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Background: High-density lipoproteins (HDL) are thought to play a protective role in
sepsis through several mechanisms, such as promotion of steroid synthesis, clearing
bacterial toxins, protection of the endothelial barrier, and antioxidant/inflammatory
activities. However, HDL levels decline rapidly during sepsis, but the contributing
mechanisms are poorly understood.

Methods/Aim: In the present study, we investigated enzymes involved in lipoprotein
metabolism in sepsis and non-sepsis patients admitted to the intensive care unit (ICU).

Results: In 53 ICU sepsis and 25 ICU non-sepsis patients, we observed significant
differences in several enzymes involved in lipoprotein metabolism. Lecithin-
cholesterol acyl transferase (LCAT) activity, LCAT concentration, and cholesteryl
transfer protein (CETP) activity were significantly lower, whereas phospholipid
transfer activity protein (PLTP) and endothelial lipase (EL) were significantly higher
in sepsis patients compared to non-sepsis patients. In addition, serum amyloid A
(SAA) levels were increased 10-fold in sepsis patients compared with non-sepsis
patients. Furthermore, we found that LCAT activity was significantly associated with
ICU and 28-day mortality whereas SAA levels, representing a strong inflammatory
marker, did not associate with mortality outcomes.

Conclusion:We provide novel data on the rapid and robust changes in HDL metabolism
during sepsis. Our results clearly highlight the critical role of specific metabolic pathways
and enzymes in sepsis pathophysiology that may lead to novel therapeutics.

Keywords: LCAT (lecithin-cholesterol acyltransferase) activity, CETP, PLTP, endothelial lipase (EL), lipoprotein,
sepsis

INTRODUCTION

Sepsis accounts for a major proportion of intensive care patients and is a key factor for mortality and
morbidity worldwide (Rhee et al., 2019; Rudd et al., 2020). The rates of sepsis have been increasing
over the last decades, because of an ageing population and the more broadly adopted use of
immunosuppressive therapies (Álvaro-Meca et al., 2018; McCreery et al., 2020). Currently, sepsis is
defined by sepsis-3-criteria, which include a suspected infection by the treating physician and an
increase in the sequential organ failure assessment (SOFA) score of at least 2 points (Singer et al.,
2016). Because of the unreliability of clinical diagnosis, biomarkers are urgently needed to aid in the
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diagnosis and prognosis prediction of septic patients.
Furthermore, new therapeutic targets and regimens based on
biomarker risk stratification may improve patient outcome of this
devastating disease.

Lipid profiles are commonly affected during sepsis (van
Leeuwen et al., 2003; Lekkou et al., 2014; Cirstea et al., 2017).
Both compositional changes, such as a rapid decrease of high-
density lipoprotein cholesterol (HDL-C) levels and total
cholesterol (TC) levels occur, as well as functional changes
such as reduced arylesterase activity (AEA) of the high-density
lipoprotein (HDL) associated paraoxonase 1 (PON1) or
cholesterol efflux capacity (CEC). We were recently able to
show that the AEA consistently predicted the ICU- and 28-
day mortality of patients with sepsis and septic shock admitted to
the ICU (Reisinger et al., 2020).

A few studies have been performed on lipoprotein
metabolism in experimental endotoxemia or sepsis (Barlage
et al., 2001; Levels et al., 2007; Trinder et al., 2019), but the
mechanistic background of the altered HDL metabolism in
sepsis as well as the differences between sepsis and critically ill
ICU patients without sepsis are still poorly understood.
Experimental studies have shown that the addition of
lipopolysaccharides (LPS) to plasma results in a marked
decrease in cholesterol ester transfer protein (CETP)
activity, leading to changes in HDL levels that are
considered an adaptive response to maintain or increase
HDL-C (Masucci-Magoulas et al., 1995). A study assessing
human genetics CETP gain-of-function cohorts and
humanized mouse models found that inhibition of CETP
may improve sepsis outcomes by maintaining HDL levels
thereby modulating immunity (Trinder et al., 2021). CETP-
inhibitors have mainly been investigated in other indications
such as the treatment of hypercholesterolemia. A recent meta-
analysis revealed that CETP inhibitors may reduce nonfatal
myocardial infections or cardiovascular death, but the results
did not reach statistical significance and the clinical relevance
of these reductions is modest (Taheri et al., 2020).

