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Coagulation alterations manifest early after severe burns and are closely linked to mortality
outcomes. Nevertheless, the precise characterization of coagulation changes associated with early
mortality remains elusive. We examined alterations in indicators linked to mortality outcomes at both
the transcriptomic and clinical characteristic levels. At the transcriptomic level, we pinpointed 28
differentially expressed coagulation-related genes (DECRGs) following burn injuries and endeavored
to validate their causal relationships through Mendelian randomization. DECRGs tied to survival
exhibit a significant association with neutrophil function, wherein the expression of CYP4F2 and
P2RX1 serves as robust predictors of fatal outcomes. In terms of clinical indicators, early levels

of D-dimer and alterations in serum calcium show a strong correlation with mortality outcomes.
Coagulation depletion and fibrinolytic activation, stemming from the hyperactivation of coagulation
pathways post-severe burns, are strongly linked to patient mortality. Monitoring these early
coagulation markers with predictive value can effectively identify individuals necessitating priority
critical care.

Severe burns trigger a cascade of systemic responses within the body, involving the activation of multiple physi-
ological systems. These responses encompass significant early alterations in both the coagulation and fibrinolytic
systems'. Early activation of coagulation not only promotes hemostasis within the locally impaired microcir-
culation, but is also appears to contribute to the mitigation of inflammatory processes®. However, the intricate
interplay between coagulation, fibrinolysis, the complement system, and immuno-inflammation in vivo often
leads to the overactivation of coagulation and, in extreme cases, the development of disseminated intravascular
coagulation (DIC)*=. A critical aspect to consider is that current evidence suggests that the presence of early
coagulation disorders subsequent to severe burns constitutes a substantial risk factor for a range of adverse out-
comes, including death®. Moreover, the coagulation changes identified by previous studies that are associated
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with mortality outcomes remain highly controversial’, and only a limited number of studies have leveraged early
coagulation indicators for the prediction of mortality outcomes.

The primary objective was to pinpoint coagulation indicators that significantly contribute to the risk of mor-
tality on severe burns patients from the perspective of transcriptomic and clinical characterization, respectively.
And then explore whether there is a common point for survival related coagulation alterations with the combina-
tion of the two perspectives. We conducted an analysis within the Gene Expression Omnibus (GEO) database,
utilizing bioinformatics methods to identify differentially expressed genes related to coagulation post-burn
injury, referred to as differentially expressed coagulation-related genes (DECRGs). Subsequently, we proceeded
to identify core DECRGs that exhibit robust associations with mortality outcomes. Furthermore, to ascertain
the potential causality, we employed Mendelian randomization analysis to investigate the causal links between
plasma DECRGs related proteins and burn injury. Finally, our investigation entailed a retrospective analysis of
early clinical data drawn from twelve medical centers nationwide and assessed clinical coagulation indicators
associated with mortality outcomes (Fig. 1). Our findings provide critical clinical evidence that underscores the
significance of early coagulation alterations in the aftermath of burn injuries.

Result

Identification survival related DECRGs

The transcriptomic cohort included a total of 72 burn patients with an overall burn area of 67% from the GEO
database, of which 75% were male patients. The cases of deaths were 17 (23.61%) and age and TBSA differed
between the dead and surviving groups (Table 1).

We conducted DEGs analysis and WGCNA respectively on two merged transcriptomic datasets obtained
from the GEO database. Our analysis resulted in the identification of 5527 DEGs. In the WGCNA analysis, we
ultimately identified 10 co-expression modules (Fig. 2A-E). Notably, the greenyellow and turquoise modules
exhibited the strongest correlation with burn, and we extracted a total of 1913 core genes from these modules
(Fig. 2F-H). Coagulation-related genes were extracted from those co-occurring in DEGs and core genes, resulting
in a set of 28 DECRGs (Fig. 3A, Table S2 in supplementary). To validate our findings, we assessed the expression
of these 28 DECRGs in an additional dataset, GSE37069. The results showed that all were differentially expressed
(Fig. S1 in supplementary).

Further univariate Cox regression analysis of the 28 genes identified 6 genes that showed potential associa-
tions with survival outcomes (Fig. 3B). Subsequent correlation analysis revealed a significant phase relationship
between P2RX1, CYP4F2, and CD59 (Fig. 3C). GO annotation of the six genes screened revealed that these genes
are involved in neutrophil activation and function, where minimum set of genes was set to be 5. Building upon
this finding, we employed three algorithms, namely LASSO, Random Forest, and XGBoost, to identify genes
associated with the outcome. Ultimately, CYP4F2 and P2RX1 emerged as the genes associated with survival
outcomes, as consistently identified by all three algorithms (Fig. 3D-G, Table 1, and Table S3 in supplementary).
In our nomogram prediction model, we incorporated four variables: age, TBSA, CYP4F2 level, and P2RX1
level. The prediction model yielded a C-index of 0.818 with a 95% CI ranging from 0.680 to 0.957 and a P value
of 6.58 x 107%. Furthermore, the calibration curve demonstrated consistency between predicted and observed
values. The model achieved an area under the curve (AUC) value of 0.80 for predicting outcomes at 28, 60, and
90 days. Risk scores were stratified based on the model’s criteria, with the optimal cutoff value determined as
1.728 using the R package maxstat. The significance of survival differences between subgroups, assessed via the
Logrank test method, yielded a P value of 6.40 x 1078 in survival curves (Fig. 4A-D).

Causal relationship between burns and expression of DECRGs

Given the intricate regulation of the in vivo coagulation system, we proceeded to investigate causal alterations
in DECRGs related proteins following burn injuries using MR analysis. Among the 28 DECRGs, we conducted
GWAS for plasma proteins regulated by 13 of these genes. Utilizing the IVW method, we identified a potential
causal relationship between burn exposure and protein S, tissue factor pathway inhibitor (TFPI), and tissue
factor (TF) (Fig. 4E). Simultaneously, the Weighted mode method identified decay accelerating factor (DAF)
and TF. Notably, DAF, protein S, and TFPI exhibited positive directional trends, while TF displayed a negative
directional trend (Fig. 4F). Importantly, none of the aforementioned positive results exhibited horizontal plei-
otropy or heterogeneity following sensitivity analysis, except for DAF (P=0.049) (Table S4 in supplementary).

D-dimer and serum calcium as risk factors for death

In this retrospective clinical cohort, we enrolled 583 patients with severe burns, among whom 86 (14.75%) unfor-
tunately succumbed to their injuries. The overall male proportion of the cohort was 70%, the median age was
48 years, and the median burn area was approximately 60%. There were no statistically significant differences in
gender, age, TBSA, incidence of inhalation injuries, or mortality between retrospective cohort and transcriptomic
cohort (Table S5 in supplementary).

Regarding coagulation indicators, except thrombin time and fibrinogen, notable differences were observed
between the groups. The death group exhibited prolonged prothrombin time (PT) and activated partial throm-
boplastin time (APTT), along with increased levels of D-dimer, INR, and platelets. The death group displayed
a decrease in pH and albumin levels, along with an increase in total bilirubin (TLIB) and alkaline phosphatase.
Statistically significant differences were not observed in other parameters, including the cause of injury, medical
history, and the use of anticoagulant therapy (Table 2).

