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Zusammenfassung

Hintergrund: Sepsis stellt eine haufige Erkrankung auf Intensivstationen (ICU) dar und ist ein
lebensbedrohlicher Zustand mit hoher Mortalitdt und Morbiditdt. Lipoproteine, insbesondere

das High-Density Lipoprotein (HDL) - Partikel haben eine zentrale Rolle in der angeborenen

Immunabwehr. Die Protonen-Kernspin-Resonanz (\H NMR) Spektroskopie stellt eine

innovative Technologie zur gezielten und ungezielten Analyse von Metaboliten dar.

Ziel: Die Erforschung quantitativer und qualitativer Verdnderungen der Lipoproteine wiahrend
Sepsis, die Untersuchung der Korrelationen mit Organdysfunktionen und die Assoziation mit

ICU- und 28-Tage Mortalitét.

Methoden: Erwachsene Patient*Innen mit Sepsis oder septischem Schock wie auch ICU-
Kontrollen ohne Sepsis oder Bakteridmie wurden auf der ICU der Universitétsklinik fiir
Innere Medizin, Medizinische Universitit Graz eingeschlossen. Sepsis wurde den aktuellen
Sepsis-3 Kriterien entsprechend definiert: Vermutete Infektion durch die*den behandelnde*n
Arztin* Arzt und ein Anstieg des "sequential organ failure assessment" (SOFA) Score um >2
Punkte. Septischer Schock wurde definiert als Sepsis mit der Notwendigkeit einer
Vasopressor-Therapie, um den mittleren arteriellen Druck >65mmHg zu halten in
Abwesenheit einer Hypovoldmie und/oder nach adiquater Fliissigkeitsgabe, sowie ein Laktat
von >2mmol/L. Quantitative Lipoprotein-Analysen wurden im Routinelabor durchgefiihrt.
Fiir qualitative Analysen, wurden sowohl die Arylesterase-Aktivitidt der HDL-assoziierten
Paraoxonase (AEA) wie auch die Cholesterin-Efflux-Kapazitit (CEC) in Apolipoprotein-B
depletierten Sera untersucht. Zusitzlich wurden gezielte und ungezielte 'H NMR

Metabolomics-Analysen durchgefiihrt.

Ergebnisse: Dreiundfiinfzig ICU-Patient*Innen mit Sepsis und 25 ICU-Kontrollen wurden
prospektiv eingeschlossen. HDL-Cholesterinspiegel <40mg/dL traten hiufiger in der Sepsis-
als in der Kontrollgruppe auf (85 vs. 52%, p=0,002). Quantitative Lipoprotein-Parameter wie
HDL-Cholesterin waren signifikant niedriger in der Sepsis- als in der Kontrollgruppe (14 vs.
39 mg/dL, p<0,0001); zeigten jedoch keine Assoziation mit Mortalitdtsendpunkten. Der
qualitative HDL-Parameter AEA war signifikant niedriger in der ICU Sepsis- als in der ICU
Kontrollgruppe mit 67 vs. 111 mM/min/mL Serum (p<0,0001), wihrend die CEC einen nicht-

signifikanten Trend zu niedrigeren Werten in der Sepsis- als in der Kontrollgruppe zeigte (9
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vs. 10 %, p=0,091). Die AEA war in der Sepsis-Gruppe in uni- und multivariabler logistischer
Regressionsanalyse signifikant mit der [CU- und 28-Tage Mortalitdt assoziiert. Die
Veranderungen der Lipoproteine und Unterschiede zwischen den Gruppen konnte mit
gezielter 'H NMR Metabolomics-Analyse bestitigt werden. Zusétzlich konnten mittels
ungezielter 'H NMR Metabolomics-Analyse Unterschiede fiir verzweigtkettige Aminoséuren,
bestehend aus Valin, Leucin und Isoleucin, in der Sepsis-Gruppe identifiziert werden. Nicht-
Uberlebende verglichen mit Uberlebenden hatten niedrigere Spiegel von Valin (33,0 vs. 55,0
normalized signal intensity units (NSI), p=0,002), Leucin (53,4 vs. 70,8 NSI, p=0,005) und
Isoleucin (15,2 vs. 18,1, p=0,012). In uni- und multivariablen Analysen waren

verzweigtkettige Aminosauren signifikant mit ICU- und 28-Tage Mortalitét assoziiert.

Konklusion: Die antioxidative und anti-inflammatorische Arylesterase-Aktivitidt der HDL
assoziierten Paraoxonase repriasentiert einen Teil der Funktionalitdt des HDL-Partikels und
war ein starker Préadiktor fiir ICU- und 28-Tage Mortalitét bei ICU Sepsis-Patient* Innen.
Mittels Metabolomics-Analyse konnten auflerdem erniedrigte Spiegel an verzweigtkettigen

Aminosduren als Parameter fir eine erhohte Mortalitit identifiziert werden.
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Abstract

Background: Sepsis is a devastating disease and accounts for high mortality and morbidity in
patients treated in the intensive care unit (ICU). Lipoproteins, especially the high-density
lipoprotein (HDL) particles, play an important role in the innate immune defense. In addition,
proton nuclear magnetic resonance ('"H NMR) spectroscopy is an emerging technique for

targeted and untargeted analyses of metabolites.

Aim: To investigate quantitative and qualitative changes of lipoproteins during sepsis,
investigate correlations with organ dysfunction and associations with ICU- and 28-day

mortality.

Methods: Adult patients with sepsis and septic shock, as well as ICU controls without sepsis
or bacteremia were enrolled at the ICU of the Department of Internal Medicine at the Medical
University of Graz. Sepsis was defined according to the current sepsis-3 criteria with a
suspected infection by the treating physician and an increase in the sequential organ failure
assessment (SOFA) score by >2 points. Septic shock was defined as patients with sepsis, with
the need of vasopressor therapy to maintain a mean arterial pressure >65mmHg despite
adequate fluid resuscitation and/or absence of hypovolemia; and a lactate level of >2 mmol/L.
Quantitative assessments of lipoproteins were performed on routine laboratory machines. For
qualitative lipoprotein measurements, both the arylesterase activity of the HDL associated
paraoxonase (AEA) and cholesterol efflux capacity (CEC) were performed with ApoB-
depleted sera. In addition, targeted and untargeted 'H NMR metabolomics were studied.

Results: Fifty-three ICU patients with sepsis and 25 ICU controls without sepsis or
bacteremia were prospectively enrolled. HDL-C <40mg/dL was more common in sepsis
compared to controls (85 vs 52%, p=0.002). Quantitative lipoprotein parameters such as
HDL-C were significantly lower in sepsis compared to controls (14 vs 39 mg/dL, p<0.0001),
but were not associated with mortality endpoints. The qualitative HDL parameter AEA was
significantly lower in sepsis compared to controls at 67 vs 111 mM/min/mL serum
(p<0.0001), while the CEC showed a trend towards lower levels in sepsis compared to
controls (9 vs 10 %, p=0.091). The AEA was significantly associated with ICU- and 28-day
mortality in uni- and multivariable logistic regression analyses in the sepsis cohort.
Lipoprotein alterations were confirmed in targeted 'H NMR metabolomic analyses.

