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Purpose: The glucose metabolic reprogramming is an important pathological mechanism in sepsis, which involves a series of
enzymes including Pyruvate kinase M2 (PKM2). The purpose of this study is to explore the diagnostic and prognostic value of serum
PKM2 in sepsis patients.

Patients and Methods: This study recruited 143 sepsis patients, 91 non-sepsis patients, and 65 physical examiners, divided into
sepsis group, non-sepsis group, and control group. Measure the serum PKM?2 concentration of subjects, collect and analyze clinical
and laboratory indicators of all subjects. Independent risk factors were selected by Logistic regression analysis. The area under curve
(AUC) was calculated by plotting the receiver operating characteristic (ROC) curve to determine the diagnostic and prognostic value
of biomarkers.

Results: Compared with non-sepsis and control groups, the serum PKM2 levels in the sepsis group were significantly increased (both
P<0.001). PKM2 was an independent risk factor for sepsis and had the best diagnostic efficacy when combined with procalcitonin,
with the AUC value of 0.9352. Patients with high levels of PKM2 were more likely to experience organ damage and had a higher
incidence of septic shock. On the 1st and 3rd days of admission, the serum PKM2 levels in the septic shock group were higher than
those in the sepsis group (both P<0.05), with AUC values of 0.7296 and 0.6247, respectively. On the 3rd and 7th days of admission,
the serum PKM2 levels in the non-survival group were significantly higher than those in the survival group (both P<0.001), with AUC
values of 0.7033 and 0.8732, respectively.

Conclusion: The serum PKM?2 levels in sepsis patients are significantly increased and correlated with disease severity and clinical
outcomes. PKM2 may be a new diagnostic and prognostic biomarker for sepsis.
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Introduction

Sepsis is a complex disease caused by a dysregulated host immune response to infection, ultimately leading to life-
threatening acute organ dysfunction.' Sepsis is characterized by high morbidity and mortality, resulting in huge medical
and economic burdens. According to epidemiological surveys, there are nearly 49 million sepsis patients worldwide
each year, of which 11 million die, accounting for approximately 20% of all deaths worldwide.”> At present, the
management of clinical sepsis patients still relies mainly on traditional treatment measures such as fluid resuscitation,
antibiotics, and vasopressors.® Early identification and timely management play a decisive role in improving the clinical
outcomes of sepsis patients.* Biomarkers can be used for early infection diagnosis, prognosis, and treatment guidance in
sepsis patients, providing clinical information superior to other examination methods.’

The pathophysiological mechanism of sepsis is complex, and glucose metabolic reprogramming in immune cells is
one of the important pathogenic mechanisms. The glucose metabolic reprogramming, also known as the “Warburg
effect”, was originally discovered by biochemist Otto Warburg, which means that cells use glucose in the way of
glycolysis under aerobic conditions.® Activated immune cells mainly rely on aerobic glycolysis to rapidly produce a large
amount of ATP and biosynthetic intermediates, which are used to support cell proliferation and inflammatory factor
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production.” The glycolysis process involves a series of enzymes, of which Pyruvate kinase M2 (PKM2) is a rate-limiting
enzyme. PKM2, the M2 isoform of pyruvate kinase, participates in the final stage of glucose metabolic reprogramming
by dephosphorylating phosphoenolpyruvate to pyruvate, and can also enter the nucleus to regulate the expression of
hypoxia-inducible factor-1a (HIF-1a), programmed cell death ligand 1 (PD-L1) and other genes.®’ PKM2, as the key
mediator and potential therapeutic target for inflammation and metabolic disorders, has received increasing attention.'®!!
However, there are no research reports on the clinical value of serum PKM?2 as a biomarker for sepsis. Therefore, in this
study, we measured serum PKM2 levels in sepsis patients, analyzed the correlation between PKM2 and disease severity,

inflammation indicators, and organ damage scores, and evaluated the clinical value of PKM2 as a biomarker for sepsis.