HDL particles receive free cholesterol from the periphery,
which is then esterified by lecithin-cholesterol acyltransferase
(LCAT) to cholesteryl esters (CE) (Asztalos et al., 2005; Rousset
et al., 2009). Another enzyme involved in lipoprotein metabolism
is endothelial lipase, which is a driving factor for hydrolyzation of
phospholipids (PL) of HDL particles. Furthermore, CETP
transfers CE from HDL to low-density (LDL) and very low-
density lipoproteins (VLDL) in exchange for triglycerides (TG),
while the phospholipid transfer protein (PLTP) transfers PL from
triglyceride-rich lipoproteins to HDL (Deckert et al., 2017;
Trinder et al., 2019; Tanaka et al., 2020; Barker et al., 2021).
PLTP may also transfer LPS from bacteria to HDL (Vesy et al.,
2000). However, several other factors alter HDL composition and
function under inflammatory conditions. The levels of the acute
phase protein serum amyloid A (SAA) increase significantly
during the acute phase response. SAA associates with HDL
and alters HDL structure, function, and metabolism (Artl
et al., 2000; Moya et al., 2012).

In the present study, we investigated which enzymes involved
in lipoprotein metabolism are altered in sepsis and non-sepsis

patients in the intensive care unit (ICU). In addition, we
investigated if these enzymes exhibit a prognostic utility for
ICU and 28-day mortality.

MATERIAL AND METHODS

Study Population and Study Design
We recruited adult patients (>18 years) with sepsis and septic
shock as well as ICU controls admitted to the ICU of the
Department of Internal Medicine at the Medical University of
Graz, Austria, as previously published (Reisinger et al., 2020). In
brief, sepsis patients were defined according to the sepsis-3
definition (Singer et al., 2016), while patients in the ICU
control group had no sepsis or bacteremia at the time of
sampling. The study protocol was approved by the
Institutional Review Board (IRB) of the Medical University of
Graz, Austria (30-258 ex 17/18) and complied with the
Declaration of Helsinki. Written informed consent (IC) was
obtained from all conscious participants, while in comatose
non-survivors the need for written IC was waived by the IRB.

Laboratory Analyses
Routine laboratory markers were measured in the central clinical
laboratory of the Medical University of Graz using a Sysmex
(Sysmex Austria GmbH), Cobas (Roche Diagnostics), or BN II
analyzer (Siemens Healthcare) as appropriate. All other samples
were contemporaneously measured after finishing recruitment in
order to avoid any inter-assay variance.

CETP activity of serum was measured using a commercially
available kit (ab196995, Abcam, Cambridge Science Park,
Cambridge, United Kingdom), according to the manufacturer’s
instructions. Specifically, the assay uses a donor molecule
containing a fluorescent self-quenched neutral lipid that is
transferred to an acceptor molecule in the presence of CETP.
The CETP-mediated transfer of the fluorescent lipid to the
acceptor molecule results in an increase in fluorescence
intensity (excitation: 465 nm; emission: 535 nm). LCAT
activity of serum was assessed by a commercially available kit
(MAK107, Merck, Darmstadt, Germany) according to the
manufacturer’s instructions. Serum samples were incubated
with the LCAT substrate for 4 h at 37°C. The fluorescent
substrate emits fluorescence at 470 nm. When the substrate is
hydrolyzed by LCAT, a monomer is released that emits
fluorescence at 390 nm. The LCAT activity is assessed over
time and expressed in change of 470/390 nm emission
intensity. We measured substrate turnover over 4 h and then
calculated the corresponding substrate turnover per hour. LCAT
protein concentration was assessed using a commercially
available ELISA kit (RD191122200R, Biovendor, Brno, Czech
Republic) and performed according to the manufacturer’s
instructions. PLTP activity of serum was measured using a
commercially available kit (MAK108, Sigma-Aldrich, PLTP
Activity Assay Kit), according to the manufacturer’s
instructions. The PLTP Activity Assay Kit includes proprietary
substrates to detect PLTP mediated transfer of fluorescent
substrate. Transfer activity results in increased fluorescent
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emission intensity (excitation: 465 nm; emission: 535 nm) from
the assay. For SAA and EL measurements commercially available
kits were used (KHA0012, SAA Invitrogen, Carlsbad, CA, USA,
and Nr. 27182, EL full-length ELISA assay, IBL International
GmbH, part of the Tecan Group, Hamburg, Germany); each
measured in duplicates and handled according to the respective
manufacturer’s instructions.