Furthermore, untargeted 'H NMR metabolomics identified differences of the branched-chain
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amino acids group, consisting of valine, leucine, and isoleucine. Non-survivors compared to
survivors had lower levels of valine (33.0 vs 55.0 normalized signal intensity units (NSI),
p=0.002), leucine (53.4 vs 70.8 NSI, p=0.005), and isoleucine (15.2 vs 18.1, p=0.012).
Branched-chain amino acids were associated with ICU- and 28-day mortality in uni- and

multivariable analyses.

Conclusion: Quantity and functionality of lipoproteins are significantly different in ICU
patients suffering from sepsis compared to non-sepsis ICU controls. The antioxidative and
anti-inflammatory arylesterase activity of the HDL associated paraoxonase, representing parts
of the HDL particle functionality, was a strong predictor for ICU- and 28-day mortality in
patients with sepsis admitted to the ICU. Furthermore, branched-chain amino acids were
additionally identified in metabolomic analyses as significant predictors for mortality

endpoints.
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1. Introduction

Sepsis is a global health threat and one of the leading causes of death worldwide (3-5). It is an
important medical emergency and treatment is time critical (6, 7). The incidence of sepsis has
been increasing over the last decades. Reasons for this increase include an ageing population
with prolonged longevity of chronic conditions, and the widely adopted use of
immunosuppressive therapies (8-13). The most common infectious etiology is bacterial, but
fungal, viral, and protozoan infections may also occur (14-16). Sepsis is not only a disease of
infants, elderly, or patients with comorbidities, but may also affect young healthy individuals
(17-19). About 50% of all patients with severe sepsis need intensive care and sepsis accounts
for roughly 13% of all intensive care unit (ICU) cases, rendering this disease a major aspect
for intensive care medicine (20, 21). Furthermore, from an economical perspective, sepsis is

the most expensive disease in hospitals (22, 23).

1.1. Sepsis

1.1.1. History of sepsis:

The word sepsis is derived from the ancient Greek term ofjyic (sepsis) which can be
translated to rotting, i.e. the decomposition in the presence of bacteria and was already
mentioned in the Hippocratic collection (4, 24, 25). The signs of inflammation including
calor, rubor, tumor, and dolor were introduced by Galen of Pergamon, whereas the fifth sign
functio laesa was added by Celsus. Later the scientists Pasteur, Semmelweis, Koch, Lister,
and others established the role of pathogens for infections (26, 27). It was then accounted that
sepsis is driven by the hosts response to the infection and not only by the infection itself. This

concept of a dysregulated host is still the current understanding of this disease (6, 28, 29).

1.1.2. Global Epidemiology of sepsis

The true incidence of sepsis is difficult to measure, and different types of techniques are used
in epidemiological studies. One easy method is the point prevalence study, where all admitted
cases of one single day are counted and analyzed. However, limitations include seasonal

variability and that milder cases are more easily accounted for than fulminant severe cases,
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which have a high case fatality rate and therefore a shorter ICU stay (8, 30). Retrospective
cohort studies have the difficulty of discovering all relevant cases, as often only International
Classification of Diseases (ICD) codes are evaluated to collect sepsis cases. This may lead to
an underestimation when sepsis was coded differently such as pneumonia or cystitis. On the
other hand, sepsis cases may be overestimated, when e.g., systemic inflammatory response
syndrome (SIRS) was coded as sepsis even when no infection was present or when sepsis was
coded solely because of economic or billing incentives (8, 11, 30, 31). Also, the availability of
ICU beds affects the reported severe sepsis incidence because scarce ICU bed availability
leads to the presumption of a “natural death” if elderly patients die on the general ward and
often the underlying disease, e.g. pneumonia, but not the sepsis is coded as the reason of death
(32). An important epidemiological limitation when comparing studies is the changing
definitions of sepsis over time. In addition, the noted incidence in all studies is the incidence
of treated severe sepsis cases but not the true incidence of all cases (8, 32). Despite all these
limitations, the sepsis incidence trend is most likely a true increase over the last years,
because of ageing populations with more chronic conditions that are survived longer. More
artificial catheters (e.g., central venous catheter (CVC), peripherally inserted central catheter
(PICC), Port-a-Cath systems, and others) are implanted, stem-cell transplants and
chemotherapy are more widely adopted. Furthermore, antimicrobial-resistant bacteria may
cause infections and therefore also affect sepsis outcomes (10-13, 33).

To give a rough estimate for the sepsis incidence, the following paragraph discusses incidence
rates assessed in several studies. Martin et al found an increase of sepsis incidence from 1979
with 83 per 100,000 to 240 per 100,000 inhabitants in 2000 (9). Angus et al showed an
incidence of 300 per 100,000 population in the United States of America (USA) (34). Esper et
al reported similar numbers with an incidence of sepsis that increased from 83 per 100,000
population to 275 per 100,000 during 1979 to 2003 (12). Also in the following years,
incidence of severe sepsis increased from 200 per 100,000 in 2003 to 300 per 100,000 in 2007
(35). Higher case numbers were found by Kumar et al with a severe sepsis hospitalization
incidence that increased from 143 per 100,000 in 2000 to 343 per 100,000 in 2007 (13). In a
meta-analysis analyzing high-income countries during the years 2003-2015, the authors
summarized, based on the previous sepsis-2 criteria, an incidence rate for sepsis of 437 per
100,000 people, and for severe sepsis of 270 per 100,000 (3). However, lower numbers of

severe sepsis were found in studies in Sweden with roughly 40 per 100,000 in 2005 and in
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Spain at 87 per 100,000 during 2006 to 2011 (10, 11). Data from the United Kingdom (UK)
and Australia / New Zealand showed 66 and 77 ICU cases per 100,000 adult population,
respectively (36, 37). One study evaluated four different epidemiological methods and found
highly heterogeneous results with a sepsis incidence ranging from 300 to 1,031 cases per
100,000 population. Nevertheless, the incidence increased, and the case fatality decreased
consistently in every applied method (38).

Even more uncertain is the epidemiology in developing countries, though it should be
considered that some infections with septic presentation are more common in these regions.
Examples include malaria in tropical regions and melioidosis in the Southeast Asian area (39).
Furthermore, higher rates of human immunodeficiency virus (HIV) and acquired
immunodeficiency syndrome (AIDS), and other risk factors may be more frequent in low- and
middle-income countries (30). Health-care systems are less optimal equipped, medications are
not sufficiently universally available, and access to hospitals may be difficult because of
lacking infrastructure. Therefore, despite a typically younger population, the rate of sepsis
cases is still higher. One study estimated the world-wide number of sepsis cases per year at 19
million, but only used extrapolated data from North American studies (40). Fleischmann et al
calculated the “Global Burden of Sepsis™ at 31.5 million cases of sepsis and 5.3 million
fatalities each year (3).

In summary, despite all limitations of epidemiological studies, the incidence of sepsis and
septic shock has been increasing over the last decades in high-income countries. The
epidemiology of sepsis on a global scale and especially in developing countries is less clear as

precise data are lacking.