Materials and Methods

Study Population and Grouping

A total of 299 subjects were recruited in the Renmin Hospital of Wuhan University from April 2022 to April 2023. All subjects
were divided into three groups, including 143 in the sepsis group, 91 in the non-sepsis group, and 65 in the control group.
Patients in the sepsis group came from the intensive care unit (ICU), and the inclusion criteria refer to sepsis 3.0 definition:
sepsis is a life-threatening organ dysfunction caused by the host’s dysfunctional response to infection.' Patients in the sepsis
group were further divided into sepsis and septic shock groups with the following criteria: after adequate fluid resuscitation,
vasoactive drugs were still required to maintain a mean arterial pressure (MAP) >65 mmHg (1 mmHg = 0.133kPa) and serum
lactate >2mmol/L (>18mg/dL). At the same time, we divided sepsis patients into survival and non-survival groups according to
their survival outcomes at 28 days after admission. The non-sepsis group referred to patients who received treatment in the ICU
during the same period but were not diagnosed with sepsis (supplementary materials for admission diagnosis, Table S1). The
exclusion criteria for the sepsis and non-sepsis groups are as follows: patients under 18 years old, pregnant, with malignant
tumors, readmitted with secondary infections, or treated at another hospital. The control group consisted of medical examina-
tion personnel who came to the hospital during the same period. The exclusion criteria were those under 18 years old, pregnant,
with organ dysfunction, and those who had infection or had taken antibiotics in the past month. This study was approved by the
Ethics Committee of the Renmin Hospital of Wuhan University (No. WDRY?2022-K157).

Blood Sample Preparation
Collect serum samples from all subjects and store them in a refrigerator at —80 °C until analysis. These serum samples
are all clinical samples preserved in department of clinical laboratory in the daily work.

Laboratory Indicator Testing

The serum PKM?2 concentration was measured using a commercial Elisa reagent kit (JL48224, Jianglai Biological,
China). Roche Diagnostics Cobas 8000e801 automatic chemiluminescence immunoanalyzer detects serum procalcitonin
(PCT). Shenzhen Xilaiheng Company’s H780-3 fully automatic protein analyzer detects C-reactive protein (CRP) and
serum amyloid A (SAA). The Japanese Sysmex XE-2100 automatic blood cell analyzer detects red blood cell (RBC),
white blood cell (WBC), platelet (PLT) counts, and hemoglobin (Hb). Siemens ADVIA 2400 biochemical analyzer
detects aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (TBIL), blood urea nitrogen
(BUN), creatinine (Crea) and lactate dehydrogenase (LDH). Sysmex CA7000 automatic coagulation analyzer detects
prothrombin time (PT) and thrombin time (TT). All reagents used for testing were completed within the time specified in
the instruction manual and strictly followed the relevant operating procedures of the experiment. The personnel
conducting the measurement are unaware of the grouping and allocation of serum samples.

Clinical Data Collection

During hospitalization, baseline demographic and clinical data were collected for all subjects, including age, gender,
underlying disease, site of infection, hospital stay time, ICU stay time, mechanical ventilation (MV), blood pressure,
blood glucose (Glu), blood lactate (Lac), Glasgow Coma Scale (GCS) scores, and microbiological culture results.
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Calculate the Sequential Organ Failure Assessment (SOFA) score and acute physiology and chronic health evaluation II
(APACHE 1I) score based on clinical and laboratory data obtained within 24 hours of admission.

Statistical Analysis

SPSS 25.0, GraphPad Prism 9.0, and MedCalc 20.1 statistical software were used to statistically analyze the
experimental data. Qualitative variables were expressed as values and percentages, and the chi-square test was used
for comparison between groups. The quantitative variable uses the single sample Kolmogorov—Smirnov method to test
whether the data of each group conform to the Normal distribution. Normal distribution data is expressed by mean =+
standard deviation (¥ +s). Independent sample 7-test is used for comparison between two groups, and one-way
ANOVA is used for comparison between multiple groups. Non-normal distribution data are represented by M (Ql1,
Q3), two groups are compared by Mann Whitney U-test, three groups and above are tested by Kruskal Wallis H-test,
and the Spearman correlation coefficient is used to represent the correlation between two variables. Logistic regression
models were used to analyze the relationship between each indicator and the occurrence of sepsis; the diagnostic
efficacy of each indicator was analyzed using the receiver operating characteristic (ROC) curve, and the area under
curve (AUC) was compared by using Delong’s method. AUC between 0.5 and 0.7 indicates poor diagnostic value,
while 0.7 to 0.9 indicates moderate diagnostic value, and over 0.9 indicates high diagnostic value. When the Youden
index (sensitivity+specificity—1) is maximized, the optimal cutoff value is determined. The difference is statistically
significant as P<0.05.

