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Current prognostic biomarkers for sepsis have limited sensitivity and specificity. This study aimed to investigate dynamic lipid
metabolomics and their association with septic immune response and clinical outcomes of sepsis. This prospective cohort study
included patients with sepsis who met the Sepsis 3.0 criteria. On hospitalization days 1 (D1) and 7 (D7), plasma samples were
collected, and patients underwent liquid chromatography with tandem mass spectrometry. A total of 40 patients were enrolled in
the study, 24 (60%) of whom were men. The median age of the enrolled patients was 81 (68-84) years. Thirty-one (77.5%) patients
had a primary infection site of the lung. Participants were allocated to the survivor (25 cases) and nonsurvivor (15 cases) groups
based on their 28-day survival status. Ultimately, a total of 113 lipids were detected in plasma samples on D 1 and D 7, of which 42
lipids were most abundant in plasma samples. The nonsurvival group had significantly lower lipid expression levels in lyso-
phosphatidylcholine (LysoPC) (16:0, 17:0,18:0) and 18:1 SM than those in the survival group (p < 0.05) on D7-DI1. The
correlation analysis showed that D7-D1 16:0 LysoPC (r=0.367, p = 0.036),17:0 LysoPC (r=0.389, p = 0.025) and 18:
0 LysoPC(r=0.472, p = 0.006) levels were positively correlated with the percentage of CD3" T cell in the D7-D1. Plasma LysoPC
and SM changes may serve as prognostic biomarkers for sepsis, and lipid metabolism may play a role in septic immune

disturbances.

1. Introduction

Sepsis is an infection-induced systemic inflammatory re-
sponse involving multiple mediators and cytokines. It is
a commonly encountered life-threatening condition in in-
tensive care units (ICUs) worldwide [1]. Despite medical
advances, sepsis remains a serious global health problem
with an estimated 48.9 million cases and 11 million deaths
annually [2]. Martin et al. [3] found that over a period of
24 years (1979-2002), the rate of increase in sepsis incidence
was 20.4% higher in those aged >65 years than that in their
counterparts. The sepsis risk in 65-year-old individuals grew
by an average of 9.5% per year over 24 years, and the in-
cidence rate for people aged 65 years and older increased by

11.5% annually. Currently, the Acute Physiology and
Chronic Health Evaluation (APACHE) II score is commonly
used in the ICU to assess the severity of hospitalized patients
[4]. However, this method has some limitations and fails to
reflect prognosis in patients whose disease peak is not ob-
served within the first 24 hours after admission.

Research interest in the association between lipid
metabolism and sepsis is increasing [5, 6]. Recent studies
suggest that poor prognosis is related to increased free fatty
acid levels, changes in polyunsaturated fatty acid metabolism
[7], decreased lysophosphatidylcholine (LysoPC) levels [8],
and elevated plasma ceramide levels [9]. In addition, Park
et al. [10] conducted a serum lipid analysis of 74 ICU pa-
tients and found that LysoPC levels in the survival group
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were higher than those in the mortality group and that
LysoPC monitoring helped predict the 28-day mortality rate
of patients with sepsis and septic shock. These studies
suggest that lipidomic analysis may help develop prognostic
markers for sepsis.

To further examine the role of lipid metabolism in sepsis,
this study aimed to investigate dynamic lipid metabolomics
and their association with T cells and the septic immune
response and clinical outcomes of sepsis.

2. Materials and Methods

2.1. Study Design and Period. This prospective cohort study
was conducted at the medical ICU (MICU) of a university-
affiliated urban teaching hospital from December 2019 to
February 2022. The study protocol was approved by the
medical science research ethics committee of our hospital
(approval no. M2019396). All patients or their legally au-
thorized representatives provided written informed consent
to participate in the study.

2.2. Study Population. A total of 40 patients with sepsis
admitted to the MICU were included and subsequently
divided into the survivor and nonsurvivor groups based on
their 28-day survival status. The inclusion criteria were as
follows: (1) patients who met the Sepsis 3.0 diagnostic
criteria [11] and (2) were aged >18years. The exclusion
criteria were as follows: (1) pregnancy, (2) human im-
munodeficiency virus or tuberculosis infection, and (3)
a “do-not-resuscitate” or discontinuation of tracheal
intubation order.

2.3. Clinical and Laboratory Data. Data on the following
variables were collected: age, sex, body weight, height, body
mass index (BMI), days of mechanical ventilation, and
length of stay at discharge or death. Finally, plasma (4 mL)
samples were collected on day 1 (D1) and day 7 (D7) of
hospitalization. The collected samples were aliquoted into
multiple tubes to avoid repeated thawing and freezing.
Samples were stored in a —80°C freezer until use.