1.1.3. Epidemiology of sepsis in the ICU

In a prospective longitudinal observational study over four weeks in Germany, 12.6% of all
ICU patients had a diagnosis of severe sepsis or septic shock including those who developed
sepsis during the ICU stay (21). A cohort study in Australia and New Zealand found that
20.7% of ICU patients had severe sepsis (37). The Extended Prevalence of Infection in
Intensive Care (EPIC 1) study, a 1-day point prevalence study in ICUs from 75 countries,
found that 51% of all patients were considered infected and 71% were on antibiotic treatment.

Furthermore, infected patients had a twice as high mortality than non-infected patients (41).
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Around 50-69% of all severe sepsis patients need ICU care (20, 34, 42), causing that about
one in every ten to twelve patients is at the ICU because of severe sepsis (32, 37). One study
even found that 37.4% of patients in European ICUs had sepsis (43). All these studies

therefore underline the importance and relevance of this disease for intensive care medicine.

1.1.4. Age and gender aspects of sepsis

Elderly patients account for the majority of sepsis patients in western countries, with >60% of
all sepsis patients being >65 years old (10, 19). The reported age means are varying at around
60-70 years of age in several developed countries worldwide (10, 22, 36, 37, 44, 45).
Regarding the sex distribution, the literature is heterogeneous, but overall, most studies report
that men have similar to slightly higher rates of sepsis compared to women (9-11, 19, 21, 22,

43, 45-47).

1.1.5. Mortality and case fatality rates of sepsis

Over the last decades, independently of the analysis method used and despite increasing
sepsis incidence, the case fatality rate has decreased. But due to the higher overall incidence
the absolute number of sepsis deaths has risen (8, 20, 36, 38). In general, the mortality
represents the number of deaths in a population, typically given in numbers per 100,000
persons, whereas the case fatality rate (=lethality rate) represents the number of deaths by one
specific disease, i.e. death divided by total number of sick people. However, some inaccuracy
in the wording is found throughout the literature.

The hospital case fatality rate decreased from 45.8% to 37.8% over the years from 1993 to
2003 (19). Similar numbers were reported by Stevenson et al with a decrease in 28-day
mortality from 46.9% in 1991-1995 to 29.2% in 2006-2009. This represents a 3% annual
decrease during the investigated period (48). Consistently, the ICU sepsis mortality declined
from 34.3% to 30.8%, and hospital-mortality from 48.3% to 44.7%, in the years 1996 to 2004
(36). Increasing sepsis severity leads to higher mortality rates with 28-day mortality ranging
from 14.9%-47.3% in severe sepsis and up to 34.3%-52.2% in septic shock (22, 44, 45, 49).
When applying the sepsis-3 criteria, patients with septic shock also had a high ICU mortality
0f 38.9-51.9% (46, 50). Septic shock patients from the original sepsis-3 publication had an in-

22



hospital mortality of 42.3% (6). No specific targeted sepsis therapy was introduced in the last
decades. Therefore, the decreasing case fatality rates are likely due to a better general sepsis
care and management including earlier recognition, early antibiotic therapy, improved
ventilation strategies with low-tidal volume mechanical ventilation, and better intensivist
staffing with dedicated allocation of doctors to the ICU (30, 48).

In summary, sepsis is still a devastating disease with case fatality rates as high as 52%. To
give a broader perspective, a disease that is widely discussed in media such as acute
myocardial infarction has a case-fatality in ST-elevation myocardial infarction (STEMI)

patients of “only” 8.1% (6, 51).

1.1.6. The development of sepsis definitions

Earlier studies diagnosed sepsis through the presence of shock and positive blood cultures. It
was later acknowledged that not all patients who have sepsis show growth on bacterial
cultures. The term “septic syndrome” was introduced in 1987 by Balk and Bone using it as
the definition in their study. The criteria applied were hypo- or hyperthermia, tachycardia,
tachypnea, and evidence of infection with signs of end organ dysfunction (52). Nevertheless,
until 1991/1992 there was no consensus regarding the identification of potentially septic

patients and studies used heterogeneous definitions and terminology.

Sepsis-1

In 1991/1992 the SIRS concept was introduced. It was designed to assess patients with acute
injury using clinical and laboratory-chemical parameters and to describe a standard definition
for future trials. SIRS was defined as an inflammatory process, independent of the origin
including both infectious and non-infectious causes. SIRS criteria were positive if two or
more criteria were fulfilled (28) (Table 1). Sepsis was defined as SIRS in the context of an

infection, and the more severe subgroups are shown in Table 2.
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Table 1: Systemic inflammatory response syndrome (SIRS) criteria.

SIRS
Temperature Respiratory rate Heart rate White blood count*
>38°C >20/min >90/min >12,000
OR OR OR
<36°C paCO2 <32mmHg <4,000

OR
>10% immature
band forms

Adapted from Bone et al 1992 (28). Note that SIRS criteria are fulfilled if >2 criteria are

positive. * In the absence of other factors causing a derangement, e.g. chemotherapy induced

neutropenia.

Table 2: Sepsis subgroups (sepsis, severe sepsis, and septic shock) according to sepsis-1.

Sepsis Severe Sepsis Septic shock

SIRS + Infection Sepsis + Sepsis +

organ dysfunction,

hypoperfusion (oliguria, Severe Sepsis +

altered mental status, lactic
acidosis, ...), or

hypotension

hypotension despite
adequate fluid resuscitation

(with need of inotropic or

vasopressor agents)

Adapted from Bone et al 1992 (28).

Sepsis-2
The concept of SIRS and the definition of sepsis were re-emphasized in a consensus

document published in 2003 and additional criteria were added, but in majority the previous
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definition remained untouched (53, 54). SIRS, despite having a low specificity, was left
within the definition to provide a common language between clinicians and because of its
easy usability at the bedside (55). In the 2003 publication, the term PIRO (Predisposition,
Infection, Response, Organ Failure) was introduced, but was never widely adopted or
implemented in clinical practice. On the other hand, the sepsis terminology was explained in
more detail. Sepsis was defined as SIRS caused by an infection, and it was recommended to
use the term severe sepsis for sepsis with organ dysfunction. Septic shock was defined as a
state of circulatory failure with persistent sepsis-induced hypotension. Sepsis-induced
hypotension was described as a systolic blood pressure <90mmHg, mean arterial pressure
(MAP) <60mmHg, or a reduction of systolic blood pressure >40mmHg, each in the absence
of other causes such as cardiogenic shock (53, 54).

Over the following years, SIRS was assessed in several studies. In one large study with
roughly 270,000 medical and surgical patients admitted to the general ward, 47% had >2
SIRS criteria during the stay. The authors concluded that SIRS is unfeasible in the general
ward to screen for sepsis and those parameters are extremely non-specific. However,
mortality increased with the presence of SIRS on admission, thereof the respiratory criterion
having the most impact on mortality rates (56). Like in the general ward, in ICU patients,
SIRS was positive with >2 points in 93% of patients and therefore very sensitive, but non-
specific as it may also be positive in patients not having an infection (57). SIRS criteria were
also tested in a large cohort database in Australia and New Zealand. Out of about 1 million
patients, 109,663 hat an infection with organ failure, and SIRS criteria were positive in
87.9%. Therefore, 12.1% (1 in 8 patients) were SIRS negative despite having severe sepsis
defined by an infection with the presence of organ failure. Thereof, 80% had one positive
SIRS criterion and 20% had zero SIRS points (58). Another study also showed that 16% of
critically ill patients with infection did not have positive SIRS criteria and found that organ
dysfunction was a main driver for mortality (59).