Table | Baseline Demographics and Clinical Characteristics of Study Population

Characteristics Sepsis Group (n=143) | Non-Sepsis Group (n=91) | Control Group (n=65) P value
Male, n (%) 87(60.84) 55 (77.46) 32(49.23) 0.253
Age (years) 67.52+11.99* 66.41+12.83* 55.68+10.16 <0.001
Drinking, n (%) 13(9.09) 14(15.38) - 0.142
Smoking, n (%) 12(8.39) 10(10.99) - 0.507
Hospital stay time(day) 8.00(4.00,16.00) 8.00(4.00,13.00) - 0.450
ICU stay time(day) 6.00(3.00,10.00) 5.00(3.00,9.00) 0.038
MV, n (%) 77(53.85)% 28(30.77) <0.001
PaO,/FiO, (mmHg) 237.00(165.00,345.00)" 332.50(217.50,450.00) <0.001
MAP (mmHg) 82.44+18.03+* 90.56+18.30 95.48+10.86 <0.001
GCS score 12.00(6.00,15.00) ** 15.00(8.00,15.00) * 15.00(15.00,15.00) <0.001
SOFA score 8.00(5.00,11.00) ** 4.00(2.00,7.00) * 0.00(0.00,0.00) <0.001
Underlying disease, n (%)

Diabetes 43(30.07) 22(24.18) - 0.326
Hypertension 74(51.75) 54(59.34) - 0.255
Coronary disease 33(23.08) 14(15.38) - 0.152
Cerebral infarction 27(18.88) 17(18.68) - 0.970

(Continued)
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Table | (Continued).

Characteristics Sepsis Group (n=143) | Non-Sepsis Group (n=91) | Control Group (n=65) P value
Myocardial infarction 6(4.20) 8(8.79) 0.148
Hyperlipoidemia 5(3.50) 2(2.20) - 0.570
COPD 11(7.69) 6(6.59) 0.752
Renal insufficiency 15(10.49) 12(13.19) 0.529
Laboratory results

WBC (10°/L) 12.63(8.12,18.42) * 10.57(7.50,13.61) * 5.25(4.68,6.22) <0.001
RBC (10'%/L) 3.46+0.96* 3.37£1.01% 4.71£0.38 <0.001
Hb (g/L) 104.63+31.23* 101.16£29.70% 142.38+12.98 <0.001
PLT (10°/L) 128.00(77.00,178.00) ** 160.00(100.00,241.00) * 226.00(186.50,260.50) <0.001
TBIL (umol/L) 15.96(10.30,32.41) * 14.30(8.04,20.30) 13.80(10.90,16.37) 0.015
Crea (umol/L) 119.00(74.00,219.00) ** 88.00(56.00,181.00) * 64.00(54.00,76.00) <0.001
CRP (mg/L) 90.46 (28.13,141.70) ** 37.30(9.60,77.51) * 3.00(3.00,4.18) <0.001
SAA (mg/L) 300.00(117.08,300.00) ** 116.26(23.90,300.00) * 5.00(5.00,5.26) <0.001
PCT (ng/mL) 8.54(1.48,30.20) ** 0.58(0.14,1.69) * 0.04(0.04,0.05) <0.001
PKM2 (ng/mL) 17.31(5.61,40.54) ** 1.29(0.54,2.72) * 0.21(0.13,0.51) <0.001
Glu (mmol/L) 8.50(6.50,13.40) * 7.50(6.20,9.70) * 4.78(4.48,5.08) <0.001
Lac (mmol/L) 2.30(1.10,4.20) ** 1.30(0.80,2.50) 1.10(0.90,1.40) <0.001
LDH (U/L) 294.00(237.00,456.00) ** 263.00(199.00,338.00) * 163.00(148.50,178.00) <0.001
Infection site, n (%)

Lung 77(53.85) - -

Intra-abdominal 42((29.37)) - -

Urinary tract 17(11.89) - -

Other 7(4.90) - -

Notes: Significant differences are presented as *P < 0.05, compare with Control group; #p < 0.05, compare with non-sepsis group.

Abbreviations: MV, Mechanical ventilation; WBC, White blood cell; RBC, Red blood cell; Hb, Hemoglobin; PLT, Platelet; CRP, C-reactive protein; SAA, Serum
amyloid A protein; PCT, Procalcitonin; TBIL, Total serum bilirubin; Crea, Creatinine; PKM2, Pyruvate kinase M2; MAP, Mean artery pressure; SOFA, Sequential
organ failure assessment; Glu, Glucose; Lac, lactate; LDH, Lactate dehydrogenase; COPD, Chronic obstructive pulmonary diseases; GCS, Glasgow Coma Scale.