For further analysis of influential factors, we incorporated coagulation-related indicators and assessed them
for multicollinearity. The VIF for all variables was found to be less than 5 (Fig. 5A). Through univariate and
multivariate Cox regression analyses, we identified D-dimer (HR 1.01, 95% CI 1.00-1.02) and calcium (HR
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Figure 1. Flowchart of this study.

4.01, 95% CI 1.82-8.83) as associated with mortality outcomes, establishing them as independent risk factors.
Acknowledging the existence of inevitable interactions (Fig. S2 in supplementary), we proceeded to screen
the variables using elastic networks and the LASSO algorithm. The outcome remained significant (P <0.05)
(Table 3, Table S6 in supplementary). The inclusion of D-dimer and calcium in the survival outcome prediction
model resulted in enhanced prediction accuracy across multiple time intervals: 28 days, 60 days, and 90 days
(Fig. 5B,C). Mediation analyses revealed that the level of D-dimer appeared to mediate the effect of TBSA on

mortality outcomes (Table S7 in supplementary).
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Characteristic Overall, n=72! Survival, n=55! Death, n=17" P value?
Sex-male 54 (75%) 44 (80%) 10 (59%) 0.109
Age (year) 46 (27, 55) 39 (21,51) 56 (48, 64) 0.003
TBSA (%) 67 (51, 78) 63 (48,77) 77 (62, 90) 0.025
Inhalation injury 37 (65%) 29 (69%) 8 (53%) 0.274
CYP4F2 level(log2) 7.53 (7.05, 8.09) 7.27 (6.68, 7.90) 7.99 (7.63, 8.29) 0.002
P2RX1 level(log2) 8.80+0.73 8.69+0.69 9.18+£0.75 0.022

Table 1. Patient demographics and baseline characteristics of transcriptomic cohort. 'n (%); Median (IQR);
Mean + SD. 2Wilcoxon rank sum test; Welch Two Sample t-test; Fisher’s exact test; Pearson’s Chi-squared test.
TBSA total body surface area.

Nonlinear relationship between D-dimer, calcium and mortality outcome

In clinical practice, the relationship between independent and dependent variables is frequently nonlinear,
particularly when the independent variable is continuous. Categorizing continuous variables based on arbitrary
truncation values can lead to missing data. First of all, the Schoenfeld test proves that the Cox model meets the
proportional risk assumption (Fig. S3 in supplementary). Furthermore, we observed that age and TBSA were
independent risk factors for mortality. RCS analysis, adjusted for covariates age and TBSA, revealed a nonlin-
ear dose-response relationship between D-dimer levels and the risk of death (P<0.05), with a cutoff point at
1.418 mg/L (Fig. 5D). When D-dimer levels exceeded 1.418 mg/L, an incremental increase in D-dimer was
associated with a progressively elevated risk of death. Segmented regression analysis at this cutoff point dem-
onstrated that D-dimer levels exceeding 1.418 mg/L were statistically significant as a risk factor (HR 1.02, 95%
CI 1.01-1.03, P<0.001), whereas levels below 1.418 mg/L were not statistically significant. Likewise (Table 4),
RCS analysis revealed a nonlinear association between calcium levels and mortality outcomes, with calcium
levels below 2.04 mmol/L being a risk factor for death (HR 3.53, 95% CI 1.38-9.04, P=0.008) (Fig. 5E, Table 4).
In survival curves, it is evident that D-dimer and calcium, stratified by the cutoff values, effectively differentiate
survival risk (Fig. 5EG).

Discussion

Previous research has indicated that coagulation disturbances exhibit dynamic changes throughout the progres-
sion of burn injuries’. Early alterations in the coagulation system may be less discernible in patients with smaller
burn areas. However, in patients with extensive burns, these changes can manifest within 24 h of injury. The
precise pathophysiology underlying early coagulation changes in severe burn patients remains uncertain, with
endothelial injury and tissue hypoperfusion currently the main thought drivers®. Extensive vascular endothe-
lial damage and capillary leakage lead to a self-protective activation of coagulation pathways within the body.
Damage-associated molecular patterns (DAMPs), molecular fragments generated in stressed or damaged tissues
following burn injuries, are detected by pattern recognition receptors on the surfaces of a wide array of cells
throughout the body’. The binding of DAMPs not only induces TF expression and activates external coagula-
tion pathways but also triggers complement cross-linking with the coagulation system'. Within the context of
systemic multisystem crosstalk, coagulation exhibits significant heterogeneity.

Due to the limited specificity, we proceeded to identify DECRGs with potential effects on survival outcomes
at the transcriptomic level. These 28 DECRGs encompass regulators and proteins associated with diverse coagu-
lation pathways, encompassing the complement system, hemostatic processes, and fibrinolysis. GO analysis
of the six DECRGs identified as survival-related through univariate Cox regression unveiled a predominant
involvement of neutrophils and their associated functional components. In the setting of widespread activation
of coagulation and immunoinflammatory systems following burn injuries in vivo, DAMPs induced early in the
course of burn injuries trigger the expression of TF on the surface of innate immune cells and activate external
coagulation pathways'!. Neutrophils, as pivotal components of the innate immune system, serve as essential
mediators and play a significant role in fibrin formation during the early post-burn period?. In a laser-induced
vascular endothelial injury model, neutrophils are the initial cells to accumulate within the vessel wall, interact
with and aggregate around damaged endothelial cells, and contribute to thrombus formation'®. Importantly,
DAMPs also stimulate neutrophil degranulation, leading to the release of serine proteases (such as elastase and
histone G) and the formation of neutrophil extracellular traps'®. Previous research has primarily associated the
impact of neutrophil serine proteases on the coagulation process with their role in promoting the inactivation of
TFPI and fibrin production'?. Early activation of neutrophils contributes to hemostasis and local inflammatory
responses, but excessive dysregulation can result in coagulation depletion and a systemic immune-inflammatory
response that is more likely to lead to adverse outcomes.

The expression of genes associated with fatal outcomes, namely P2RX1 and CYP4F2, seems to contribute
to the process of neutrophil hyperactivation. P2X1 receptors, which are ATP-gated ion channels, are expressed
on both platelets and neutrophils'>'. ATP ligands increase in the extracellular space of the endothelium fol-
lowing tissue injury. This channel exhibits high permeability to Ca?*, with approximately 10% of the action
potential mediated by these ions'”. In platelets, P2X1 receptors mediates the activation of ERK2 phosphoryla-
tion via increased intracellular Ca?*, thereby enhancing the aggregation response to thrombin'®. Additionally,
the accumulation and pro-thrombotic capacity of neutrophils rely on the P2X1 receptor. Mice lacking the P2X1
receptor exhibited a substantial reduction in neutrophil chemotaxis and fibronectin production at the site of

Scientific Reports |

(2024) 14:10457 |

https://doi.org/10.1038/s41598-024-61194-0 nature portfolio



www.nature.com/scientificreports/

A

154

10

Expression(log)
b

I NS A P S

> © S N N N A\ N
SO
TS FFFFFFTFF &S

o
=
N

N
o~
1

igned R
o
[=}
1 1

0.4

Scale Free A"l"opolog/y2 Model Fit,s

T T T T T T T

0 5 10 15 20 25 30
Soft threshold (power)