Therefore, SIRS criteria are sensitive but not sensitive enough. Furthermore, the criteria are
not specific as the criteria can be positive in other diseases without infection, e.g.,

subarachnoid hemorrhage, acute liver failure (ALF), pancreatitis, and others (27, 28, 56, 60).
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Sepsis-3: The current sepsis definition

After almost unchanged definitions since 1991, in 2016 the sepsis-3 definition was introduced
by Singer et al with associated publications from Seymour et al and Shankar-Hari et al (6, 61,
62). The working group called it sepsis-3 and retrospectively named the definition from
1991/1992 as sepsis-1 and the consensus definition from 2003 as sepsis-2. The authors
acknowledged that the sepsis definition may change in the future when new scientific
knowledge is acquired, which then should be named sepsis-4. Sepsis according to sepsis-3
was re-emphasized as a time critical emergency, where organ and cellular dysfunction are
present. Therefore, the term “severe sepsis” was removed for redundancy because sepsis itself
is severe and life-threatening (6). The host’s response to the infection is a major culprit for
tissue and organ damage. Therefore, sepsis was “defined as life-threatening organ dysfunction
caused by a dysregulated host response to infection” (6). Organ dysfunction was defined as an
increase in the sequential organ failure assessment (SOFA) score by 2 or more points (Figure
1). If a patient has no preexisting comorbidities, then the baseline SOFA score should be
given zero and the delta-SOFA, i.e. the increase, is calculated from this baseline value (6, 63).
Even modest organ dysfunctions with a SOFA score of >2 points lead to an in-hospital

mortality of >10% (6, 62).

SOFA score 1 2 3 4

Respiration
Pa0, /Fi0,, mmHg <400 <300 <200 <100
with respiratory support

Coagulation

Platelets x 10°/mm"* <150 <100 <50 <20
Liver
Bilirubin, mg/dl 1.2-1.9 2.0-59 6.0—11.9 >12.0
(umol/1) (20-32) (33-101) (102 -204) (<204)
Cardiovascular
Hypotension MAP < 70 mmHg Dopamine =<3 Dopamine >5 Dopamine >15
or dobutamine (any dose)?® or epinephrine =0.1 or epinephrine >0.1
or norepinephrine <0.1 or norepinephrine >0.1
Central nervous system .
Glasgow Coma Score  13-14 10-12 6-9 <6
Renal
Creatinine, mg/dl 1.2-1.9 2.0-34 3.5-4.9 >5.0
(umol/1) or urine (110--170) (171 -299) (300 — 440) (>440)
output or <500ml/day or <200 ml/day

¢ Adrenergic agents administered for at least 1 h (doses given are in ug/kg-min)

Figure 1: Sequential organ failure assessment (SOFA) score. From Vincent et al 1996

(64). Reproduced with permission from Springer.
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The concept of the SOFA score was implemented, as during the process of the new sepsis
definition, the authors investigated several databases, performed an extensive literature
review, and had several expert meetings. They found that for prediction of in-hospital
mortality of ICU patients, SOFA score had better area under the receiver operating
characteristics (AUROC) than SIRS or quick SOFA (qSOFA) at 0.74, 0.64, 0.66, respectively
(6, 62). Furthermore, it is logically better to grade organ dysfunction on a scale rather than
just note the presence or absence of any organ dysfunction (64).

Septic shock is a subgroup of patients with an increased mortality, and more severe
circulatory, metabolic, and cellular abnormalities (Table 3). Septic shock according to sepsis-
3 is now defined as hypotension requiring vasopressor therapy to maintain a MAP >65mmHg
and elevated serum lactate >2mmol/L despite adequate fluid resuscitation (6). Hypotension
was defined at a MAP <65mmHg because this cutoff was most used in studies, but there is no
recommendation regarding the clarification of “adequate fluid resuscitation” as there was
highly heterogeneous clinical practice (6, 61). The lactate cutoff at 2 mmol/L had the highest
sensitivity and identified patients at higher risk for in-hospital mortality (61).

Table 3: Sepsis subgroups (sepsis and septic shock) according to sepsis-3.

Sepsis Septic Shock*

Suspected infection + Sepsis +

Increase of > 2 points in SOFA score Vasopressor therapy to maintain a
MAP >65mmHg

Lactate >2mmol/L

Adequate fluid resuscitation

Note that the term “severe sepsis” is no longer used. *For septic shock all three additional

criteria must be fulfilled. Adapted from Singer et al 2016 (6).

As a side note, outside the ICU, for in-hospital mortality prediction the AUROC of qSOFA at
0.81 was higher than the SOFA score and SIRS at 0.79 and 0.76, respectively. The qSOFA is
easier to obtain than the SOFA score and does not require any laboratory results. Therefore,
outside the ICU, gSOFA should be used. The three criteria for gSOFA are increased

respiratory rate >22/min, altered mental state, and systolic blood pressure <100mmHg.
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Patients with qSOFA >2 had a 3- to 14-fold increase for in-hospital mortality, and a score of
at least 2 points is therefore considered positive qSOFA. In patients with a gSOFA of 1 point,
measuring a lactate of >2mmol/L may identify patients with a higher mortality risk (62).
However, qSOFA was not developed as a tool for sepsis screening. Nevertheless, a positive

gSOFA should prompt clinicians to evaluate the patient for a possible infection and sepsis.

1.1.7. The role of definitions for the diagnosis of sepsis

The sepsis definitions even in its most recent version are not meant as screening tools. For
instance, qSOFA was tested and analyzed in patients with suspected infection but was not
used as a tool to screen for sepsis. Especially the altered mental status criterion with Glasgow
Coma Scale (GCS) <15 may identify patients with pre-existing diseases such as dementia
(62). SIRS may be helpful in identifying potential sepsis patients, but even when positive, the
host response to infection can be adequate (63). In addition, SOFA score calculation is time-
consuming, and the SOFA score is used for classification and prognosis, but not for screening
purposes. Furthermore, the new definition for sepsis and septic shock may be more restrictive
in including patients, therefore leading to a sicker population. This also argues against the use
of these tools for screening and early identification (65). Unfortunately, there is no definitive
diagnostic test for sepsis and clinical symptoms may be subtle or mimic other diseases (66,
67). Furthermore, a pathogen in blood cultures can only be identified in a fraction of patients
and is therefore not included in the definition of sepsis. A positive finding in blood cultures is,
depending on the pathogen, called bacteremia, viremia, or fungemia, but may not
automatically be considered as sepsis (10, 20, 21, 43, 68). Therefore, taken all these aspects in
account, biomarkers are needed to allow for early sepsis recognition and therefore enabling
early sepsis therapy and management. However, clinical and public awareness of this disease

must also be improved, e.g. by the world sepsis day on 13™ of September each year (5).