Results

Study Population Characteristics

As shown in Table 1, a total of 299 subjects were included in this study, including 143 in the sepsis group, 91 in the non-
sepsis group, and 65 in the control group. There were no statistically significant differences in gender, drinking, smoking,
hospital stay time, and underlying diseases among the three groups (all P>0.05). Compared with the non-sepsis group, the
sepsis group had the higher probability of using mechanical ventilation, lower oxygenation index, and longer ICU stay time
(all P<0.05). The age, WBC, and Glu levels in the sepsis group and non-sepsis group were significantly higher than those in
the control group (all P<0.05). The SOFA score, Crea, CRP, SAA, PCT, PKM2, and LDH levels in the sepsis group were
significantly higher than those in the non-sepsis group, and the non-sepsis group was significantly higher than the control
group (all P<0.05). RBC and Hb were significantly lower in the sepsis group and non-sepsis group than in the control group
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(all P<0.05). The GCS score and PLT of the sepsis group were significantly lower than that of the non-sepsis group, and the
non-sepsis group was significantly lower than the control group (P<0.05). The lactate and MAP levels in the sepsis group
were significantly higher than those in the non-sepsis group and control group (all P<0.05). The TBIL in the sepsis group was
significantly higher than that in the control group (P<0.05). Among patients with sepsis, the most common site of infection is
the lung (53.85%), followed by the abdominal cavity (29.37%) and urinary tract (11.89%).

PKM2 and Infection Site and Pathogen

Based on the location of the primary infection, we divided sepsis patients into four groups: lung, abdominal cavity,
urinary tract, and other. As shown in Figure 1A, there was no difference in serum PKM2 levels among patients with
sepsis at different infection sites (all P>0.05), but they were significantly higher than those in the non-sepsis group and
control group (all P<0.05). In addition, according to the microbial test results, we further divided sepsis patients into
Gram-positive bacteria (G"), Gram-negative bacteria (G ), fungi, viruses, mixed infection, and undefined groups. As
shown in Figure 1B, there was no statistically significant difference among the sepsis groups (all P>0.05), but both were
higher than those in the non-sepsis and control groups (all P<0.05).

PKM2 and Diagnosis

To determine the impact of PKM2 on sepsis in ICU patients, we conducted a univariate logistic regression
analysis. The results showed that WBC, PLT, CRP, SAA, PCT, PKM2, SOFA score, Glu, Lac, LDH, mechanical
ventilation, oxygenation index, MAP, and GCS were all influencing factors for sepsis (all P<0.05). However,
multivariate logistic regression analysis showed that only PCT and PKM2 were independent risk factors for sepsis
in ICU patients (both P<0.01) (Table 2). We further analyzed the diagnostic value of PCT, PKM2, and combina-
tion in sepsis by drawing ROC curves. As shown in Figure 2 and Table 3, AUC comparison:
combination>PKM2>PCT, sensitivity = comparison: combination>PKM2>PCT, specificity = comparison:
combination>PKM2>PCT, and the optimal cut-off values for PKM2 and PCT diagnosis were 6.865ng/mL and
3.960ng/mL, respectively. The AUC detected by PKM2 alone was significantly higher than that detected by PCT
(Z=3.013, P<0.01), and the AUC detected by combination was significantly higher than that detected by PKM2
and PCT alone (Z=2.541, 4.775, both P<0.05).

PKM?2 and Clinical Indicators

To further analyze the relationship between PKM2 and clinical features, patients were divided into four groups based on the
quartile of PKM2 (Q1, <5.61; Q2,5.61-17.31; Q3,17.31-40.54; Q4, >40.54). As shown in Table 4, compared with the other
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Figure | Serum PKM2 levels in septic patients with different infection status. (A) Different primary infection sites; (B) different pathogens; *P < 0.05, compared with control
group; #P < 0.05, compared with non-sepsis group.
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Table 2 Univariate and Multivariate Regression Analysis for Predicting Sepsis

Variables Univariate Analysis Multivariate Analysis
OR (95% Cl) P value OR (95% CI) P value