Correlation coefficient ~ P-value

F "-0500 05

0002040608

> o >
& &
g

DataSet B N
GSE77791 164 4
GSE19743 12: i
(] [}
A A o 24
< 84 <
= = ol
=] 4 = ]
0 : —2-
—4 —4
- Trrrrrrrrrrrrrorr T T T T T T T T T
-8 -4 0 4 8 12 16 20 -8 4 0 4 8
UMAP 1 UMAP 1
30 Regulated
§ 25 4 Up-regulated
T; 20 Down-regulated
o& 15
= 10
=)
- 5
0

0.3
Dynamic Tree Cut

Merge Dynamic

Q

—4-3-2-1012 3 4
log2(FoldChange)

i [ 1
o I S L o v [
o oo e s a )
o [ T T R T S T
o T T T L R R
o T T T T R A
o I T T
Lo [ L
o [ L
o T T T T S S S B B T
o [ T T T T S T R B T

w |\!| III{III!IIIHIMIII I T

s

[0.02 -0.02 bl k —
— 078 o7s I P14C £ : P=3.6e-206 1=0.80 £ |®:P=00et0r=0.62
- =
i 4.2:-100 5 4.2¢-1 grey60 Eg 1.04 m 1.0
— 002, 00d| | lightyellow é é
ov72 1.&-250'72 Lead || turquoise ;:3 §
0. . i 0.5+
067, l.Ze-Z4o & 1.2e-24 darkred é 05 é
o ae20 3121 pink Eﬂ 50
™ 04 lightgreen w o @ .0
77 -0.77 11 o 0.0 o
l0:53 l.5e»30_0 53 1.5¢-3( greenyellow 5 é
7.9e-12 7.9e-12 salmon o
0.16 0.16 T T T T T T T T T T T
006 0.04d grey 02 04 06 08 10 12 02 04 06 08 10 12
I MM in greenyellow module MM in turquoise module
Q& ‘60\
A2 QQQ

Figure 2. Identification of differentially expressed genes after burn injury. (A): Relative expression between
datasets before and after removal of batch effects; (B): Distribution between data sets before and after removal
of batch effects; (C) Volcano map of differentially expressed genes; (D): WGCNA threshold determination; (E):
Cluster analysis of co-expression modules; (F): Correlation of co-expression modules with burn injuries; (G):
Scatterplot of module membership versus gene significance for burn in greenyellow module; (H): Scatterplot of
module membership versus gene significance for burn in turquoise module. MM module membership.

endothelial injury when compared to wild mice'®. CYP4F2 serves as a vitamin K1 oxidase and an w-hydroxylase
of menaquinone 4 (MK-4)'*°. Moreover, genetic polymorphisms in the CYP4F2 gene impact plasma concentra-
tions of vitamin K1 and MK-4. Vitamin K, functioning as a cofactor for gamma-glutamyl carboxylase, plays a
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Figure 3. Identification of survival related DECRGs. (A): DECRGs identified by DEGs and WGCNA jointly;
(B): Forest plot of the hazard ratio after univariate Cox regression; (C): Correlation between survival related
DECRGsS; (D): GO annotation of survival-related genes; (E): LASSO algorithm screens for survival related
signature genes; (F): Random Forest algorithm screens for survival related signature genes; (G): Survival
related DECRGs identified by all three algorithms. WGCNA Weighted correlation network analysis, DECRGs
differentially expressed coagulation-related genes, DEGs Differential expression genes, RF Random Forest,

LASSO least absolute shrinkage and selection operator.

crucial role in the hepatic metabolism of proteins C and S, along with the synthesis of coagulation factors II, VII,
IX, and X?!. Furthermore, genetic polymorphisms in CYP4F2 are linked to the necessary dosage of warfarin®?.

Following MR analysis, it was observed that plasma TF levels decreased after exposure to burns, while there
was an increase in the expression of negatively regulated factors such as TFPI, protein S, and DAF. TFPI plays a
pivotal role as a major inhibitor of the FVIIa-TF complex within the exogenous coagulation pathway, and protein
S functions as an inhibitory cofactor that enhances the inhibitory capacity of TEPI'. DAF serves as a negative
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Characteristic Overall, n=583' Survival, n=497" Death, n=86" P-value?
Sex-male 409 (70%) 345 (69%) 64 (74%) 0.349
Age (year) 48 (36.00, 57.50) 47 (35.00, 56.00) 56 (47.25, 68.00) <0.001
TBSA (%) 60.0 (44.50, 80.00) 55.0 (40.00, 75.00) 82.5 (61.25, 94.00) <0.001
Weight (kg) 65.0 (58.00, 72.25) 65.0 (58.00, 72.00) 65.0 (60.00, 73.50) 0.459
Cause 0.294
Fire 479 (82%) 404 (81%) 75 (87%)

Corrosive injury 19 (3%) 18 (4%) 1(1%)

Scald injury 59 (10%) 50 (10%) 9 (10%)

Electric injury 26 (4%) 25 (5%) 1(1%)

Inhalation injury 433 (74%) 377 (76%) 56 (65%) 0.035
Coagulation function

Prothrombin time (s) 11.7 (11.00, 12.70) 11.6 (11.00, 12.60) 12.3 (11.30, 14.00) 0.002
APTT (s) 27.2 (23.50, 32.50) 27.0 (23.30, 31.60) 31.6 (24.63, 37.80) 0.003
Thrombin time (s) 18.5(16.90, 20.20) 18.5 (16.90, 20.10) 18.6 (16.63, 20.28) 0.709
D-dimer (mg/L) 2.6 (1.12,5.94) 2.3 (1.04,5.25) 5.3 (2.68,15.32) <0.001
INR 1.0 (0.93, 1.10) 1.0 (0.93, 1.08) 1.1 (0.97, 1.20) <0.001
Fibrinogen (g/L) 2.5(1.98,3.17) 2.5(2.00, 3.12) 2.6 (1.94, 3.36) 0.626
Calcium (mmol/L) 2.0(1.82,2.19) 2.0(1.82,2.19) 2.0(1.82,2.17) 0.837
PH 7.4(7.33,7.42) 7.4 (7.33,7.42) 7.4 (7.30, 7.40) 0.034
Lactic acid (mmol/L) 3.8 (2.30, 5.25) 3.5 (2.20, 5.15) 4.5 (3.16, 5.68) 0.001
Liver and kidney function

Total bilirubin (umol/L) 17.1 (11.50, 25.25) 16.3 (11.40, 24.20) 20.5 (12.85, 30.53) 0.010
Creatinine (umol/L) 74.0 (58.00, 93.05) 70.2 (56.00, 88.00) 97.7 (79.63, 147.83) <0.001
Alkaline phosphatase (U/L) 61.9 (51.00, 72.42) 61.0 (51.00, 72.00) 62.9 (52.25,73.75) 0.345
Albumin (g/dL) 33.3 (27.30, 38.30) 33.7 (28.30, 38.30) 28.7 (23.33, 36.95) 0.001
Blood cell parameters