1.1.8. Management of patients with sepsis

Before potential biomarkers are discussed, a short overview about sepsis management and
therapy is given in this paragraph. Nevertheless, the whole concept and considerations in

treatment strategies would go beyond the scope of this dissertation.
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The most important aspect is early recognition allowing for early treatment. Sepsis
management is based on general supportive measures including hemodynamic stabilization,
ventilation strategies, fluid resuscitation, source control such as drainage of abscesses,
microbiological diagnostics, and early empiric broad-spectrum antimicrobial therapy based on
severity, host factors and depending on local resistance patterns (14, 15, 30, 69-71). These are
the columns and backbone of sepsis therapy. About 20 years ago, an early goal directed
therapy (EGDT) was recommended and considered the gold standard in ICU sepsis
management with optimization of central venous pressure (CVP), MAP, urine output, and
central venous oxygen saturation (ScvO2) (72). However, this EGDT bundle did not prevail
as large studies such as Protocolized Care for Early Septic Shock (PROCESS), Protocolized
Management in Sepsis (PROMISE), and Australasian Resuscitation in Sepsis Evaluation
(ARISE) did not show any mortality benefits. However, general sepsis management has
improved over the last decades which may have diluted potential effects. In addition, the most
important difference between groups was only in regard to the ScvO2 and CVP targets (73-
75). One important keystone of sepsis therapy are antimicrobial substances. Early application
of antibiotics is essential and delays in administration are associated with worse outcome,
especially in septic shock patients (70, 76-78). Several investigated targeted sepsis therapies
unfortunately have failed, and no specific anti-sepsis treatment had withstood the test of time.
Furthermore, despite intensive scientific efforts no new drugs (“magic bullets”) have been
introduced that directly improved outcome of sepsis patients. As an example, the promising
substance recombinant activated protein C was part of sepsis therapy for several years but was
withdrawn from the market after no benefit was shown in a following study (79-82). Several
other studies investigated immune-modulatory substances but failed to show a survival
benefit (83, 84). However, inappropriate timing and the inability to achieve therapeutic drug
levels may partially explain the negative results of the studies. In addition, the heterogeneity
of sepsis patients in large trials may lead to a low signal-to-noise ratio, i.e. a reduced
possibility to detect a survival benefit (30). The removal of cytokines using adsorbent filters
has, despite initial positive results in case reports and series, been found to be associated with
an increased mortality during sepsis (85, 86). Other extracorporeal techniques such as high-
volume dialysis have also been investigated but did not improve sepsis outcomes (87).
Therefore, the supportive measures in sepsis are essential and time-critical, and early

recognition of septic patients is of utmost importance.
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1.1.9. “Classic” biomarkers for the diagnosis of sepsis

Sepsis leads to severe derangements in biomarkers associated with the inflammatory
response. Classical biomarkers include total white blood count (WBC, as used in the SIRS
criteria), C-reactive protein (CRP), and procalcitonin (PCT) (63). An optimal sepsis
biomarker should have several properties, most importantly, differentiating between infection
and inflammation. Furthermore, it should have fast kinetics, high sensitivity and specificity,
low turnaround times, and low costs (30). The well-known and widely adopted surviving
sepsis campaign (SSC) only mentions, apart from lactate, PCT as a biomarker. PCT may be
used for the discontinuation of antibiotics, but the SSC discourages to decide antibiotic
initiation based on PCT (88, 89). Also, in the guideline for community-acquired pneumonia
by the American Thoracic Society and Infectious Diseases Society of America only PCT as a
biomarker is mentioned, including a remark that it cannot rule out bacterial pneumonia (90).
The classic biomarkers CRP, PCT and WBC furthermore only partially predict mortality and
outcome in sepsis. CRP, detected as early as in 1930, is synthesized in hepatocytes as an acute
phase protein and is part of the pentraxin group. It has slow kinetics reaching peak values
after 24 to 48 hours and may be increased both from infectious and non-infectious triggers
(91-93). Due to the delayed response of CRP and the potential non-infectious activators, CRP
is not considered a clinically relevant biomarker in sepsis diagnosis. PCT is a prohormone of
calcitonin and mainly secreted by thyroidal C-cells, but also by adipocytes and other tissues.
It typically reaches peak values at around 10-24 hours after disease onset (94, 95). A meta-
analysis evaluating PCT to differentiate sepsis from non-infectious SIRS in critically ill adults
calculated a sensitivity of 77% and specificity of 79% with large heterogeneity in studies.
AUROC results were better for surgical compared to medical patients (96). One study even
showed increased rates of organ dysfunction with a PCT based escalation strategy (97). In
another study, 14.9% of patients with infections a posteriori confirmed by infectious disease
specialists had a PCT <0.25pug/L and 33.8% of those with a PCT >1pug/L had no infection at
all. The overall AUROC for the differentiation between infection and no infection was 0.69.
Furthermore, the antibiotic consumption was not reduced in the PCT group (98). However, in
the Procalcitonin to reduce antibiotic treatments in acutely ill patients (PRORATA) trial, a
PCT guided starting / stopping strategy was non-inferior with regard to mortality but reduced
the days on antibiotic therapy (99). Nevertheless, PCT may be elevated not only in patients

with infection or sepsis, but also in severe trauma or other conditions with high cytokine load
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(95, 100). Over time, several other biomarkers have been tested including soluble triggering
receptor expressed on myeloid cells (STREM) and Cluster of Differentiation 64 (CD64) on
activated neutrophils assessed by flow cytometry (101-103). For different reasons, these
markers have not found widespread adoption. In a large investigation from Pierrakos and
Vincent, 178 biomarkers in sepsis were examined, but most biomarkers failed to carry out a
relevant role in clinical routine, especially due to the large overlap between sepsis and non-
infectious inflammation (104).

In summary, conventional biomarkers such as CRP and PCT are not able to diagnose sepsis.
On the other hand, lipoproteins such as the high-density lipoprotein (HDL) have properties as
part of an innate immune response that may be relevant during infections. However,

lipoproteins are rarely mentioned in sepsis publications or guidelines.

1.2. Lipoproteins

1.2.1. The structure and classification of lipoproteins

The five major lipoproteins are chylomicrons, very low-density lipoprotein (VLDL),
intermediate-density lipoprotein (IDL), low-density lipoprotein (LDL) and HDL, and they can
be, as the name describes, separated by density. The density is determined by the lipid to
protein ratio. The reported density of HDL is 1.063-1.210 g/mL with HDL2 at 1.063-1.125
and HDL3 at 1.125-1.210 g/mL typically isolated by ultracentrifugation (105-107). However,
HDL subfractions can be detected by gel electrophoresis or nuclear magnetic resonance
(NMR) (107). Lipoproteins consist of a phospholipid outer layer and a hydrophobic lipid
core, which contains triglycerides (TG) and cholesteryl ester. Cholesterol and its storage
form, the cholesteryl ester, are water-insoluble, whereas phospholipids are water-soluble. All
lipoproteins basically contain the same lipids including phospholipids, TG, and cholesterol,
but the concentrations are vastly different. Apolipoproteins stabilize the lipoproteins, can
activate or inhibit enzymes, and direct lipoproteins to specific tissues and organs.
Apolipoprotein A-I (ApoAl) is the major apolipoprotein of HDL, but other apolipoproteins
such as Apolipoprotein A-II (ApoA2) or C (ApoC) can also be found. ApoB-100 is located on
VLDL, IDL, and LDL whereas ApoB-48 is found on chylomicrons. Apolipoprotein E (ApoE)

is a ligand for LDL-receptor binding and numerous other apolipoproteins exist, of which the
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exact function is not entirely understood (105, 108, 109). Several mutations in apolipoproteins
have been described. As an example, ApoAl null alleles lead to a deficiency of HDL, while
other mutations such as ApoA1-Milano were thought to lead to an enhanced anti-atherogenic

potential of HDL (110-112).