Age 0.986—1.029 0.500 / /
WBC 1.012-1.101 0.012 0.900-1.075 0.719
PLT 0.993-0.998 0.001 0.993-1.004 0.575
CRP 1.004-1.013 <0.001 0.990-1.007 0.774
SAA 1.002-1.007 <0.001 0.997-1.007 0.426
PCT 1.220-1.622 <0.001 1.054-1.452 0.009
PKM2 1.306—1.707 <0.001 1.237-1.659 <0.001
SOFA 1.203-1.448 <0.001 0.903-1.361 0.325
Glu 1.016-1.136 0.012 0.886—1.085 0.706
Lac 1.050-1.307 0.005 0.701-1.086 0.222
LDH 1.001-1.005 0.006 0.993-1.001 0.137
MV 0.219-0.663 0.001 0.123-1.082 0.069
PaO2/FiO2 0.994-0.998 <0.001 0.996—1.005 0.944
MAP 0.961-0.990 0.001 0.991-1.047 0.180
GCs 0.883-0.998 0.042 0.896—1.160 0.772
TBIL 0.998-1.020 0.094 / /
Crea 0.999-1.003 0.277 / /

Abbreviations: WBC, White blood cell; PLT, Platelet; CRP, C-reactive protein; SAA, Serum amyloid A protein;
PCT, Procalcitonin; TBIL, Total serum bilirubin; Crea, Creatinine; PKM2, Pyruvate kinase M2; MV, Mechanical
ventilation; MAP, Mean artery pressure; SOFA, Sequential organ failure assessment; Glu, Glucose; Lac, lactate;
LDH, Lactate dehydrogenase; GCS, Glasgow Coma Scale.

three groups, the Q4 group had the highest APACHE 1I score, SOFA score, septic shock incidence, WBC, PCT, AST, ALT,
BUN, Lac, and LDH concentrations, longer PT and TT times, lowest oxygenation index, and highest use rate of vasopressors.

However, there was no significant difference in the 28-day mortality rate among the groups. In addition, we found the positive
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Figure 2 Receiver operating characteristic curves of PKM2, PCT and combinations for the diagnosis of sepsis.
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Table 3 ROC Curve Analysis of the Diagnostic Value of PKM2, PCT, and Combination for Sepsis

Variables AUC | Pvalue | Sensitivity% | Specificity% 95% CI Youden Index | Cutoff Value

PKM2 0.9154 | <0.00I 74.13 95.60 0.8819-0.9489 0.6973 6.865

PCT 0.8477 | <0.001 60.84 9451 0.8004-0.8949 0.5535 3.960

Combination | 0.9352 | <0.001 7832 97.80 0.9066—0.9639 0.7612 -

Abbreviations: PKM2, Pyruvate kinase M2; PCT, Procalcitonin.
Table 4 Clinical Characteristics and Laboratory Results Stratified by Quartiles of PKM2