RBC 5.3 (4.79, 5.83) 5.3 (4.79, 5.83) 5.2 (4.75,5.77) 0.418
WBC 19.9 (14.38, 26.54) 19.2 (14.03, 26.00) 23.3 (16.87, 29.88) 0.002
Platelet (10°/L) 238.0 (178.00, 309.50) | 234.0 (172.00, 304.00) | 264.5 (197.25,362.50) | 0.016
Hemoglobin level (g/L) 161.0 (143.00, 177.00) | 161.0 (144.00, 176.00) | 164.0 (141.25, 180.75) 0.839
Time post burn (hours) 3.0 (2.00, 6.00) 3.7 (2.00, 6.00) 3.0 (2.00, 5.00) 0.131
Length of stay (days) 36.0 (21.00, 62.00) 40.0 (27.00, 66.00) 9.0 (4.00, 18.00) <0.001
Anamnesis

Hypertension 49 (8%) 38 (8%) 11 (13%) 0.112
Diabetes mellitus 19 (3%) 15 (3%) 4 (5%) 0.505
Chronic cardiac disease 7 (1%) 5(1%) 2(2%) 0.276
Stroke 9 (2%) 6 (1%) 3 (3%) 0.134
Intervention

CRRT 21 (4%) 9 (2%) 12 (14%) <0.001
Anticoagulation 68 (12%) 57 (11%) 11 (13%) 0.724
Mechanical ventilation 225 (39%) 171 (34%) 54 (63%) <0.001

Table 2. Patient demographics and baseline characteristics of retrospective cohort. 'n (%); median (IQR).
*Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test. TBSA total body surface area, APTT
activated partial thromboplastin time, INR international normalized ratio, TLIB total bilirubin, RBC red blood
cell, WBC white blood cell, CRRT continuous renal replacement therapy.

regulator within the complement cascade?. In summary, following burn injuries, genetic variation perspectives
indicate a somewhat heightened activation of negative regulatory mechanisms. This aligns with findings from
previous studies focusing on early trauma®*; however, further examination is required within the context of burn
patients. Given the dynamic nature of burn injuries, the insights we have presented may necessitate additional
validation through rigorous animal or clinical trials.

It has been proposed that early changes in severe burns involve the activation of coagulation pathways, a
decrease in natural anticoagulants (protein C and protein S), and the initiation of fibrinolysis'. Nonetheless,
some scholars contend that coagulation experiences heightened activation, leading to microvascular thrombosis
subsequent to coagulation dysregulation caused by consumptive coagulation disorders®. This results in a state
of hypocoagulability and increased fibrinolysis. In our study, we observed prolonged PT and APTT in the death
group, supporting the notion that early hypocoagulation may hold predictive value for survival outcomes.
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Figure 5. D-dimer and serum calcium are risk factors for death. (A): VIF values after multicollinearity test

for variables. (B): ROC Comparison of Age and TBSA for Survival Prediction. (C): ROC Comparison of Age,
TBSA, D-dimer, and calcium for Survival Prediction. (D): Restricted cubic spline for D-dimer and survival
outcomes. (E): Survival curves divided by D-dimer cutoffs. (F): Restricted cubic spline for calcium and survival
outcomes. (G): Survival curves divided by calcium cutoffs. TBSA total body surface area, APTT activated partial
thromboplastin time, INR international normalized ratio, AUC area under curve, HR hazard ratio, CI confidence
interval.

Importantly, early fibrinolytic activation has been consistently observed in the majority of studies, and it
represents a significant factor contributing to mortality in trauma patients, including those with burns?®-%.
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D-dimer Calcium
Methods HR (95%CI) P value HR (95%CI) Pvalue
Univariable 1.02 (1.01-1.03) <0.001 1.57 (0.88-2.78) 0.125
Modell 1.01 (1.00-1.02) 0.02 2.66 (1.40-5.04) 0.003
Model2 1.01 (1.00-1.02) 0.049 3.92(1.83-8.38) <0.001
LASSO 1.02 (1.01-1.03) 0.001 2.98 (1.43-6.23) 0.004
Stepwise-backward 1.01 (1.00-1.02) 0.038 3.83(1.79-8.19) 0.001
Elastic Net 1.02 (1.01-1.03) 0.001 2.95(1.41-6.17) 0.004

Table 3. Univariate and multivariate analysis of risk factors in retrospective cohort (Cox regression).
HR = Hazard Ratio, CI = Confidence Interval. Modell: adjusted for age, TBSA and inhalation injury; Model2:
adjusted for age, TBSA, inhalation injury, PH, lactic acid, total bilirubin, creatinine, albumin and WBC.

Characteristic HR | 95% CI P-value
D-dimer (mg/L)

<1.418 0.45 |0.10,1.97 0.290
>1.418 1.02 | 1.01,1.03 | <0.001

Calcium (mmol/L)
<2.04 3.53 |1.38,9.04 0.008
>2.04 2.5 0.24,26.4 0.450

Table 4. Effect of d-dimer and calcium level on survival: adjusted hazard ratios from segmented cox
regression analysis. HR Hazard Ratio, CI Confidence Interval. HRs were adjusted for TBSA and Age.

This phenomenon may be attributed to the release of substantial levels of free tissue-type plasminogen activator
from damaged endothelial cells, ultimately resulting in an upregulation of fibrinogenesis®. In our multicenter
population-based study, D-dimer, a marker reflecting activation of fibrinogenesis, was significantly elevated in the
death group and was an independent predictor of survival outcome. Previous investigations have demonstrated
that D-dimer levels are elevated upon admission in burn patients®*. Moreover, early elevation in D-dimer levels
in trauma patients is believed to correlate not only with the severity of injury but also to predict multiple adverse
outcomes, including hemorrhage, disseminated intravascular coagulation (DIC), and death®'. In severely trauma-
tized patients, Hayakawa et al. identified an optimal cutoff value of 38 mg/L for 24-h D-dimer levels associated
with mortality outcomes using receiver operating characteristic (ROC) analysis?®. In our study, we observed
an association between D-dimer levels exceeding 1.418 mg/L and mortality outcomes, with a corresponding
increase in the risk of death as D-dimer levels rose. Given that endothelial injury, tissue hypoperfusion, and
systemic inflammation frequently co-occur in severe burns, a mild fibrinolytic status may serve as a predictive
marker for adverse outcomes.

Besides D-dimer, serum calcium levels below 2.03 mmol/L were also linked to an elevated risk of mortality.
As a pivotal element of P2X1 receptors in the coagulation pathway, excessive depletion of blood calcium inde-
pendently contributes to mortality risk. In addition, neutrophil activation after injury leads to increased intracel-
lular calcium mobilization®?. While previous studies have observed a decrease in serum calcium levels following
trauma, whether it is associated with adverse outcomes is inconsistent among different studies®***. Likewise, in
our study, we initially did not observe any disparity in calcium levels between the groups that survived and those
that did not. Furthermore, no statistical significance was evident in the univariate Cox analysis. However, posi-
tive findings surfaced following variable screening. This may warrant further consideration of the interaction of
serum calcium with other factors, which is also more reflective of the real-world impact of serum calcium levels.

