIF-1a expres-
sion level. However, in the present study, septic patients were clas-
sified into three groups according to their PO,/FiO, (group 1,
>300 mm Hg; group 2, 100-300 mm Hg; group 3, <100 mm Hg),
and no significant differences were detected among these groups.
Considering all the aforementioned factors, the timing of sepsis ep-
isodes is a major risk factor for elevated HIF-1a expression level.

As a strength of this study, HIF-1a expression level was mea-
sured after patients’ admission to ICU (within the first 4 h of ad-
mission) and was evaluated in the different PO,/FiO, subgroup
of sepsis. This avoids the interference caused by administering
anti-infective medications to treat and the duration of disease.
Second, previous studies have mainly concentrated on HIF-1a
mRNA level in different diseases. In the present study, HIF1a
protein level in septic patients was examined for the first time.
This is one of the novelties of this research. The present study also

has some limitations. First, sepsis is a heterogeneous disease char-
acterized by dysregulated systemic responses resulting from in-
fections caused by bacteria, fungi, or viruses (34). Comorbidities,
age, genetic predispositions, and infection sources can complicate
HIF-1a expression level. Although several factors were consid-
ered in the analysis and assessment, it was still difficult to avoid
confounding factors and different clinical manifestations of septic
patients. Second, as circulating HIF-1a expression level was
measured after sepsis, it was infeasible to determine whether the
elevated HIF-1a expression level could be causally related to sep-
sis. Third, because of the lack of in vitro cellular experiments, the
differences in mRNA and protein expression levels of HIF-1a be-
tween sepsis and normal culture conditions were not analyzed.
Fourth, HIF-1a is not actively released into the circulation, and
it was speculated that circulation HIF-1a protein is a marker for
cell damage in sepsis. The hypothesis will be verified in the future
studies. Further large-scale study is advantageous to dynamically
evaluate the influences of HIF-1a expression level on sepsis de-
velopment and prognosis and to explore its underlying mecha-
nisms. In the future study, cellular and animal experiments will
be conducted to determine how the elevated HIF-1a expression
level can affect septic patients’ prognosis. Infection and other in-
fluential factors will also be profoundly studied.

CONCLUSION

In conclusion, a new indicator was proposed for sepsis, HIF-
la, and it was revealed that HIF-1a could serve as a robust diag-
nostic and prognostic biomarker for sepsis. The HIF-la

TABLE 4. Association between HIF-1a and the treatment time among septic patients

Variables Univariate (95% CI) P Multivariate (95% CI)* P
28-d Survival -0.359 (-1.496 to 0.778) 0.534 -0.145 (-1.248 to 0.958) 0.796
ICU stay time -32.152 (-54.809 to 9.496) 0.006 -30.111 (-52.780 to 7.443) 0.01

*Adjusted for age and sex.



SHOCK June 2023

expression level increased as the severity of the sepsis was en-
hanced. However, it is essential to conduct additional, compre-
hensive clinical studies on HIF-1a and sepsis, to confirm the
aforementioned findings. Nonetheless, these findings have sub-
stantial clinical and public health implications.
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