2.4. Flow Cytometry. Whole blood was collected directly into
anticoagulant tubes and centrifuged at 1,800 x g for 10 min.
The cells were treated with ammonium-chloride-potassium
lysing buffer and stained with fluorescence-labeled anti-
bodies for 15min in 1 x phosphate-buffered saline. All ex-
periments were performed using the Beckman CytoFLEX S
flow cytometer (Beckman Coulter, Brea, CA, USA). Kaluza
Analysis 2.1 software was used for data analysis. The fol-
lowing antibodies were used in this experiment: CD45-
allophycocyanin (clone HI30), CD3-fluorescein-5-iso-
thiocyanate (clone HIT3a), CD4-phycoerythrin (PE) (clone
RPA-T4), CD8-peridinin chlorophyll protein/cyanine 5.5
(clone SK1), and CD8-PE/Dazzle™ (clone SK1). All anti-
bodies were purchased from BioLegend (San Diego,
CA, USA).
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2.5. Lipid Analysis. Ammonium acetate (purity >99%) and
formic acid (purity >98%) were purchased from Fluka
(Charlotte, NC, USA); acetonitrile, water and isopropyl
alcohol from Thermo Fisher Scientific (Waltham, MA,
USA); and saline from Dubang Pharmaceuticals Co., Ltd.
(Changchun, China).

Samples stored at —80°C were thawed in a 4°C re-
frigerator. Subsequently, a 10uL sample aliquot was se-
quentially supplemented with 10 yL of an internal standard
mix solution, 10uL of water, and 100 uL of chloroform:
methanol (2:1, v/v) extracting solution. The resulting
mixture was vortexed for 20s, placed in a 4°C refrigerator for
30 min, and then centrifuged at 7,800 x g for 3 min. Sub-
sequently, the supernatant was collected using a 1-mL sy-
ringe and placed into a 0.5-mL EP tube. Thereafter, 40 uL of
the supernatant was immediately placed into a clean EP tube
and evaporated until dry via nitrogen gas blowdown. The
tube was sealed and stored in a —20°C freezer until use.
Before injection, the sample was dissolved in 50 uL of
acetonitrile and isopropyl alcohol (1 : 1, v/v) and vortexed for
60s.

All samples underwent liquid chromatography (LC)
analysis using an Ekspert UltraLC 100 System (Eksigent
Technologies, Silicon Valley, CA, USA), followed by mass
spectrometry analysis using an AB SCIEX TripleTOF 5600
System (Eksigent Technologies, Silicon Valley, CA, USA).
The standard was 19:0 LysoPC, 19:0 phosphatidylcholine
(PC), 17:0 phosphatidylethanolamine (PE), 12:0 SM, and
19:0 ceramide. The optimized mass spectrometer settings
were as follows: gas, 50 psi; gas 2, 50 psi; curtain gas, 30 psi;
ion source temperature, 550°C; ion spray voltage floating,
—-4,500V; and mass range, 50-1,200Da. An acquisition
method was established in the negative ion mode to ensure
the accurate identification of each analyte. The LC condi-
tions were as follows: chromatography column, Waters
(Milford, MA, USA) XBridge Peptide BEH Cl18
(2.1 x100 mm, 3.5um; Waters); mobile phase: A, 10 mM
ammonium acetate + 0.1% formic acid + 99.9% water; mo-
bile phase: B, 10mM ammonium acetate +0.1% formic
acid +49.95% acetonitrile + 49.95% isopropyl alcohol; op-
erating temperature, 40°C; flow rate, 0.4 mL/min; and run
time, 20 min. The gradient program for the initial solvent B
was as follows: 0.01-2.00min, 35-80% B; 2.0-9.0 min,
80-100% B; 9.0-15.0 min, 100% B; 15.0-16.0 min, 100-35%
B (hold until 20.0 min for the next run; and injection vol-
ume, 2uL. Regarding the lipid standard database, the
PeakView v.1.2 software (SCIEX, Framingham, MA, USA)
was used to characterize the sample lipids, and MultiQuant
v.2.1 (SCIEX) was used to quantify qualitative lipids.