When combined with transcriptomic and clinical characteristics analysis, it was observed that patients in
the death group exhibited elevated levels of both fibrinolysis and thrombosis. Furthermore, this phenomenon is
associated with the early activation of neutrophils. Based on this observation, we formulated a hypothesis that
adverse outcomes may be linked to early secondary coagulation disorders arising from hyperactivation of the
coagulation system. Excessive coagulation consumption could potentially manifest as the depletion of various
factors. However, it is important to note that the present study did not comprehensively and meticulously collect
indicators such as coagulation factors and fibrinolysis from a large number of patients. This is an aspect that we
intend to address more rigorously in our future investigations. Given the intricate interplay with various immune-
inflammatory systems, it appears challenging to intervene directly in the coagulation pathway solely based on
alterations in patient coagulation screening indicators. Furthermore, it is worth noting that extensive assess-
ments of thrombosis and hemostasis have not yet been undertaken at the clinical level. Utilizing four valuable
predictive indicators allows for the identification of individuals at risk, thereby enabling the implementation of
additional interventions and tailored care for this population. The identification of survival-related transcriptomic
genes and clinical characteristics is based on different population cohorts. Some valuables such as age, TBSA,
and the incidence of inhalation injury are thought to be strongly associated with mortality in previous studies.
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No statistically significant differences were observed in the age, TBSA, and incidence of inhalation injury in the
populations included in our study. And the mortality rates among populations are similar, so we assumed that
they are still comparable.

There are also some limitations in this paper. Firstly, we encountered limitations in obtaining GWAS data
for all DECRGs candidates, and our MR analysis was consequently restricted to the available metrics. Secondly,
our study did not involve the analysis of variations in mRNA and protein expression levels of the core genes
through cellular experiments. Thirdly, the current lack of open studies of burned patients still exists, and thus
genetic diversity and potential differences between the different population cohorts in our study are still not well
avoided. However, we provide a method of analysis that may be flawed with the current data, but also provides
direction for future research. Lastly, we could only gather information regarding the patients’ prior medical
histories, particularly concerning coagulation deficiencies and pre-hospitalization anticoagulant medications,
through verbal inquiries.

Methods

Bioinformatics analysis

To identify DECRGs, we initiated our analysis from a bioinformatic perspective. Burn-related blood transcrip-
tome sequencing data were retrieved from two GEO databases (http://www.ncbi.nlm.nih.gov/geo/): GSE77791
(burn patients =15, control = 13) and GSE19743 (burn patients =57, control =63). To ensure consistency, we
selected the earliest available sequencing data from each patient, acquired within 24 h post-injury, for further
analysis. Genes associated with the human coagulation pathway were collected from three reputable databases:
KEGG, AmiGo®, and GeneCards*. The search keywords employed included "coagulation”, "fibrinolysis", and
"hemostasis”. We further refined our gene selection by including 268 genes that were concurrently present in
two or more of these databases.

Initially, we merged the two datasets employing the R package inSilicoMerging®’. Subsequently, to eliminate
any potential batch effects, we applied the methodology outlined by Johnson et al*®. Differential expression
genes (DEGs) analysis was conducted using the R package limma after log2 transformation of the data®. Genes
were deemed differentially expressed if they exhibited an adjusted P value of less than 0.05 and an absolute fold
change greater than 1.5.

Weighted correlation network analysis (WGCNA) is a robust systems biology method employed to elucidate
gene association patterns among samples®. It enables the identification of highly synergistic gene sets and the
exploration of candidate biomarker genes or therapeutic targets by integrating gene-set integration and gene-
set-phenotype associations. In our analysis, we selected a power threshold of R*=0.85 and a soft threshold of
B=18. Gene significance was utilized to measure the correlation between genes and clinical phenotypes, while
module membership captured the correlation between eigengene and gene expression profiles of modules. We
identified core genes as those within modules demonstrating both clear significance and a high correlation with
burn injury, with a module membership threshold exceeding 0.8.

Identification survival related DECRGs

Correlate limma-identified DEGs, WGCNA-identified hub genes, and coagulation-related genes with each other
to identify DECRGs. Initially, we employed univariate Cox regression to identify genes potentially linked to
mortality outcomes. Gene Ontology (GO) of the screened survival-associated DECRGs was performed by clus-
terProfiler package in R, and P value <0.05 were considered statistically significant. Subsequently, we subjected
the characterized genes to a comprehensive screening process. This screening involved the combination of least
absolute shrinkage and selection operator (LASSO), Random Forest, and XGBoost algorithms. The LASSO
regression algorithm, by adding a penalty term in the model estimation, can compress the regression coefficients
of some unnecessary variables to zero and then eliminate them from the model to achieve the purpose of vari-
able screening*'. The DECRGs that emerged as survival-related were harnessed for survival prediction analysis.
Finally, the expression of DECRGs was validated in an additional dataset GSE37069.

Mendelian randomization analysis
Changes following burn injuries are intricate, involving multiple systems and levels. Traditional methods often
struggle to uncover the specific causal links between burn injuries and alterations in various coagulation indi-
cators. To address this challenge, we employed an innovative epidemiological approach known as Mendelian
randomization (MR) analysis*>. MR analysis uses genetic variation as an instrumental variable to investigate
causal relationships between exposures and outcomes*. In this study, we conducted a two-sample MR analy-
sis with burn injury as the exposure factor and DECRGs related proteins as the outcome factor. Burn-related
Genome-Wide Association Study (GWAS) data were acquired from the FinnGen database, encompassing 3134
cases and 306,020 controls. GWAS data for DECRGs related proteins in plasma were obtained from previous
studies**~*. The populations included in these datasets were all of European origin (Table S1 in supplementary).
The significance threshold for instrumental variable screening was 1x 107, considering that instrumental
variables (single nucleotide polymorphism) require strong correlation with exposure factors but not with out-
come factors?’. We employed two distinct MR analysis methods, Inverse Variance Weighted (IVW) and Weighted
Median, to assess the specific association of genetically predicted burns with DECRGs related proteins. In addi-
tion, we conducted a sensitivity analysis for the MR results by applying Cochran’s Q-test to assess the hetero-
geneity between instrumental variables, and a P value less than 0.05 indicated the presence of heterogeneity. In
cases where heterogeneity was detected, we employed MR Egger regression to further eliminate the potential
effect of horizontal pleiotropy. Once again, a P value less than 0.05 indicated the presence of heterogeneity that
required correction®.
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Analysis of clinical coagulation indicator influencing survival outcomes

We recruited patients with burn injuries meeting the criteria of either a total body surface area (TBSA) of >30%
burns or >10% third-degree burns. These patients were admitted to the hospital within 24 h post-injury and
completed relevant clinical laboratory tests from twelve prominent tertiary hospitals across mainland China
during the period spanning January 01, 2015, to December 30, 2020. The coagulation indicators of the patients
were assayed by the professionals of the laboratory department of the medical center. Patients’ venous blood
was collected with 5 ml of citrate-containing blood collection tubes and sent for testing within 1 h at room
temperature after collection. Whole blood was centrifuged to obtain plasma, which was further analyzed using
a fully automated blood coagulation analyzer (Mindray CX-9000, China).