Statistical Analyses
All statistical analyses were performed with SPSS 26 (SPSS Inc.,
Chicago, IL, United States) and Stata 15.0 (Stata Corp., Houston,
TX, United States). Continuous variables were summarized as
medians [25th–75th percentile], and categorical variables as
absolute values and frequencies (%). Between-group
differences were analyzed with cross-tabulations, Mann-
Whitney-U-tests, χ2-tests, and Fisher’s exact tests, as
appropriate. Correlations were computed with Spearman’s
rank-based correlation coefficient. The prognostic associations
between 28-day/ICU mortality and lipid parameters and other
potential baseline predictors were quantified with univariable and
multivariable logistic regression. Variables with a p ≤ 0.05 in
univariable logistic regression were considered in the
multivariable models. Significance level was defined at 0.05.
Formal adjustment for multiple testing was not performed.

RESULTS

Baseline Characteristics and Lipid
Parameters of the Study Population
In our study, 53 patients in the sepsis and 25 patients in the
control cohort were included, as previously reported (Reisinger
et al., 2020). In brief, the median age of sepsis patients was 66
[50–75] years, and 40% of the sepsis cohort were female. 91% of
the infections were community-acquired, and the most common
focus was the lung (42%), followed by abdomen (17%) and
urinary tract (11%). Median SOFA score was 9 [7–13] points
and blood cultures were positive in 52% of patients. Baseline
characteristics of sepsis ICU survivors and non-survivors were
similar, and ICU- and 28-day mortality of the sepsis cohort were
36 and 47%, respectively.

The ICU control cohort consisted of patients without sepsis or
bacteremia at the time of sampling acquisition and included
patients with acute cardiovascular disease, cardiac arrest,
intoxications, acute kidney injury and other conditions.
Median age was 72 [65–79] years (p � 0.012 compared to
sepsis cohort) consisting of 60% female patients, with similar
rates of pre-existing diabetes or liver disease. Due to insufficient
sample volume in the aliquot of one patient in the control cohort,
only EL measurement but no further lipid metabolism analyses
could be performed in this single patient.

The inflammatory markers were higher in sepsis patients
compared to ICU controls without sepsis or bacteremia,
including white blood count (WBC; 14.9 [9.1–26.5] vs. 9.1
[6.6–13.5] G/L, p � 0.011), C-reactive protein (CRP; 213
[119–309] vs. 12 [4–31] mg/L, p < 0.0001), procalcitonin
(PCT; 8.8 [1.2–35.1] vs. 0.2 [0.1–0.3] ng/ml, p < 0.0001), and

interleukin-6 (IL-6; 440 [146–1,333] vs. 35 [18–68] pg/mL,
p < 0.0001). Sepsis patients without shock compared to those
with septic shock, had a lower SOFA score at 8 [5–11] vs. 13
[8–14] points (p � 0.003). Furthermore, some inflammatory
markers were higher in the septic shock group compared to
the sepsis group including PCT (2.6 [0.4–34.2] vs. 18.8
[7.0–66.5], p � 0.011), and IL-6 (309 [127–628] vs. 658
[153–4,011], p � 0.027), but not WBC or CRP.

The lipoprotein profile was significantly different between
ICU sepsis and ICU control patients. Levels of total
cholesterol were similar (106 [84–130] vs. 114 [96–156] mg/dl,
p � 0.193), but HDL-C levels (14 [7–33] vs. 39 [33–55] mg/dl, p <
0.0001) were significantly lower in sepsis compared to ICU
controls (Table 1).

Levels of SAA were significantly higher in the sepsis group
compared to ICU controls (2,827 [917–6,852] vs. 269 [34–344]
µg/ml; p < 0.0001; Figure 1A). In the ICU control subgroup, SAA
levels between ICU survivors at 248 [38–343] µg/ml and ICU
non-survivors at 326 [22-n/a] µg/mL were similar (p � 0.742).
Likewise, in the ICU sepsis subgroup, levels of SAA were not
statistically significantly different between ICU survivors and
non-survivors (3,897 [1,389–7,028] vs. 1,594 [337–5,880] µg/
ml, p � 0.126; Table 2).