2.6. Statistical Analyses. Clinical data were compared be-
tween the survivor and nonsurvivor groups. SPSS software
v.21.0 (IBM Corp., Armonk, NY, USA) was used for sta-
tistical analysis. Continuous variables are expressed as
medians (range), while categorical variables are expressed as
frequencies (%). Continuous variables were compared using
the nonparametric Mann-Whitney U-test, and categorical
variables were compared using the y* test. The degree of
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TaBLE 1: Clinical characteristics of the participants.
Variable Survivors (n=25) Nonsurvivors (n=15) p-value
Age, years 78 (52-84) 83 (76-85) 0.105
Men 12 (48) 12 (80) 0.046*
BMI (kg/m?) 25 (20-29) 22 (19-28) 0.224
Primary site of infection
Lung 20 (80) 11 (73.3) 0.922
Other site 5(20) 4 (27) 0.922
Comorbidities
COPD 1 (4) 1 (6.67) 1.000
DM 9 (36) 3 (20) 0.476
Hypertension 13 (52) 10 (66.7) 0.364
Cerebrovascular disease 12 (48) 6 (40) 0.622
ARDS 13 (52) 10 (67) 0.364
Duration of MV (days) 6 (2-10) 7 (2-14) 0.594
Length of hospital stay (days) 17 (12-25) 15 (6-20) 0.088

Values are expressed as n (%) or median (25%-75%) unless otherwise stated. BMI, body mass index; COPD, chronic obstructive pulmonary disease; DM,
diabetes mellitus; ARDS, acute respiratory distress syndrome; MV, mechanical ventilation.

correlation was expressed using Pearson’s correlation co-
efficient “r.” A p < 0.05 indicated statistical significance.

3. Results

3.1. Patient Characteristics. We included 40 patients with
sepsis, 24 (60%) of whom were men. Participants were al-
located to the survivor (n=25) and nonsurvivor (n=15)
groups based on their 28-day survival status. The median age
of the enrolled patients was 81 (68-84) years. Thirty-one
(77.5%) patients had a pulmonary infection. Table 1 shows
the detailed characteristics of the participants.

3.2. Lipidomics Analysis. In total, 113 lipids were detected in
plasma samples on day 1 and day 7, of which 42 lipids were
most abundant in plasma samples (Table S1 shows Rt and
m/z of 42 kinds of lipids). Table 2 shows all lipid results in
D1, D7, and D7-D1 survival and nonsurvival groups. We
found that the difference in lipid concentration between
groups was significant for D7-D1. Figure 1 shows the scatter
plot of D7-D1(changes between D7 and DI1) differential
metabolites between the survival and nonsurvival groups.

3.3. Relationship between T Lymphocyte Subsets and Lipids.
In order to reveal the correlation between changes of lipid
metabolism with lymphocyte disturbance in sepsis, we an-
alyzed the lymphocyte subsets on D1 and D7 in survivor and
nonsurvivor groups, and found that there were significant
differences in CD3" T lymphocytes in the blood on D1 and
D7 in both survivor and nonsurvivor groups (Table 3).
According to the results in Table 2, the between-group
difference in plasma lipid levels was greater for D7-D1
than for D1 or D7. We analyzed the correlation between
D7-D1 plasma lipid levels and D7-D1 lymphocyte subsets,
and found that D7-D1 plasma 16:0 LysoPC (r=0.367,
p=0.036),17:0 LysoPC(r=0.389, p=0.025) and 18:
0 LysoPC(r=0.472, p = 0.006) levels were positively cor-
related with the percentage of CD3" T cell in the D7-D1
(Figure 2).

4. Discussion

In this study, we investigated differences in lipid metabolism
between surviving and nonsurviving patients with sepsis
based on their 28-day survival status. There are 42 lipids in
plasma, including LysoPC PC, PE, LysoPE LysoPI, SM, and
ceramide. Scatter plots were used to represent the above-
given differential metabolites (Figure 1), and we found that
LysoPC and SM of the D7-D1 survival group were higher
than those of the nonsurvival group, and the differences
were statistically significant.

LysoPC, a lipid mediator and major phospholipid
component, is involved in immune cell recruitment, stim-
ulation, and infection [12-14]. Kamisoglu et al. [9] reported
that five LysoPC type levels were significantly lower in
patients with sepsis than in healthy controls. In our study,
the LysoPC concentrations in the nonsurvivor group de-
creased significantly by D7. Drobnik et al. [12] demonstrated
that the LysoPC level was significantly lower in patients with
sepsis than those in healthy people. Moreover, samples
obtained from patients with sepsis on days 4 and 7 revealed
an association between LysoPC concentrations and sepsis-
related mortality. Park et al. [10] noted that serial mea-
surements of LysoPC concentrations predicted 28-day
mortality in ICU patients with severe sepsis and septic shock.