To assess the influence of early coagulation indicators on survival outcomes, we employed the Cox propor-
tional-hazards model to identify potentially relevant variables. We also utilized the variance inflation factor
(VIF) to evaluate potential multicollinearity among the variables*’. The VIF is calculated using the formula:
VIF=1/(1-R?), where R? represents the coeflicient of determination used by the other predictors in the model
to predict the predictor to be evaluated. Each independent variable is assigned a VIF score. A VIF less than 5 is
indicative of low multicollinearity, while a score falling between 5 and 10 suggests the presence of some multicol-
linearity. A VIF exceeding 10 indicates severe multicollinearity. Variables identified through this initial screening
process were subsequently subjected to multivariate Cox regression analysis. To identify variables suitable for
multifactorial analyses, we employed a systematic approach involving three main methods: (1) Variables that
exhibited positive statistical significance following univariate Cox regression analysis were selected for further
consideration. (2) In view of the small number of variables, we included all variables in the Multivariate analysis.
(3) To address the potential impact of multicollinearity, we employed both LASSO and Elastic Net models to
identify suitable variables for multifactorial analysis. The Elastic Network algorithm combines the strengths of
Ridge regression and Lasso regression®. Tenfold cross-validation was used in variable screening to select lambda
values with the smallest mean square error.

Restricted cubic spline

To investigate potential nonlinear associations between coagulation indicators and survival outcomes, we
employed the restricted cubic spline (RCS) methodology®!. A cubic spline represents a continuous, segmented
cubic polynomial, where the selection of node positions and their number is done to ensure the spline function
provides a smooth curve for the continuous variable X across its entire range of values. Knot value with the
smallest AIC value was selected after modeling different nodes and determined the position based on the 10th
and 50th percentile. Prior to the implementation of RCS, we check whether the Cox model constructed by the
variables is consistent with the proportional risk assumption using the Schoenfeld test.

Statistical analysis

In this paper, categorical variables are expressed as numbers (%), and continuous variables were presented as
either mean (SD) when they adhered to a normal distribution or median (interquartile range) when their distri-
bution deviated from normality. All statistical analyses were performed using R software. Some graphs were visu-
alized based on the Sanger Box analysis tool*2. A two-sided P value <0.05 was considered statistically significant.

Ethics statement
The retrospective cohort has been approved by the ethics committee of Changhai Hospital (Grant No.
CHCE2022-243).

Conclusion

This study has illuminated early coagulation disorders linked to fatal outcomes in severe burns from a multifac-
eted standpoint. Early coagulation depletion and fibrinolytic activation have emerged as significant associations
with mortality outcomes. Furthermore, our investigation also determined the feasibility of early alterations in
D-dimer, serum calcium, CYP4F2 and P2RX1 within 24 h post-injury as predictors to build a robust predictive
model that may provide early clinical targets for monitoring. Further validation of the predictive value of these
metrics in cohort populations is necessary.

Data availability

Burn patient transcriptome data was obtained from the GEO database (http://www.ncbi.nlm.nih.gov/geo), acces-
sion numbers GSE77791, GSE19743, and GSE37069. GWAS data was obtained from the FinnGen (https://www.
finngen.fi/en), The coagulation-related gene set is derived from three major gene databases, KEGG (https://
www.genome.jp/kegg/), AmiGo (https://amigo.geneontology.org/amigo/), and GeneCards (https://www.genec
ards.org/).

Received: 6 January 2024; Accepted: 2 May 2024
Published online: 07 May 2024

References
1. Ball, R. L. et al. Burn-induced coagulopathies: A comprehensive review. Shock 54, 154-167. https://doi.org/10.1097/shk.00000
00000001484 (2020).
2. Wilhelm, G. et al. The crossroads of the coagulation system and the immune system: Interactions and connections. Int. J. Mol. Sci.
https://doi.org/10.3390/ijms241612563 (2023).

Scientific Reports |

(2024) 14:10457 | https://doi.org/10.1038/s41598-024-61194-0 nature portfolio


http://www.ncbi.nlm.nih.gov/geo
https://www.finngen.fi/en
https://www.finngen.fi/en
https://www.genome.jp/kegg/
https://www.genome.jp/kegg/
https://amigo.geneontology.org/amigo/
https://www.genecards.org/
https://www.genecards.org/
https://doi.org/10.1097/shk.0000000000001484
https://doi.org/10.1097/shk.0000000000001484
https://doi.org/10.3390/ijms241612563

www.nature.com/scientificreports/

ol

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

. Rawish, E., Sauter, M., Sauter, R., Nording, H. & Langer, H. E Complement, inflammation and thrombosis. Br. . Pharmacol. 178,

2892-2904. https://doi.org/10.1111/bph.15476 (2021).

. Korkmaz, H. I et al. The complexity of the post-burn immune response: an overview of the associated local and systemic complica-

tions. Cells https://doi.org/10.3390/cells12030345 (2023).

. Lippi, G., Ippolito, L. & Cervellin, G. Disseminated intravascular coagulation in burn injury. Semin. Thromb. Hemost. 36, 429-436.

https://doi.org/10.1055/s-0030-1254051 (2010).

. Geng, K. et al. Incidence and prognostic value of acute coagulopathy after extensive severe burns. J. Burn. Care Res. 41, 544-549.

https://doi.org/10.1093/jbcr/irz178 (2020).

. Guilabert, P. et al. Coagulation alterations in major burn patients: A narrative review. J. Burn. Care Res. 44, 280-292. https://doi.

org/10.1093/jber/irac177 (2023).

. Sherren, P. B. et al. Acute burn induced coagulopathy. Burns 39, 1157-1161. https://doi.org/10.1016/j.burns.2013.02.010 (2013).
. Relja, B. & Land, W. G. Damage-associated molecular patterns in trauma. Eur. J. Trauma Emerg. Surg. 46, 751-775. https://doi.

0rg/10.1007/s00068-019-01235-w (2020).

Miiller, L. et al. Intravascular tissue factor initiates coagulation via circulating microvesicles and platelets. FASEB J. 17, 476-478.
https://doi.org/10.1096/1].02-0574fje (2003).

Maugeri, N. et al. Human polymorphonuclear leukocytes produce and express functional tissue factor upon stimulation. J. Thromb.
Haemost. 4, 1323-1330. https://doi.org/10.1111/j.1538-7836.2006.01968.x (2006).

Massberg, S. et al. Reciprocal coupling of coagulation and innate immunity via neutrophil serine proteases. Nat. Med. 16, 887-896.
https://doi.org/10.1038/nm.2184 (2010).

Darbousset, R. et al. Tissue factor-positive neutrophils bind to injured endothelial wall and initiate thrombus formation. Blood
120, 2133-2143. https://doi.org/10.1182/blood-2012-06-437772 (2012).