The LCAT substrate turnover, i.e., the LCAT activity, and the
LCAT concentration were significantly lower in sepsis compared
to controls (Figures 1B,C; Table 1). Sepsis survivors had higher
levels of LCAT activity compared to sepsis non-survivors (2.7
[2.3–3.4] vs. 2.1 [1.6–2.8] %substrate turnover per hour; p �
0.022, Table 2), while controls had similar levels between
survivors and non-survivors (6.0 [4.5–6.7] vs. 4.3 [4.1-n/a] %
substrate turnover per hour; p � 0.172).

We investigated whether LCAT ratios, i.e. LCAT activity per
hour divided by LCAT concentration multiplied by 100, were
significantly different between groups. LCAT ratio was
significantly lower in sepsis compared to control (10.0
[8.0–11.8] vs. 15.3 [13.3–17.6], p < 0.0001).

The activity of CETP was significantly lower in patients with
sepsis compared to ICU controls (Figure 1D). However, there
were no significant differences between ICU survivors and ICU
non-survivors in the sepsis (1.85 [0.00–4.53] vs. 1.90 [0.30–4.10];
p � 0.903) or ICU control (6.1 [4.0–8.5] vs. 5.4 [4.3-n/a]; p �
0.805) group, nor any significant differences in patients without
or with septic shock (1.40 [0.00–4.60] vs. 2.05 [0.53–4.10]; p �
0.802).

In comparison, the activity of PLTP was significantly higher in
patients with sepsis compared to controls (8.5 [6.1–10.6] vs. 5.0
[3.5–6.7] pmol/h; p < 0.0001; Figure 1E), without significant
differences between ICU sepsis survivors and non-survivors (8.05
[5.86–10.21] vs. 8.91 [6.32–11.92]; p � 0.308) or between ICU
controls survivors at 4.99 [3.58–6.31] and non-survivors at 6.81
[3.20-n/a] (p � 0.561).

Levels of EL were significantly lower in controls compared
to sepsis patients (Figure 1F; Table 1). Levels between
survivors and non-survivors were not significantly
different in either the sepsis (283.6 [163.9–451.1] vs. 384.2
[201.1–661.7]; p � 0.373) or control group (123.3
[76.7–496.0] vs. 95.6 [62.0–216.1]; p � 0.409).
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Correlations of Lipid Parameters in the
Sepsis Group
The SOFA score showed an inverse correlation with HDL-C (rho
� −0.308, p � 0.025) in the sepsis cohort, reflecting an HDL-C
decline with increasing severity of organ dysfunction. The
evaluation of enzyme activities revealed that LCAT activity
was significantly inversely correlated with the inflammatory
markers CRP (rho � −0.445, p � 0.001) and IL6 (rho �
−0.440, p � 0.001), and positively correlated with LCAT
concentration (rho � 0.494, p < 0.0001), HDL-C (rho � 0.446,
p � 0.001), and CETP (rho � 0.297, p � 0.031). LCAT
concentration, however, was not correlated with inflammatory
markers. Correlation analyses of the other enzymes showed that
PLTP correlated inversely with EL (rho � −0.322, p � 0.019), but
no correlations with other lipoproteins, lipid metabolism or
inflammatory parameters were found. In addition, no
correlation with age or body mass index was found in this
cohort. HDL-associated SAA levels correlated strongly with
CRP (rho � 0.635, p < 0.0001), but not with enzymes involved
in lipid metabolism, nor to other inflammatory markers.

Lipid Parameters and Sepsis Mortality
The ICU- and 28-day mortality occurred in 19 (36%) and 25
(47%) of the 53 patients, respectively. In univariable logistic
regression for 28-day mortality, age (OR per 5 years increase �
1.23 [1.02–1.50], p � 0.033), CRP (OR per 100 mg/L increase 1.72
[1.07–2.77], p � 0.025), and LCAT activity (OR per 1% increase in

substrate turnover per hour 0.39 [0.19-0.77], p � 0.006) were
significantly associated with outcome (Table 3). For 28-day
mortality, LCAT prevailed in multivariable analyses; however,
when including the SOFA score into the model LCAT was no
longer significantly associated with outcome (Table 4). ICU
mortality was determined by SOFA score (OR per 1 point
increase 1.36 [1.12–1.65], p � 0.002) and LCAT activity (OR
per 1% increase in substrate turnover per hour 0.51 [0.28–0.91],
p � 0.023; Table 3). Similarly, in a multivariable model consisting
of both variables, only SOFA score remained associated with
outcome (Table 4). In sepsis patients, LCAT ratio was significantly
associated with 28-day (OR per 1 increase 0.776 [0.637–0.946], p �
0.012) but not with ICU mortality (OR per 1 increase 0.864
[0.742–1.007], p � 0.062) in univariable logistic regression
analysis. LCAT ratio did not remain significantly associated in
multivariable logistic regression models. To investigate the role of
LCAT in associationwithAEA, we performed amultivariable logistic
regression using the above-mentioned variables with addition of
AEA. In these models, LCAT was no longer significantly associated
with ICU or 28-day mortality.