1.2.2. The synthesis of HDL. reverse cholesterol transport and associated enzymes

Lipid-free or lipid-poor ApoAl secreted from liver or small intestine take up phospholipids,
unesterified cholesterol and additional apolipoproteins which leads to the formation of
discoidal pre-betal-lipoproteins, the so-called nascent HDL (Figure 2) (113, 114). ApoAl is
the essential apolipoprotein for HDL formation (115). Cholesterol efflux to poorly lipidated
ApoAl is mainly mediated by ATP (Adenosine triphosphate)-binding cassette transporter 1
(ABCA1) (114, 116). The unesterified cholesterol is modified to cholesteryl ester by lecithin-
cholesterol acyltransferase (LCAT), an HDL-associated enzyme. As cholesteryl ester are
more hydrophobic than cholesterol, they move to the inner lipid core. Over time this process
causes a structural change from discoidal pre-betal-lipoprotein particles to spherical alpha-
HDL3. These particles further take up cholesterol from the periphery mainly via ATP-binding
cassette sub-family G member 1 (ABCG1) and 4 (ABCG#4), by spontaneous transfer, and to a
lesser extent by scavenger receptor B1 (SR-B1), leading to development of mature alpha-
HDL2. Alpha-HDL2 is taken up into the liver or steroidogenic tissues via SR-B1 (106, 114,
117, 118). Cholesteryl ester transfer protein (CETP) transfers TG from ApoB-containing
lipoproteins to HDL in exchange for cholesteryl ester. These ApoB-lipoproteins can then be
taken up via the LDL receptor in the liver or other tissues (119, 120). On the other hand,
phospholipid transfer protein (PLTP) can transfer phospholipids and free cholesterol from
TG-rich lipoproteins to HDL providing substrates for LCAT and therefore enhancing
conversion from HDL3 to HDL2. The preferred substrate of hepatic lipase (HL) are TG-rich
particles. HL promotes hydrolyzation of TG and phospholipids in HDL and IDL. The
hydrolyzation of HDL associated TG is further escalated by an increase of TG in HDL
through CETP. The TG hydrolyzation then leads to smaller HDL particles (117, 121, 122).
Another important plasma enzyme is endothelial lipase (EL), which predominantly splits
phospholipids of HDL therefore reducing HDL size, enhancing faster catabolism and
consequently leading to decreased HDL levels (123-125). All the above-mentioned associated
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enzymes, as well as interactions with other lipoproteins and receptors, lead to a dynamic

remodeling and changes in HDL particle content throughout the body.

Penpheral cells and tlssues

J

via ABCA] Phosphohplds

Free cholesterol
Apolipoproteins

\ nascent HDL
Steroid

hormones  LCAT

. Adrenal
y ) gland

N\

,
!
=

.

Free cholesterol

ApoBillpoprotelns

Figure 2: The HDL cycle. From lipid-poor ApoAl, to peripheral cholesterol uptake,
esterification, and return to the liver. See main text for more details. Own creation by the
author of this dissertation. Created with BioRender.com - Permission obtained from

Biorender.com.

1.2.3. HDL particles (“‘HDL-P”) compared to HDL cholesterol (HDL-C)

The commonly reported HDL cholesterol (HDL-C) is the amount of total cholesterol within
the HDL particles, including both the amount of cholesterol and cholesteryl ester. It was
strongly considered that HDL-C concentrations may be causative for cardiovascular disease
(CVD) risk (126-128). However, recent knowledge emerged that HDL-C, despite being
strongly correlated, is not a causative risk factor for CVD. HDL-C may only act as a surrogate

marker for an individual risk. Thus, increasing HDL-C levels to prevent CVD and improve
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outcomes has failed in several studies (129-132). Furthermore, Mendelian randomization
studies did not show an effect of genetically determined increased HDL-C on CVD risk
reduction (133, 134). In addition, some mutations such as the SR-B1 loss-of-function lead to
higher HDL-C levels but at the same time to a higher risk of coronary heart disease (135).
However, it should be noted that some effect regarding CVD risk reduction with increasing
HDL-C was observed in two studies, but this effect may be partially explained by changes in
LDL levels and particle numbers (136-138). Furthermore, a large study that investigated
niacin to raise HDL-C levels in addition to intensive statin therapy found no beneficial effects
with regard to cardiovascular endpoints despite successful increase in HDL-C (139). Another
study investigating the addition of niacin to statin therapy found an increase in HDL-C but no
effects on major vascular events and even reported an increase in serious adverse events
(140). Several studies furthermore found a U-shaped curve regarding HDL-C and all-cause or
cardiovascular mortality (141-143). As an example, Madsen et al found the lowest mortality
at HDL-C levels of 73 mg/dL in men and 93 mg/dL in women (143). The reason why high
HDL-C is not beneficial and even may be harmful is uncertain. Hypotheses include the
presence of genetic variants (mutations) that lead to higher HDL-C levels but simultaneously
cause other diseases, or the HDL functionality may be altered (130, 143). It is now considered
that the functionality of the HDL particle is much more important than the sole quantity of
HDL-C, and that cholesterol efflux capacity (CEC) of HDL is a predictor for CVD risk (144,
145). HDL-C is furthermore a poor estimator of HDL particle size and number, and for the
composition of HDL particles (146). While in LDL one ApoB is found per particle and thus
the ApoB levels are highly correlated with LDL particle number; the evaluation is more
difficult for HDL. The proteomic diversity of HDL is much broader, and despite ApoA1l
being the main apolipoprotein on HDL, the number of ApoA1l per HDL particle can usually
range from one to four copies, but up to ten copies have been found (147, 148). Furthermore,
HDL can contain very little lipid content (small lipid-poor HDL particles) or up to 50% of its
particle mass (large lipid-rich HDL particles). HDL-C would rely mostly on the lipid-rich
particles, and smaller particles such as pre-beta-HDL would be underestimated (147, 149).
HDL particle number can be measured directly by NMR or calibrated ion mobility analysis
and was found to be a better predictor for CVD than HDL-C (148, 150).