Variables QI (n=35) Q2 (n=36) Q3 (n=37) Q4 (n=35) P
Disease severity characteristics
APACHE Il score 17.00(9.00,22.00) 19.00(13.00,21.75) 20.00(17.00,23.00) 24.00(16.00,35.00) 0.003
SOFA score 6.00(4.00,9.00) 7.00(5.25,9,00) 8.00(5.50,12.00) 11.00(7.00, 15.00) 0.000
GCS score 12.00(4.00, 15.00) 13.00(8.50, 14.00) 11.00(5.50,15.00) 11.00(5.00, 15.00) 0.892
Septic shock 12(34.29%) 10(27.78%) 15(40.54%) 29(82.86%) 0.000
Laboratory test
WBC (10°/L) 10.22(6.17,12.73) 12.64(9.21,19.42) 12.88(8.95,19.87) 14.53(9.46,22.20) 0.010
PCT (ng/mL) 1.48(0.46,9.56) 7.60(1.11,38.98) 7.76(2.06,19.50) 25.60(11.60,82.90) 0.000
PLT (10°/L) 140.00(62.00,192.00) 144.50(113.50,166.75) 118.00(77.00,189.50) 91.00(46.00,183.00) 0.223
ALT (U/L) 17.00(9.00,30.00) 22.00(15.00,53.50) 24.00(16.50,68.00) 41.00(18.00, 1 14.00) 0.002
AST (U/L) 28.00(17.00,42.00) 39.50(21.25,70.50) 48.00(24.00,218.00) 94.00(38.00,227.00) 0.000
TBIL (pmol/L) 13.87(9.97,21.66) 15.90(12.18,35.63) 15.70(8.80,38.39) 19.64(9.32,36.89) 0.336
BUN (mmol/L) 9.80(5.10,21.60) 12.45(7.31,19.62) 12.44(7.40,19.40) 15.51(9.68,29.90) 0.035
Crea (umol/L) 87.00(61.00,269.00) 120.00(63.75,146.50) 123.00(78.00,221.00) 144.00(99.00,198.00) 0.111
PT (s) 13.40(11.80,15.30) 13.95(12.70,16.35) 14.00(12.30,15.50) 16.30(13.90,21.70) 0.009
TT(s) 14.80(13.70,16.30) 14.80(13.63,16.15) 15.40(14.20,16.90) 15.50(14.70,20.00) 0.017
Glu (mmol/L) 7.20(5.40,9.90) 7.47(5.93,14.58) 9.90(7.25,13.10) 8.60(6.50,15.20) 0.058
Lac (mmol/L) 1.10(0.80,2.00) 2.44(1.17,3.63) 2.90(1.30,4.32) 3.50(1.53,7.43) 0.001
LDH (U/L) 231.00(181.00,288.00) 268.5(213.75,338.25) 314.00(270.00,436.50) 473.00(307.00,546.00) 0.000
Clinical result
MV, n (%) 20(57.14%) 18(50.00%) 20(54.05%) 19(54.29%) 0.946
PaO2/FiO2 (mmHg) 292.50(192.00,408.00) 266.97(161.25,379.23) 245.00(154.84,318.75) 196.67(152.50,297.50) 0.041
MAP (mmHg) 89.19+17.82 81.41+17.87 81.50+18.01 77.73£17.22 0.056
Use of vasopressors 12(34.29%) 10(27.78%) 15(40.54%) 28(80.00%) 0.000
28d mortality 15(42.86%) 8(22.22%) 12(32.43%) 10(28.57%) 0.298

Abbreviations: WBC, White blood cell; PLT, Platelet; PCT, Procalcitonin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TBIL, Total serum bilirubin; BUN,
blood urea nitrogen; Crea, Creatinine; PT, prothrombin time; TT, thrombin time; MV, Mechanical ventilation; MAP, Mean artery pressure; APACHE I, acute physiology and

chronic health evaluation Il; SOFA, Sequential organ failure assessment; Glu, Glucose; Lac, lactate; LDH, Lactate dehydrogenase; GCS, Glasgow Coma Scale.
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correlation between PKM?2 levels and traditional inflammatory indicators (PCT, WBC, CRP), Glu, Lac, LDH, and SOFA
scores through Spearman correlation analysis. The driving factors for differences in total SOFA scores include respiratory,
cardiovascular, coagulation, hepatic, and renal components (Figures S1-S3).

PKM2 Distinguishes Sepsis from Septic Shock

We divided the sepsis group patients into two groups: the sepsis group and the septic shock group. We collected the
serum of the two groups of patients on the 1st, 3rd, and 7th days after admission, and dynamically analyzed the PKM2
level. As shown in Figure 3, the serum PKM2 concentration of patients in the sepsis group and septic shock group
gradually decreased with the increase of admission time and was lower on the 7th day than on the 1st and 3rd days
(P<0.01 in the sepsis group, P<0.05 in the septic shock group). On the 1st and 3rd days of admission, the serum PKM?2
levels in the septic shock group were significantly higher than those in the sepsis group (both P<0.05). ROC curve
analysis results show that PKM2 on the 1st and 3rd days had the value of distinguishing sepsis from septic shock (both
P<0.05), and the AUCs were 0.7296 and 0.6247, respectively (Figure 4, Table 5).

PKM2 Distinguishes Sepsis Survivors from Non-Survivors

Based on the 28-day survival outcome after admission, we further divided the sepsis group patients into survival group
and non-survival groups, and collected serum samples from patients on the 1st, 3rd, and 7th days after admission to
detect PKM2 levels. As shown in Figure 5, with the increase of hospitalization days, the PKM?2 levels of patients in the
survival group gradually decreased, significantly lower on the 7th day than on the 3rd day and significantly lower on the
3rd day than on the 1st day (both P<0.05). However, there was no significant difference in serum PKM2 levels among
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Figure 3 Dynamic changes of PKM2 levels in patients with sepsis and septic shock. **P < 0.001, *P<0.05, compared with sepsis group; ns, not statistically different
compared with sepsis group.
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Table 5 ROC Curve Analysis of Dynamic Monitoring PKM2 in Sepsis and Septic Shock