DISCUSSION

The central finding of our study was the uncovering of the
manifold profound alterations in HDL metabolism that occur
early after the development of sepsis. We observed marked
differences in multiple enzymes involved in lipoprotein

TABLE 1 | Baseline characteristics and lipid parameters in the ICU sepsis cohort (n � 53) and ICU control cohort (n � 25). As partially reported previously in Reisinger et al.
(2020). Data are reported as medians [25th–75th percentile], or absolute values and relative frequencies (%). Sepsis patients were ICU patients suffering from sepsis or
septic shock. Controls were ICU patients without sepsis or bacteremia at the time of sample acquisition.

Variable Sepsis
cohort (n = 53)

Controls (n = 25) p

Demographics
Age (years) 66 [50–75] 72 [65–79] 0.012
Female sex 21 (40%) 15 (60%) 0.144

Quantitative lipid parameters
HDL cholesterol (mg/dl) 14 [7–33] 39 [33–55] <0.0001
Triglycerides (mg/dl) 162 [105–274] 115 [80–145] 0.006
Total cholesterol (mg/dl) 106 [84–130] 114 [96–156] 0.193

Inflammatory markers
White blood count (G/L) 14.9 [9.1–26.5] 9.1 [6.6–13.5] 0.011
C-reactive protein (mg/L) 213 [119–309] 12 [4–31] <0.0001
Procalcitonin (ng/ml) 8.8 [1.2–35.1] 0.15 [0.06–0.28] <0.0001
Interleukin-6 (pg/mL) 440 [146–1,333] 35 [18–68] <0.0001

Lipid metabolism markers
Endothelial lipase (pg/ml) 300.0 [178.3–577.5] 123.2 [74.2–270.1] 0.001
SAA (µg/ml) 2,827 [917–6,852] 269 [34–344]a <0.0001
LCAT activity (% substrate turnover per hour) 2.6 [2.0–3.1] 5.7 [4.5–6.6]a <0.0001
LCAT concentration (µg/ml) 26.4 [21.2–31.8] 38.1 [28.3–45.3]a <0.0001
CETP (pmol/h) 1.9 [0.2–4.4] 5.8 [4.1–8.8]a <0.0001
PLTP (pmol/h) 8.5 [6.1–10.6] 5.0 [3.5–6.7]a <0.0001

Sepsis severity and outcomes
SOFA score (points) 9 [7–13] 5 [3–9] <0.0001
28-day mortality 25 (47%) 4 (16%) 0.011
ICU mortality 19 (36%) 4 (16%) 0.110

anote that 1 patient in the control group had insufficient sample volume in the aliquot to perform lipid metabolism analyses.
Abbreviations: HDL, high-density lipoprotein; ICU, intensive care unit; SAA, serum amyloid A; LCAT, lecithin-cholesterol acyltransferase; CETP, cholesteryl ester transfer protein; PLTP,
phospholipid transfer protein; N/A � not applicable, SOFA, sequential organ failure assessment.
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FIGURE 1 | Boxplots for the ICU control group (patients without sepsis or bacteremia) and ICU sepsis group. (A): Serum Amyloid A (SAA). (B): Lecithin-cholesterol
acyltransferase (LCAT) activity. (C): Lecithin-cholesterol acyltransferase (LCAT) concentration. (D): Cholesteryl ester transfer protein (CETP). (E): Phospholipid transfer
protein (PLTP). (F): Endothelial lipase (EL). Note that in the EL boxplot two outliers in the sepsis group (17,436 and 1,659 pg/ml) and one outlier in the control group
(2,839 pg/ml) are not displayed.

TABLE 2 | Lipid metabolism markers in survivors and non-survivor in the sepsis cohort. Abbreviations: ICU, intensive care unit; LCAT, lecithin-cholesterol acyltransferase;
CETP, cholesteryl ester transfer protein; PLTP, phospholipid transfer protein; SAA, serum amyloid A.