Andrews, R. K., Arthur, J. E & Gardiner, E. E. Neutrophil extracellular traps (NETs) and the role of platelets in infection. Thromb.
Haemost. 112, 659-665. https://doi.org/10.1160/TH14-05-0455 (2014).

Darbousset, R. et al. P2X1 expressed on polymorphonuclear neutrophils and platelets is required for thrombosis in mice. Blood
124, 2575-2585. https://doi.org/10.1182/blood-2014-04-571679 (2014).

Lecut, C. et al. P2X1 ion channels promote neutrophil chemotaxis through Rho kinase activation. J. Immunol. 183, 2801-2809.
https://doi.org/10.4049/jimmunol.0804007 (2009).

Hechler, B. et al. A role of the fast ATP-gated P2X1 cation channel in thrombosis of small arteries in vivo. J. Exp. Med. 198, 661-667.
https://doi.org/10.1084/jem.20030144 (2003).

Toth-Zsamboki, E. et al. P2X1-mediated ERK2 activation amplifies the collagen-induced platelet secretion by enhancing myosin
light chain kinase activation. J. Biol. Chem. 278, 46661-46667. https://doi.org/10.1074/jbc.M308452200 (2003).

McDonald, M. G., Rieder, M. J., Nakano, M., Hsia, C. K. & Rettie, A. E. CYP4F2 is a vitamin K1 oxidase: An explanation for altered
warfarin dose in carriers of the V433M variant. Mol. Pharmacol. 75, 1337-1346. https://doi.org/10.1124/mol.109.054833 (2009).
Edson, K. Z. et al. Cytochrome P450-dependent catabolism of vitamin K: Omega-hydroxylation catalyzed by human CYP4F2 and
CYP4F11. Biochemistry 52, 8276-8285. https://doi.org/10.1021/bi401208m (2013).

Vermeer, C. Vitamin K: The effect on health beyond coagulation—An overview. Food Nutr. Res. https://doi.org/10.3402/fnr.v56i0.
5329 (2012).

Hirai, K. et al. Plasma vitamin K concentrations depend on CYP4F2 polymorphism and influence on anticoagulation in Japanese
patients with warfarin therapy. Thromb. Res. 135, 861-866. https://doi.org/10.1016/j.thromres.2015.02.019 (2015).

Mannes, M., Schmidt, C. Q,, Nilsson, B., Ekdahl, K. N. & Huber-Lang, M. Complement as driver of systemic inflammation and
organ failure in trauma, burn, and sepsis. Semin. Immunopathol. 43,773-788. https://doi.org/10.1007/s00281-021-00872-x (2021).
Wada, T. et al. Association of antithrombin with development of trauma-induced disseminated intravascular coagulation and
outcomes. Front. Immunol. 13, 1026163. https://doi.org/10.3389/fimmu.2022.1026163 (2022).

Lin, J. C,, Xu, Z. R,, Chen, Z. H. & Chen, X. D. Low-soluble TREM-like transcript-1 levels early after severe burn reflect increased
coagulation disorders and predict 30-day mortality. Burns 47, 1322-1332. https://doi.org/10.1016/j.burns.2020.11.016 (2021).
Lavrentieva, A. et al. Early coagulation disorders after severe burn injury: Impact on mortality. Intensive Care Med. 34, 700-706.
https://doi.org/10.1007/s00134-007-0976-5 (2008).

Lavrentieva, A. Replacement of specific coagulation factors in patients with burn: A review. Burns 39, 543-548. https://doi.org/
10.1016/j.burns.2012.12.009 (2013).

Hayakawa, M. et al. High D-dimer levels predict a poor outcome in patients with severe trauma, even with high fibrinogen levels
on arrival: A multicenter retrospective study. Shock 45, 308-314. https://doi.org/10.1097/SHK.0000000000000542 (2016).
Pusateri, A. E. et al. Early abnormal fibrinolysis and mortality in patients with thermal injury: a prospective cohort study. BJS Open
https://doi.org/10.1093/bjsopen/zrab017 (2021).

Shimono, K. et al. Damage-associated molecular patterns and fibrinolysis perturbation are associated with lethal outcomes in
traumatic injury. Thromb. . 21, 91. https://doi.org/10.1186/s12959-023-00536-w (2023).

Jiang, R. M., Pourzanjani, A. A., Cohen, M. J. & Petzold, L. Associations of longitudinal D-Dimer and Factor II on early trauma
survival risk. BMC Bioinform. 22, 122. https://doi.org/10.1186/s12859-021-04065-z (2021).

Carrillo, C., Del Mar Cavia, M., Roelofs, H., Wanten, G. & Alonso-Torre, S. R. Activation of human neutrophils by oleic acid
involves the production of reactive oxygen species and a rise in cytosolic calcium concentration: A comparison with N-6 polyun-
saturated fatty acids. Cell Physiol. Biochem. 28, 329-338. https://doi.org/10.1159/000331749 (2011).

Burggraf, M., Payas, A., Kauther, M. D., Schoeneberg, C. & Lendemans, S. Evaluation of clotting factor activities early after severe
multiple trauma and their correlation with coagulation tests and clinical data. World J. Emerg. Surg. 10, 43. https://doi.org/10.1186/
$13017-015-0038-1 (2015).

Moore, H. B. et al. Forgot calcium? Admission ionized-calcium in two civilian randomized controlled trials of prehospital plasma
for traumatic hemorrhagic shock. . Trauma Acute Care Surg. 88, 588-596. https://doi.org/10.1097/ta.0000000000002614 (2020).
Carbon, S. et al. AmiGO: Online access to ontology and annotation data. Bioinformatics 25, 288-289. https://doi.org/10.1093/
bioinformatics/btn615 (2008).

Stelzer, G. et al. The genecards suite: From gene data mining to disease genome sequence analyses. Curr. Protoc. Bioinform. 54,
1-30. https://doi.org/10.1002/cpbi.5 (2016).

Taminau, J. et al. Unlocking the potential of publicly available microarray data using inSilicoDb and inSilicoMerging R/Bioconduc-
tor packages. BMC Bioinform. 13, 335. https://doi.org/10.1186/1471-2105-13-335 (2012).

Johnson, W. E., Li, C. & Rabinovic, A. Adjusting batch effects in microarray expression data using empirical Bayes methods.
Biostatistics 8, 118-127. https://doi.org/10.1093/biostatistics/kxj037 (2007).

Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res.
43, e47. https://doi.org/10.1093/nar/gkv007 (2015).

Langfelder, P. & Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 9, 559. https://
doi.org/10.1186/1471-2105-9-559 (2008).

Tibshirani, R. The lasso method for variable selection in the Cox model. Stat. Med. 16, 385-395. https://doi.org/10.1002/(sici)
1097-0258(19970228)16:4%3c385::aid-sim380%3e3.0.c0;2-3 (1997).

Xu, J. et al. Using Mendelian randomization as the cornerstone for causal inference in epidemiology. Environ. Sci. Pollut. Res. Int.
29, 5827-5839. https://doi.org/10.1007/s11356-021-15939-3 (2022).