The results of this study were largely consistent with
those of previous studies. However, previous studies only
analyzed on D1 and D7, and our study emphasized the
significance of dynamic monitoring. Repeated measure-
ments indicated that the decrease in LysoPC concentration
was more evident in the nonsurvivor than that in the sur-
vivor group. This decrease may be attributed to the reduced
expression of lipopolysaccharide-induced tissue factor in
monocytes owing to changes in LysoPC [15], which can
attenuate the release of proinflammatory cytokines and
promote the release of anti-inflammatory cytokines [16]. The
persistently decreased LysoPC levels in patients with sepsis
result primarily from disruptions to metabolic homeostasis
[17]. In our study, the decreased LysoPC levels in the
nonsurvivor group were associated with sepsis-induced
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FIGURE 1: Scatter Plot of D7-D1 lipid levels for the survival and nonsurvival groups. * means p < 0.05 ** means p < 0.01.D7-D1 LysoPC level
(16:0,17:0,18:0) and 18:1 SM levels were significantly higher in the survivor group than in the nonsurvivor group. D1, day 1; D7, day 7;
D7-D1, change between D7 and D1; LysoPC, lysophosphatidylcholine.

immune overreaction, possibly leading to LysoPC con-
sumption. A study [18] using "H nuclear magnetic resonance
to evaluate sepsis-induced acute lung injury (ALI) in 13
patients reported that sphingolipid levels were lower in
patients with sepsis-induced ALI than in healthy controls.
Although the specific mechanisms remain unclear, our re-
sults indicate that LysoPC could be a prognostic sepsis
biomarker.

SM lipids, including sphingosines, fatty acids, phos-
phoric acid, and nitrogenous bases, are major membrane
constituents [19]. Moreover, SM lipids and their metabolites
are essential signaling molecules that regulate key signal
transduction processes, including cell growth, differentia-
tion, senescence, and apoptosis [20]. Previous studies have
reported that SM is involved in sepsis-induced lung injury
[21, 22]. Mecatti et al. [5] performed a lipidomics analysis of
plasma and erythrocytes in 20 patients with sepsis, and lower
levels of SM, PC, and LysoPC were found in these patients
than in healthy controls. Arshad et al. [23] also observed low
SM, PC, and LysoPC levels and high acid sphingomyelinase
(aSMAse) activity in patients with community-acquired
pneumonia, with lipid levels gradually returning to the
normal range with clinical improvement. Sepsis involves
increases in aSMAse plasma levels and activity, which are

correlated with disease severity [24]. The aforementioned
studies suggest an association between SM and sepsis se-
verity, possibly due to SM involvement in the inflammatory
response. Similarly, we observed a decrease in plasma SM
levels in patients with sepsis, which was more apparent in the
nonsurvivor than in the survivor group. This difference may
be attributed to SM hydrolysis to ceramide, which exerts
anti-inflammatory effects by inhibiting reactive oxygen
species, mitogen-activated protein kinases, phosphatidyli-
nositol-3-kinase, protein kinase B, Janus kinase/signal
transducer, and activators of transcription pathways, while
upregulating protein kinase A and heme oxygenase-1
expression [25].

Sepsis is a host response disorder to infection that leads
to life-threatening organ dysfunction [11] and reflects the
complex response of the host immune system to pathogens
[26]. During sepsis, CD4" T cells are activated in response to
antigen presentation by dendritic cells or monocytes, re-
leasing immunomodulators and coordinating cytotoxic
CD8" T cells [27]. Moreover, low lymphocyte levels and
nonrecovery are associated with sepsis mortality risk [28].
LysoPC is produced by the action of phospholipase A2 on
PC and promotes inflammatory effects, including endo-
thelial cell adhesion, monocyte chemotactic activation, and
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TaBLE 3: Results of D1 and D7 immune cell subsets in sepsis patients.

Variable (%) Survivors (n=25) Nonsurvivors (n=15) p-value
D1

CD3'T 66.68 (60.73-72.89) 46.75 (41.92-62.88) 0.007*
CD4'T 57.48 (45.25-66.51) 66.77 (56.28-71.22) 0.093

CDS8'T 38.58 (27.22-48.92) 27.64 (23.87-34.99) 0.081

NKT 6.77 (3.48-9.65) 3.28 (2.14-6.28) 0.028*
NK 18.52 (11.79-32.85) 24.99 (15.55-36.18) 0.426

B 9.16 (5.09-18.69) 13.72 (8.04-32.46) 0.166

Neu 83.89 (68.46-87.61) 85.94 (74.54-93.37) 0.361

Monocyte 3.92 (2.83-6.26) 3.94 (1.82-6.79) 0.952

MDSCs 0.51 (0.17-3.65) 0.95 (0.34-4.17) 0.469

D7 Survivors (n=25) Non-survivors (n=38) p-value
CD3'T 72.23 (61.91-77.52) 47.40 (35.90-58.93) 0.000*