Variable ICU survivors ICU non-survivors p

Endothelial lipase (pg/ml) 283.6 [163.9–451.1] 384.2 [201.1–661.7] 0.373
SAA (µg/ml) 3,897 [1,389–7,028] 1,594 [337–5,880] 0.126
LCAT activity (% substrate turnover per hour) 2.7 [2.3–3.4] 2.1 [1.6–2.8] 0.022
LCAT concentration (µg/ml) 26.8 [23.4–32.1] 24.4 [20.4–31.0] 0.243
CETP (pmol/h) 1.85 [0.00–4.53] 1.90 [0.30–4.10] 0.903
PLTP (pmol/h) 8.05 [5.86–10.21] 8.91 [6.32–11.92] 0.308
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metabolism between ICU sepsis and ICU control patients. LCAT
activity, LCAT concentration and CETP activity were
significantly lower, while PLTP activity was significantly higher
in ICU sepsis compared to ICU control patients. In addition,
levels of SAA were increased 10-fold and EL levels were about 3-
fold higher in sepsis patients compared to ICU controls. These
changes involve enzymes produced by the liver such as LCAT, but
also EL, which is derived from the vascular endothelium. The
physiological role of LCAT is to esterify free cholesterol to

cholesteryl-ester, after HDL received free cholesterol from the
periphery (Rousset et al., 2009). Furthermore, LCAT shows
antioxidative properties, and can hydrolyze oxidized
phospholipids (Subramanian et al., 1999; Brites et al., 2017).
Interestingly, we observed that LCAT activity was more than 50%
decreased in sepsis patients compared to patients without sepsis
or bacteremia. Familial LCAT deficiency leads to anemia due to
accumulation of free cholesterol in red blood cells and to kidney
failure. Recombinant LCAT may improve outcomes in these

TABLE 3 | Univariable logistic regression for ICU- and 28-day mortality in the sepsis cohort. Abbreviations: HDL, high density lipoprotein; ICU, intensive care unit; SOFA,
sequential organ failure assessment; LCAT, lecithin-cholesterol acyltransferase; CETP, cholesteryl ester transfer protein; PLTP, phospholipid transfer protein.

Outcome variable 28-day mortality ICU mortality

Variable Odds ratio 95% confidence
intervall

p Odds ratio 95% confidence
intervall

p

Demographics
Age (per 5 years increase) 1.23 1.02–1.50 0.033 1.06 0.89–1.27 0.511
Female sex 2.71 0.87–8.43 0.085 1.65 0.53–5.17 0.390

Quantitative lipid parameters
HDL cholesterol (per 10 mg/dl increase) 0.88 0.66–1.18 0.381 0.84 0.61–1.17 0.312
Triglycerides (per 10 mg/dl increase) 0.98 0.93–1.04 0.501 0.99 0.93–1.05 0.715
Total cholesterol (per 10 mg/dl increase) 0.90 0.79–1.02 0.088 0.89 0.78–1.02 0.099

Laboratory covariables
White blood count (per 1G/L increase) 1.02 0.98–1.07 0.357 1.00 0.96–1.05 0.960
C-reactive protein (per 100 mg/L increase) 1.72 1.07–2.77 0.025 1.40 0.90–2.18 0.136
Procalcitonin (per 1 ng/ml increase) 1.00 0.99–1.01 0.339 1.00 0.99–1.01 0.170
Interleukin-6 (per 100 pg/mL increase) 1.02 0.99–1.06 0.267 1.03 0.99–1.06 0.160

Lipid metabolism markers
Endothelial lipase (per 100 pg/ml increase) 1.10 0.92–1.32 0.310 1.11 0.92–1.33 0.270
Serum amyloid A (per 1,000 μg/ml increase) 0.93 0.77–1.12 0.425 0.86 0.70–1.06 0.157
LCAT activity (per 1% increase in substrate turnover per hour) 0.39 0.19–0.77 0.006 0.51 0.28–0.91 0.023
LCAT concentration (per 1 μg/ml increase) 0.06 0.90–1.03 0.285 0.95 0.89–1.03 0.210
CETP (per 1 pmol/h increase) 0.94 0.78–1.14 0.542 0.98 0.80–1.19 0.811
PLTP (per 1 pmol/h increase) 1.04 0.88–1.23 0.641 1.10 0.92–1.31 0.306

Sepsis severity and outcomes
SOFA score (per 1 point increase) 1.13 0.97–1.31 0.113 1.36 1.12–1.65 0.002

TABLE 4 | Multivariable logistic regression for 28-day (A) and ICU- (B) mortality in the sepsis cohort.