Scientific Reports |

(2024) 14:10457 | https://doi.org/10.1038/s41598-024-61194-0 nature portfolio


https://doi.org/10.1111/bph.15476
https://doi.org/10.3390/cells12030345
https://doi.org/10.1055/s-0030-1254051
https://doi.org/10.1093/jbcr/irz178
https://doi.org/10.1093/jbcr/irac177
https://doi.org/10.1093/jbcr/irac177
https://doi.org/10.1016/j.burns.2013.02.010
https://doi.org/10.1007/s00068-019-01235-w
https://doi.org/10.1007/s00068-019-01235-w
https://doi.org/10.1096/fj.02-0574fje
https://doi.org/10.1111/j.1538-7836.2006.01968.x
https://doi.org/10.1038/nm.2184
https://doi.org/10.1182/blood-2012-06-437772
https://doi.org/10.1160/TH14-05-0455
https://doi.org/10.1182/blood-2014-04-571679
https://doi.org/10.4049/jimmunol.0804007
https://doi.org/10.1084/jem.20030144
https://doi.org/10.1074/jbc.M308452200
https://doi.org/10.1124/mol.109.054833
https://doi.org/10.1021/bi401208m
https://doi.org/10.3402/fnr.v56i0.5329
https://doi.org/10.3402/fnr.v56i0.5329
https://doi.org/10.1016/j.thromres.2015.02.019
https://doi.org/10.1007/s00281-021-00872-x
https://doi.org/10.3389/fimmu.2022.1026163
https://doi.org/10.1016/j.burns.2020.11.016
https://doi.org/10.1007/s00134-007-0976-5
https://doi.org/10.1016/j.burns.2012.12.009
https://doi.org/10.1016/j.burns.2012.12.009
https://doi.org/10.1097/SHK.0000000000000542
https://doi.org/10.1093/bjsopen/zrab017
https://doi.org/10.1186/s12959-023-00536-w
https://doi.org/10.1186/s12859-021-04065-z
https://doi.org/10.1159/000331749
https://doi.org/10.1186/s13017-015-0038-1
https://doi.org/10.1186/s13017-015-0038-1
https://doi.org/10.1097/ta.0000000000002614
https://doi.org/10.1093/bioinformatics/btn615
https://doi.org/10.1093/bioinformatics/btn615
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1186/1471-2105-13-335
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1002/(sici)1097-0258(19970228)16:4%3c385::aid-sim380%3e3.0.co;2-3
https://doi.org/10.1002/(sici)1097-0258(19970228)16:4%3c385::aid-sim380%3e3.0.co;2-3
https://doi.org/10.1007/s11356-021-15939-3

www.nature.com/scientificreports/

43. Benn, M. & Nordestgaard, B. G. From genome-wide association studies to Mendelian randomization: Novel opportunities for
understanding cardiovascular disease causality, pathogenesis, prevention, and treatment. Cardiovasc. Res. 114, 1192-1208. https://
doi.org/10.1093/cvr/cvy045 (2018).

44. Gilly, A. et al. Whole-genome sequencing analysis of the cardiometabolic proteome. Nat. Commun. 11, 6336. https://doi.org/10.
1038/541467-020-20079-2 (2020).

45. Suhre, K. et al. Connecting genetic risk to disease end points through the human blood plasma proteome. Nat. Commun. 8, 14357.
https://doi.org/10.1038/ncomms14357 (2017).

46. Sun, B. B. et al. Genomic atlas of the human plasma proteome. Nature 558, 73-79. https://doi.org/10.1038/s41586-018-0175-2
(2018).

47. Huang, S. et al. Gut microbiota and respiratory infections: insights from mendelian randomization. Microorganisms https://doi.
org/10.3390/microorganisms11082108 (2023).

48. Bowden, ], Davey Smith, G. & Burgess, S. Mendelian randomization with invalid instruments: Effect estimation and bias detection
through Egger regression. Int. J. Epidemiol. 44, 512-525. https://doi.org/10.1093/ije/dyv080 (2015).

49. Kim, J. H. Multicollinearity and misleading statistical results. Korean J. Anesthesiol. 72, 558-569. https://doi.org/10.4097/kja.19087
(2019).

50. Vidyasagar, M. Identifying predictive features in drug response using machine learning: Opportunities and challenges. Annu. Rev.
Pharmacol. Toxicol. 55, 15-34. https://doi.org/10.1146/annurev-pharmtox-010814-124502 (2015).

51. Desquilbet, L. & Mariotti, F. Dose-response analyses using restricted cubic spline functions in public health research. Stat. Med.
29, 1037-1057. https://doi.org/10.1002/sim.3841 (2010).

52. Shen, W. et al. Sangerbox: A comprehensive, interaction-friendly clinical bioinformatics analysis platform. iMeta 1, e36. https://
doi.org/10.1002/imt2.36 (2022).

Acknowledgements
We are very grateful to GEO and the FinnGen for providing open datasets. We also thank the twelve hospitals
for their cooperation.

Author contributions

S.H., QM,, and X.L. Integrated and wrote manuscript content. T.S., X.L., W.T., YW,, LW,, HX,, X.L., and L.C.
collected, sorted and analyzed data. ZC and RL verified the data. C.W. and D.W. reviewed the results and revised
the manuscript. EZ. and G.G. selected the topic and set the structure. All authors read and approved the final
manuscript. The corresponding author attests that all listed authors meet authorship criteria and that no others
meeting the criteria have been omitted.

Funding

National Key R&D Program “Stem Cell and Transformation Research” Key Special Project (2019YFA0110601)
(Feng Zhu); The Top-level Clinical Discipline Project of Shanghai Pudong (PWYgf2021-03) (Feng Zhu); National
Natural Science Foundation of China (81701899, 82160376) (Guanghua Guo).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-61194-0.

Correspondence and requests for materials should be addressed to G.G. or EZ.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:10457 | https://doi.org/10.1038/s41598-024-61194-0 nature portfolio


https://doi.org/10.1093/cvr/cvy045
https://doi.org/10.1093/cvr/cvy045
https://doi.org/10.1038/s41467-020-20079-2
https://doi.org/10.1038/s41467-020-20079-2
https://doi.org/10.1038/ncomms14357
https://doi.org/10.1038/s41586-018-0175-2
https://doi.org/10.3390/microorganisms11082108
https://doi.org/10.3390/microorganisms11082108
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.4097/kja.19087
https://doi.org/10.1146/annurev-pharmtox-010814-124502
https://doi.org/10.1002/sim.3841
https://doi.org/10.1002/imt2.36
https://doi.org/10.1002/imt2.36
https://doi.org/10.1038/s41598-024-61194-0
https://doi.org/10.1038/s41598-024-61194-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of early coagulation changes associated with survival outcomes post severe burns from multiple perspectives
	Result
	Identification survival related DECRGs
	Causal relationship between burns and expression of DECRGs
	D-dimer and serum calcium as risk factors for death
	Nonlinear relationship between D-dimer, calcium and mortality outcome

	Discussion
	Methods
	Bioinformatics analysis
	Identification survival related DECRGs
	Mendelian randomization analysis
	Analysis of clinical coagulation indicator influencing survival outcomes
	Restricted cubic spline
	Statistical analysis
	Ethics statement

	Conclusion
	References
	Acknowledgements