CD4'T 57.74 (50.80-62.87) 48.23 (31.83-72.79) 0.298

CD$'T 37.63 (23.85-42.07) 37.20 (20.43-48.17) 0.853

NKT 7.38 (3.84-10.27) 5.53 (2.92-7.26) 0.334

NK 15.87 (8.99-22.31) 20.47 (13.16-35.76) 0.176

B 8.14 (5.00-16.44) 13.73 (5.07-35.23) 0.352

Neu 79.38 (66.92-84.84) 89.58 (76.13-92.94) 0.074

Monocyte 3.68 (2.10-5.95) 4.03 (1.86-5.48) 1.000

MDSCs 0.72 (0.21-3.16) 0.17 (0.11-4.22) 0.344

Values are expressed as n (%) or median (25%-75%) unless otherwise stated.
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FIGURE 2: Correlation between D7-D1 plasma lipid levels and D7-D1 lymphocyte subsets. *p < 0.05 indicated that the difference was
statistically significant. (a) D7-D1 CD3"T lymphocyte percentage correlates with D7-D1 16:0 LysoPC. (b) D7-D1 CD3"T lymphocyte
percentage correlates with D7-D1 17:0 LysoPC. (c) D7-D1 CD3"T lymphocyte percentage correlates with D7-D1 18:0 LysoPC.
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macrophage activation [29]. Lin et al. [30] demonstrated that
the most abundant plasma LysoPC species (16:0, 18:0, and
18:1) inhibited the production of reactive oxygen species
and activation of neutrophils, and LysoPC prevented
neutrophil-mediated pulmonary vascular injury in an
in vitro lung perfusion model. Asaoka et al. [31] found that
LysoPC specifically enhanced T lymphocyte activation.
Furthermore, LysoPC enhances interferon-y secretion, ac-
tivates CD4" and CD8" T cells, and increases CD40L and C-
X-C chemokine receptor type 4 expression in CD4" T cells
[32]. In addition, Ni et al. [33] observed that plasmalogen
lysophosphatidylethanolamine was a type of autoantigen
that stimulated natural killer T cell production and activa-
tion. In our preliminary analysis, the D7-D1 LysoPC (16:0,
17:0,18:0) plasma concentration was positively correlated
with the percentage of CD3" T cell in the D7-D1. These
results suggest that lipids play a role in the disturbance of
lymphocyte homeostasis during sepsis, although further
investigation is required.

The aging process is characterized by decreased immune
function and increased stress response. Oxidative and
metabolic stress may lead to changes in sphingolipid
metabolism and increase the risk of age-related diseases.
However, an association was reported between age and 18:
0-22:6 PC lipids in women and between age and eicosa-
pentaenoic acid-containing lipids (e.g., 16:0-20:5 PC and
20:5 cholesteryl ester) and 18:1-22:0 ceramide in men;
however, no other lipid values were correlated with age
[34]. A study involving 800 healthy volunteers reported no
correlation between total LysoPC levels and age [35].
Another study reported that the in-hospital mortality risk
of sepsis was significantly associated with advanced age
[36]; furthermore, the survivor group had higher BMIs
than the nonsurvivor group, although the difference was
nonsignificant. While obesity is associated with an in-
flammatory response, the underlying mechanisms remain
unclear. High BMI was previously reported as a protective
factor against sepsis [37]. Recently, an inverse association
between LysoPCs (17:0, 18:1, and 18:2) and BMI was
reported [38]. Bagheri et al. demonstrated that LysoPC
(18:1 and 18:2) values, although not SM values, were
negatively associated with obesity in Iranian adults [39].
No such correlations were observed in our study, likely
because of differences in the study populations. Further
studies are required to clarify whether sepsis differentially
affects lipid metabolism in patients with and without
obesity.

This study had limitations. It did not include a healthy
control group since previous studies have repeatedly dem-
onstrated lipid variations in patients with sepsis. Moreover,
given the lack of an external validation cohort and small
sample size, our findings require validation.

5. Conclusions

In conclusion, our findings indicate that repeated moni-
toring of lipids in plasma LysoPC and SM may help predict
the prognosis of patients with sepsis. Furthermore, the
correlation between changes in lipids and lymphocyte

subsets suggests that lipid metabolism plays a role in the
immune disturbance that occurs during sepsis.
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