Outcome variable

Variable

Odds ratio

95% confidence intervall

p

A 28-day mortality

Model #1
LCAT (per 1% increase in substrate turnover per hour) 0.44 0.20–0.93 0.031
Age (per 5 years increase) 1.20 0.98–1.47 0.077
CRP (per 100 mg/dl increase) 1.22 0.70–2.21 0.493

Model #2
LCAT (per 1% increase in substrate turnover per hour) 0.49 0.22–1.08 0.076
SOFA score (per 1 point increase) 1.13 0.93–1.36 0.212
Age (per 5 years increase) 1.25 0.99–1.58 0.051
CRP (per 100 mg/dl increase) 1.24 0.70–2.21 0.454

B ICU mortality

Model #1
LCAT (per 1% increase in substrate turnover per hour) 0.59 0.31–1.13 0.111
SOFA score (per 1 point increase) 1.31 1.07–1.59 0.008

Variables with a p ≤ 0.05 in univariable logistic regression were considered in the multivariable models. An additional exploratory model with variables significant in univariable logistic
regression and also including the SOFA, score was performed for 28-day mortality (model #2). Abbreviations: ICU, intensive care unit; SOFA, sequential organ failure assessment; LCAT,
lecithin-cholesterol acyltransferase.
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patients and may also provide a potential future drug in the
armamentarium against sepsis (Shamburek et al., 2016a;
Shamburek et al., 2016b; Ossoli et al., 2019). LCAT activity
and concentration were correlated with HDL-phospholipid
levels in our sepsis cohort. Furthermore, we found that LCAT
activity was a significant predictor for ICU- and 28-day mortality.
This effect remained significant even after including age and CRP
in multivariable analyses in this study. However, when also
considering the SOFA score as a marker for the severity of
organ dysfunction, LCAT activity was no longer significantly
associated with outcome. This finding may be explained by the
sample size of our study, as the confidence interval shows a clear
shift to the left of unity, and a larger cohort may have narrowed
the CI leading to statistical significance. We furthermore did not
find a correlation between LCAT and bilirubin in our study; and
the decrease in LCAT activity is not solely explained by liver
failure in sepsis patients. LCAT activity, but not LCAT
concentration, was significantly inversely correlated with
inflammatory markers such as CRP, PCT, and IL-6. Somewhat
similar findings were shown in other studies, where LCAT
activities were reduced during infection (Barlage et al., 2001;
Levels et al., 2007). LCAT activity and concentration were
furthermore strongly correlated with HDL-C in our study.
This plausible finding is most likely due to a decrease in
cholesteryl-ester formation and therefore lower HDL-C levels.
In a study investigating HDL after endotoxin administration,
LCAT and CETPwere significantly decreased, and small/medium
HDL particles were depleted (Moya et al., 2012). Furthermore,
the free cholesterol to cholesteryl-ester ratio, which is determined
by LCAT activity, was increased in septic patients in one study
(Yamaguchi et al., 2018). Also, ApoA1 is partially replaced by
SAA during acute inflammation, and ApoA1 is a main activator
of LCAT (Meng et al., 1993). Likewise, median SAA levels in
patients with sepsis were 2,827 μg/ml, whereas other critically ill
ICU patients without sepsis or bacteremia had median levels of
269 μg/ml. However, we did not find an association of SAA levels,
representing a strong inflammatory marker, with mortality
outcomes in either group. Similarly no association of SAA
with mortality was found for sepsis patients in another study
(Cicarelli et al., 2008). This clearly underscores the importance of
other metabolic pathways and enzymes that are decreased or
increased during sepsis and that the outcome is not solely
determined by inflammation itself. Both CETP and PLTP are
part of the lipid-transfer and LPS-binding proteins (Hubacek
et al., 1997; Kirschning et al., 1997; Levels et al., 2005). CETP can
transfer CE via hydrophobic tunnels from HDL to LDL and
VLDL, while PLTP transfers PL to HDL (Zhang et al., 2012;
Barker et al., 2021). PLTP and CETP may protect against
endotoxins and were considered to enhance LPS elimination
(Kirschning et al., 1997; Cazita et al., 2008; Gautier et al.,
2008). A decrease in CETP may additionally be regarded as an
adaptive response by the human body trying to enhance HDL
levels, but a relevant role of CETP for binding LPS is unlikely
especially when compared to other enzymes such as
lipopolysaccharide-binding protein (LBP) and bactericidal
permeability increasing protein (BPI) (Clark et al., 2010;
Dusuel et al., 2020). Furthermore, higher CETP expression in