To summarize, HDL-C measurement alone does not adequately represent the multi-faceted

functions of HDL particles.
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1.2.4. The amount of HDL-C and its role during the acute phase

Reduced levels of total cholesterol and HDL-C have been associated with infections and
mortality but may also predispose to infection (151-154). In one study, HDL-C on admission
was a risk factor for sepsis development; per Img/dL HDL-C increase the risk of severe
sepsis decreased by 3% (154). Reduced total cholesterol levels also lead to higher rates of
surgical site infections and longer hospital stays (153). In one study, 17.5-fold increased
mortality odds were found for hospitalized patients with HDL-C < 20mg/dL compared to
those with HDL-C >65mg/dL (155). Interestingly, infection rates are increased in people with
low HDL-C but are also increased in those with very high HDL-C levels leading to a U-
shaped curve (156). A vast number of studies have found that lipoproteins decrease in the
acute phase resulting in low cholesterol, low HDL-C, and low apolipoproteins levels (157-
161). However, heterogeneous results were found for the association of disease severity, e.g.
the rate of organ dysfunction or ICU length of stay (LOS), with HDL-C, total cholesterol, or
apolipoprotein levels. Furthermore, varying results were found for the association of
decreased (apo-) lipoproteins with increased mortality during sepsis (162-166). For instance,
Chien et al found an increased rate of death in association with reduced HDL-C levels, while
Lee et al were not able to demonstrate this effect (162, 165). Explanations for decreased
HDL-C levels during the acute phase include acute consumption, decreased liver synthesis,
elevated levels of EL and secretory phospholipases A2, decreased LCAT activity, and
increased removal via the SR-B1 receptor in the liver and adrenal gland (164, 167).
Furthermore, the HDL composition dramatically changes during inflammation. Serum
amyloid A (SAA) levels increase and ApoAl, usually the most abundant apolipoprotein on
HDL, can partially be replaced by SAA. ApoAl is the key activator of LCAT and decreased
ApoAl therefore may contribute to reduced HDL-C levels during sepsis (161, 168, 169).

1.2.5. The function of HDL

HDL-C and HDL are best known for their role in reverse cholesterol transport, and their role
in atherosclerosis commonly found in people consuming western diet (170). However, from
an evolutionary biological perspective, HDL did not solely emerge to compensate for
excessive amounts of cholesterol but was most likely also an important part of the innate

immune response. HDL particles have pleiotropic effects for the body’s defense system
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(Figure 3). HDL can bind and neutralize lipopolysaccharides (LPS) found on gram-negative
bacterial cell walls. While LPS binding is performed by all lipoproteins, the strongest effect
was found for HDL (171). Furthermore, the cytokine production caused by endotoxins is
mitigated (106, 172-174). Similar to gram-negative bacteria, lipoteichoic acid (LTA) from
gram-positive bacteria can be neutralized by HDL (175). In addition, HDL stabilizes the
barrier by inhibiting endothelial cell apoptosis. HDL-associated sphingosine-1-phosphate
activates the endothelial nitric oxide synthase (eNOS) via sphingosine-1-phosphate (S1P3)
receptor 3 and SR-B1 in endothelial cells. Moreover, HDL promotes prostacyclin formation
leading to reduced vascular tension. HDL reduces platelet activation, adhesion molecule
expression such as vascular cell adhesion molecule (VCAM), E-selectin, and intercellular
adhesion molecule (ICAM), and suppresses chemokines (105, 176-180). Furthermore,
antioxidant and anti-inflammatory properties are also modulated by HDL, and these effects
include the prevention of HDL or LDL oxidation. Oxidized lipoproteins are less effective in
mediating the above-mentioned effects and have lower anti-inflammatory properties. The
antioxidant and anti-inflammatory effects of HDL are in part driven by the HDL associated
enzyme paraoxonase (PON) 1 (181, 182). For instance, in mice that are PON1 deficient, HDL
is unable to prevent LDL oxidation (181). PONI1 is synthesized in the liver and is associated
with the HDL particle in circulation (183). It can hydrolyze lipid peroxides including oxidized
phospholipids (179, 184). However, the HDL is a highly dynamic particle, and the local
environment is essential to establish strong effects of PON1. Factors influencing the
effectivity include other associated apolipoproteins and enzymes such as ApoAl and LCAT
(183). Overall, almost 100 proteins have been found to be associated with the HDL particle,
although, most of those proteins are found with only one or less copies per HDL particle
(107). Apart from the bacterial defensive role, HDL can bring cholesterol to the adrenal gland
for steroid synthesis. In mice, uptake into the adrenal gland is mediated via the SR-B1
receptor and may be increased during times of stress. In humans, both LDL and HDL

contribute to cholesterol delivery to the adrenal gland (185-187).
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Figure 3: Functions of HDL. See main text for more details. Own creation by the author of

this dissertation. Created with BioRender.com - Permission obtained from Biorender.com.

1.3. Metabolomics

Proton nuclear magnetic resonance ('"H NMR) spectroscopy is an emerging technique in
medical studies. A sample is exposed to an external magnetic field (Bo) in a super conducting
magnet. This results in the nuclei to align along the magnetic field and precess around this
axis. The hydrogen nucleus is present in almost all biological samples and is usually just
called the “proton”. The sample is stimulated with radiofrequency pulses to generate
coherence between spins and to allow for a precession out of the direction of the main
magnetic field to occur. The frequency must match the Larmor frequency — therefore the
name “resonance” in NMR. In addition, at resonance frequency a spin inversion of nuclei
happens. After stimulation, nuclei relaxation occurs and the energy, which was adsorbed

during the resonance stimulation, is released during return to the original energy level.
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However, most importantly, the precession of the nuclei leads to an induction of a current in a
detection coil. The return of the nuclei to re-align with the main magnetic field By leads to an
oscillating wave called free-induction decay. This predictable unique spectroscopic pattern is
then processed by Fourier transformation and is used to identify the molecule by the
association of the detected resonance frequencies and its chemical structure (188, 189).
Individual protons within a molecule show different chemical shifts / resonance frequencies
depending on their chemical environment, i.e. the number and distribution of electrons around
these protons, which enables the identification and quantification of individual metabolites
within complex mixtures (“finger-printing””). With '"H NMR numerous metabolites may be
measured at the same time, which are called metabolomic profile or metabolome (190). The
genome, transcriptome, and proteome are displayed within the metabolome. The metabolome
also represents influencing factors from the environment allowing to obtain broad information
regarding the patient’s metabolic status at a given timepoint (190). "TH NMR can be used to
measure and quantify lipoproteins and metabolites with high reliability. Metabolomics can be
used for targeted analyses of specific metabolites or can be applied in an untargeted fashion,
the so-called global metabolomics approach, to identify previously unknown relevant
metabolites. Hundreds to thousands of metabolites are detected in these unbiased methods,
and differences between two groups, e.g. survivors and non-survivors can be investigated
(191). NMR metabolomics has little sample preparation effort, and the robustness and
reproducibility are very high (188, 190). NMR is non-destructive to the sample and
quantitative results are provided; however, sensitivity is lower than other methods such as gas
chromatography mass spectrometry (191). Good communication and interaction between
laboratory NMR specialists and clinicians are necessary to choose the optimal protocol
including magnetic field strength, acquisition temperature, pulse sequences, and to provide

correct processing of obtained spectra.
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2. Rationale & Fields of scientific uncertainty

Despite innumerable publications on the role of HDL-C in atherosclerosis and cardiovascular
disease, data are still sparse in ICU patients. Furthermore, the role of HDL still needs to be
investigated during times of infection and sepsis, especially in critically ill patients admitted
to the ICU. The protective value of HDL as part of the innate immune system may not only
depend on the amount of HDL-C but lay more on the functionality of HDL particles,
particularly regarding its anti-inflammatory or antioxidative properties. Furthermore, detailed
pathophysiological investigations in sepsis patients may offer the potential to identify
lipoproteins and associated proteins as well as metabolites that are linked with prognosis of

ICU sepsis patients and may be suitable as a therapeutic target in the future.