AUC | Pvalue | Sensitivity% | Specificity% 95% ClI Youden Index | Cutoff Value
Dayl | 0.7296 <0.001 44.62 96.15 0.6445-0.8146 0.4077 45.50
Day3 | 0.6247 0.0243 50.00 81.25 0.5160-0.7333 0.3125 20.46
Day7 | 0.5714 0.2202 34.09 84.21 0.4567-0.686 | 0.1830 15.16

non-survival group patients at three time points (P=0.235). On the 3rd and 7th days, the concentration of PKM2 in the
non-survival group was significantly higher than that in the survival group (both P<0.001). At the same time, ROC curve
analysis showed that PKM2 had prognostic value on the 3rd and 7th days (both P<0.001), and AUC, sensitivity and
specificity on the 7th day were greater than those on the 3rd day (Figure 6, Table 6).

Discussion

Sepsis, as a critical illness in the ICU, has the characteristics of rapid progression and high mortality rate. Although the

clinical understanding of the pathological mechanisms of sepsis continues to deepen and the medical level continues to

improve, this critical illness remains the main cause of death in the ICU.'*'* Currently, the diagnosis of sepsis still lacks

a “gold standard”, and exploring reliable diagnostic biomarkers remains an important aspect of research in recent years.

Studying the pathophysiological mechanisms and key molecules of sepsis is an important foundation for developing new

N w H [2)]
o o o o
1 1 1 |

PKM2 Concentration (ng/mL)
S
1

o

*kk

ns

= Survival

= Non-survival

1
Day1

I
Day3

I
Day7

Figure 5 Dynamic changes of PKM2 levels in sepsis patients in survival and non-survival groups. ***P < 0.001, compared with survival group; ns, without statistical difference
compared with survival group.
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Table 6 ROC Curve Analysis of PKM2 Dynamic Level in Predicting Survivors and Non-Survivors

AUC P value | Sensitivity% | Specificity% 95% CI Youden Index | Cutoff Value
Dayl | 0.5288 0.5740 41.67 72.63 0.4247-0.6330 0.1430 9.755
Day3 | 0.7033 <0.001 59.38 74.07 0.5971-0.8096 0.3345 18.91
Day7 | 0.8732 <0.001 82.76 82.19 0.8043-0.9420 0.6495 8.945

diagnostic biomarkers and therapeutic targets. The main purpose of this study is to analyze whether PKM2, which has
been identified as a key molecule for glucose metabolism reprogramming in sepsis in preclinical experiments, can
become a biomarker for sepsis patients. In this study, we found that (1) The serum PKM2 level was significantly elevated
in patients with sepsis, but not in the non-sepsis group and control group; (2) PKM2 had a high diagnostic value for
sepsis; (3) PKM2 was associated with commonly used clinical indicators in sepsis patients; (4) Dynamic monitoring of
PKM2 levels had a prognostic value for sepsis patients. Therefore, we speculate that serum PKM2 may be a novel
biomarker for the diagnosis and prognosis of sepsis patients.

In the early stage of sepsis, infection causes the activation of immune cells and the production and release of
inflammatory factors. The released inflammatory factors will induce the production and release of new cytokines,
forming a “Cytokine storm”, which will eventually lead to multiple organ function damage.'* Glucose metabolic
reprogramming is an important mechanism for immune cell activation, proliferation, and differentiation. In the resting
state, innate immune cells and adaptive immune cells mainly produce ATP through Oxidative phosphorylation. When
activated to a pro-inflammatory state, aerobic glycolysis is the main metabolic mode.'® Aerobic glycolysis can provide
sufficient energy and biological raw material basis for the activation of immune cells and the synthesis and release of
inflammatory factors.'® From this perspective, limiting aerobic glycolysis can reduce the inflammatory damage of sepsis.
As one of the key enzymes of aerobic glycolysis, PKM2 has been identified as a key target for sepsis treatment in
preclinical studies. Inhibiting PKM2 can reduce the production of inflammatory factors and tissue and organ damage in
septic mice, and reduce mortality.'”2° Our data further supports these findings. We found that serum PKM2 levels were
significantly increased in sepsis patients and correlated with indicators of infection and the severity of the disease. In
addition, the positive correlation between PKM2 and blood glucose, lactate, and LDH suggested that human sepsis
patients may share the PKM2-centered glucose metabolism reprogramming pathway identified in preclinical models.