animal models lead to higher mortality in sepsis or endotoxemia
(Dusuel et al., 2020). CETP activity was reduced in septic patients
in our study compared to ICU controls. Similar results were
found in a study from Llera Moya et al. (2012), who showed in
healthy individuals that CETP activity decreases after
endotoxemia was induced. In our study, we did find
significant differences in CETP activity between ICU survivors
or non-survivors. In good agreement, also, Grion et al. (2010)
observed no difference in CETP levels on either day 0 nor day 3
(but only in the delta day 0–3) between survivors and non-
survivors. PLTP on the other hand has strong binding properties
for LPS (Hailman et al., 1996; Deckert et al., 2017). PLTP was
increased during sepsis, and PLTP levels correlated with
inflammatory markers (Levels et al., 2007). We similarly found
that PLTP activity was significantly higher in sepsis patients at
6.5 pmol/h compared to controls at 5.0 pmol/h. However, we did
not find correlations with inflammatory markers and levels were
not significantly different between survivors and non-survivors,
yet animal models showed that a substitution of recombinant
human PLTPmay improve sepsis outcomes (Deckert et al., 2017).
Endothelial lipase is a phospholipase secreted mainly by vascular
endothelial cells that is upregulated during inflammation
(Miksztowicz et al., 2012; Yu et al., 2018). The main function
of EL is the hydrolyzation of HDL-associated phospholipids (PL),
which leads to increased turnover and alteration of HDL
structure, and therefore to a decrease in HDL-cholesterol
levels (Hirata et al., 1999; Jaye et al., 1999; Ishida et al., 2003).
In endotoxemia studies, it was discovered that EL inversely
correlated with HDL-PL levels (Badellino et al., 2008; Moya
et al., 2012). In our study, we observed that EL levels are higher
in patients with sepsis compared to ICU controls but did not find a
correlation between HDL-PL and EL levels. Furthermore, we did
not find significant correlations of ELwith HDL-C levels suggesting
a different mechanism for decreased HDL-C in sepsis, which is not
solely explained by EL activity. EL was strongly correlatedwith IL-6,
which is similar to a study from Badellino et al. (2008). To our
knowledge, the findings of our study are the first report assessing EL
in ICU sepsis patients. Badellino also found a correlation of EL with
CRP, which we could not replicate in our study. However, the other
group used high-sensitive CRP in asymptomatic subjects, whereas
we used conventional CRP in ICU sepsis patients. Of particular
interest, EL modification of HDL was recently shown to increase
antioxidative capacity, to improve eNOS activating capacity and to
modulate PON1 content of HDL (Schilcher et al., 2019; Radulović
et al., 2020; Schilcher et al., 2021). These studies suggest that EL-
modified HDL has improved vasoprotective properties.

Some limitations of our study have to be noted. Our
investigation focuses on early changes in lipid metabolism and
does not cover late time-points. Thus, the present data do not
allow extrapolating for changes in a longer time range such as
after treatment of sepsis in ICU after several weeks. Moreover,
due to the small sample size, we cannot exclude the possibility
that potential significant differences may not have been detected.
Therefore, further studies in larger cohorts are warranted to
confirm our results. Likewise, a control cohort with higher
rates of organ dysfunction and more inflammation should be
investigated in the future.
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Taken together, we provide specific data on the rapid and
robust changes of HDL metabolism in sepsis, in which HDL
particles accumulate pro-inflammatory SAA on one hand, and
lose HDL-C content and HDL-metabolism associated proteins
such as LCAT on the other hand. Of particular interest, sepsis
non-survivors had significantly lower LCAT activity compared to
survivors. Furthermore, lipid transfer proteins such as PLTP and
CETP are significantly altered during sepsis. These findings and
the anti-inflammatory facets of HDL particles warrant further
explorations as potential prognostic and therapeutic targets in
septic patients.
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