Although there have been reports that the primary infection site and pathogen type are associated with host-specific response

. 21,22
disorders,”

we did not find any differences in PKM?2 among sepsis patients with different primary infection sites or pathogen
types. According to reports, PKM?2 is elevated in various inflammatory diseases, as well as bacteria, viruses, and parasites can
induce upregulation of PKM2 expression in cells.”*** Combined with the findings of this study, we speculate that PKM2 is a non-
specific serum infection indicator in the early stages of sepsis. Of course, further experimental verification is needed to determine
whether there is a difference in the upregulation of the PKM2 gene during the process of immune cell glucose metabolic
reprogramming caused by different pathogens. PCT is one of the most studied and used biomarkers of sepsis to date, which
significantly increases during bacterial infection but does not increase during viral infection. Our study found that PKM2 increases
in sepsis caused by various pathogens, making up for the shortcomings of PCT in this regard.

PKM?2 is not only a rate-limiting enzyme of glycolysis, but also a transcription activator of inflammatory mediators. It can
participate in the pathogenesis of many diseases by regulating the Warburg effect and promoting inflammatory response.”>=® At
present, research on novel drugs targeting PKIM2 has been reported in various diseases and has made some progress. However,
there are few reports on using serum PKM2 as a biomarker for disease diagnosis.>’>° In this study, multivariate regression
analysis showed that PKM2 and PCT were independent risk factors for sepsis in ICU patients; the ROC curve analysis showed that
the AUC of PKM2 in diagnosing sepsis alone was 0.9154, with a high diagnostic value. Given the limitations of a single indicator,
we combined PKM2 with PCT for the diagnosis of sepsis, achieving the highest clinical diagnostic value.

During the treatment of sepsis patients admitted to the ICU, closely monitoring the dynamic changes of various indicators
helps to timely understand the patient’s response to treatment and conduct risk stratification.*'** Some studies have found that
PKM2-dependent aerobic glycolysis in mononuclear macrophages can increase the release of high mobility group protein B1
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(HMGBI, the late mediator of fatal systemic inflammation), and promote septic shock and death in mice.* This study also found
that sepsis patients in the high PKM2 level group had a higher incidence of septic shock and more severe condition when
stratifying sepsis patients according to quartiles of admission PKM2. However, there was no statistical difference in the 28-day
mortality rate among the groups, presumably due to the inclusion of patients in the non-survival group who were less severe on
the day of admission and subsequently progressed to severe to death. In order to better explain the relationship between PKM2 and
adverse outcomes in sepsis patients, we dynamically monitored serum PKM2 levels according to the severity of the disease. In the
sepsis group and septic shock group, as the hospitalization time prolonged, the patient’s condition improved and PKM2 showed
a downward trend. On the 1st and 3rd day of admission, PKIM2 levels in septic shock patients were significantly higher than those
in sepsis patients, indicating diagnostic value. On the contrary, in the sepsis non-survival group, as the hospitalization time
increased, the patient’s condition worsened and PKM?2 levels gradually increased. On the 3rd and 7th days, the PKM2 levels in the
non-survival group were significantly higher than those in the survival group. PKM2 on both the 3rd and 7th days had prognostic
value, and AUC on the 7th day was higher than on the 3rd day. This result suggests that sustained high levels of PKM2 are
associated with poor prognosis, which may mean that cells producing PKIM2 are unable to turn off acrobic glycolysis, while cells
in patients with decreased PKM2 levels can switch back to oxidative phosphorylation, which may be the basis for affecting the
treatment of this axis. If the serum PKM2 level in sepsis patients does not decrease or continues to increase, it suggests that clinical
doctors should take corresponding measures in a timely manner to reduce mortality.

Finally, because this study is only a single-center study in a short period of time, the cut-off values obtained by ROC
curves in this paper can only provide a reference and cannot be used clinically. We call for a larger study by a qualified
research group to determine whether PKM2 can become the next common clinical inflammatory indicator for sepsis.

Conclusion

In this study, we found that serum PKM?2 levels were increased in sepsis patients and had a high diagnostic value for
sepsis. The serum level of PKM2 was correlated with the severity of the disease and could predict the clinical outcomes
of patients. In summary, serum PKM2 has the potential to become a new biomarker for sepsis.
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