3. Aims of the study

The aim of the study was to investigate quantitative and qualitative lipid parameters in
patients admitted to the ICU for sepsis and septic shock, and to examine differences between
ICU sepsis and ICU non-sepsis patients. Lipoproteins are explored for the association with the

SOFA score, and for the prognostic potential regarding ICU- and 28-day mortality.
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4. Material & Methods

Parts of these methods were previously published (1, 2).

4.1. Study population, Inclusion and Exclusion criteria, Definitions

In this study, we prospectively recruited adult patients with sepsis and septic shock who were
admitted to the medical ICU at the Department of Internal Medicine at the Medical University
of Graz, Austria. Exclusion criteria were age above 100 years, patients in palliative or comfort

terminal care only, pregnancy, and/or a diagnosis of AIDS.

For sepsis definition the description presented in the currently valid sepsis-3 publication were
used. Therefore, sepsis was recognized as a suspected infection by the treating physician and
an increase in the SOFA score by 2 points or more (6). The difference in SOFA score was
calculated from the baseline SOFA, which was inferred from previous hospital electronic
medical records. A SOFA score of zero was applied if no pre-existing conditions were
present. In addition, the definition according to sepsis-3 for the subgroup of septic shock was
used. Patients had to fulfill criteria for sepsis and additionally needed to have an elevated
lactate level above 2 mmol/L, and a necessity for vasopressor therapy to maintain a MAP
equal or above 65 mmHg, despite adequate fluid resuscitation and/or the absence of
hypovolemia. In addition, we recruited a cohort of consecutive adult patients who were
admitted to the medical ICU but did not have sepsis or bacteremia at the time of sample

procurement.

4.2. Ethical considerations

The study protocol and amendments were approved by the local Institutional Review Board
(IRB), the Ethics committee of the Medical University of Graz, Austria (study protocol
number 30-258 ex 17/18). The study was registered in a World Health Organization (WHO)
approved Trials Registry, the German Clinical Trials Register (DRKS-ID # DRKS00015315).

The study complied with the Declaration of Helsinki. From all conscious patients, written
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informed consent (IC) was acquired. In patients comatose on admission, IC was obtained

when regaining consciousness.

4.3. Pre-specified analyses

The primary objective of the study was to assess the rate of dyslipidemia (definition used in
this study: HDL-C < 40mg/L). Further endpoints were the correlations between lipoproteins
and SOFA score, associations of lipoproteins and other lipid parameters with ICU- and 28-
day mortality, and the differences of lipoproteins and other lipid parameters between patients

in the ICU sepsis and those in the ICU control cohort.

4.4. Laboratory measurements

Routine laboratory parameters including complete blood cell count, levels of creatinine,
bilirubin, CRP, PCT, albumin, total cholesterol, HDL-C, TG, ApoAl, and ApoB were
measured in the clinical laboratory of the Medical University of Graz on a Sysmex (Sysmex
Austria GmbH, Vienna, Austria), Cobas (Roche Diagnostics, Mannheim, Germany), or BN II
analyzer (Siemens Healthcare Diagnostics, Vienna, Austria), as applicable. For additional
analyses, blood samples were centrifuged for 10 minutes at 3000 rpm, and stored in aliquots

at -80°C.

4.5. Lipoprotein measurements

4.5.1. ApoB-depleted serum

To create the ApoB-depleted serum, 40uL polyethylene glycol (20% in 200 mmol/L glycine
buffer) was added to 100puL of serum, leading to precipitation of ApoB-containing
lipoproteins. After 20 minutes room-temperature incubation and subsequent centrifugation
with 9,703g for 20 minutes at 4°C, the HDL-containing supernatants, which correspond to the
ApoB-depleted serum, were collected. In these ApoB-depleted sera, qualitative HDL

metabolism parameters were measured in batch.
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4.5.2. Measurement of Arylesterase activity (AEA)

To measure Ca2+-dependent AEA of PON, a photometric assay with phenylacetate as a
substrate was used. Details have been described previously (192). 200uL of buffer
(100mmol/L Tris, 2mmol/L CaCI2 (pH 8.0), I mmol/L phenylacetate) were mixed with
ApoB-depleted serum. In parallel, blanks containing buffer without ApoB-depleted serum
were measured for baseline acquisition. All samples were measured as duplicates. The rate of
phenylacetate hydrolysis was observed at a wavelength of 270nm in a photometer with
measurements every 15 seconds to create a kinetic plot. Activity was then calculated through

the molar extinction coefficient of 1,310 L mol™! em™' according to the Beer—Lambert law.

4.5.3. Measurement of Cholesterol efflux capacity (CEC)

The CEC was measured using a previously published method (144, 192). J774 cells, which
are a murine macrophage cell line, were plated on a well and labeled with 1 pCi/mL
[*H]cholesterol (Perkin Elmer, Boston, MA, USA) for 24 hours. All measurements were
performed in the presence of an acyl CoA cholesterol acyltransferase (ACAT) inhibitor, to
avoid cholesterol uptake into cell walls. A concentration of 2pg/mL of the ACAT inhibitor
Sandoz 58-035 (Sigma, Darmstadt, Germany) was used. As the J774 cells have low ABCA1-
levels, but ABCAL1 is particularly necessary for cholesterol efflux from macrophages, cyclic
adenosine monophosphate (cAMP) was used to upregulate ABCA1. Serum-free Dulbecco’s
modified Eagle’s medium (DMEM) containing 0.3 mmol/L 8-(4-chlorophenylthio)-cAMP
(Sigma, Darmstadt, Germany) was applied for 6 hours. The cAMP addition leads to an
increase of ABCA1-dependent cholesterol efflux to about 40%, which is an about 3-fold
increase. In addition, a cholesterol efflux via SR-B1 accounts for 10% and passive diffusion
for about 50% of CEC (193). After the labeling time, cells were rinsed three times to remove
non-cell associated [*H]cholesterol. The cells were then incubated with 2.8% ApoB-depleted
serum for 4 hours as published by Khera et al (144) to allow for [*'H]cholesterol efflux
measurement. For that purpose, 100uL from the cell supernatant was removed and the
effluxed [*H]cholesterol was determined using liquid scintillation counting. A serum control
was measured on each plate to correct for the possibility of an interassay variation between
plates. Values of sera were normalized to this value. All samples were measured in duplicates.

To assess the percentage of cholesterol effluxed from cells and to determine total cell
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associated [*H]cholesterol, cells not exposed to serum were lyzed using isopropanol to extract

the radioactive cholesterol from within the cells.

4.6. Metabolomic measurements

All metabolomic analyses including a targeted and untargeted approach were performed in

batch after the recruitment period.

4.6.1. Reagents for metabolomic analyses

Methods published in Reisinger et al 2021 (2), reproduced with permission from Nutrients:
“Sodium phosphate, dibasic (NaHPO4), sodium hydroxide (NaOH), hydrochloric acid (HCI,
32% m/v), and sodium azide (NaN3) were obtained from VWR International (Darmstadt,
Germany). 3(trimethylsilyl) propionic acid-2,2,3,3-d4 sodium salt (TSP) was obtained from
Alfa Aesar (Karlsruhe, Germany). Deuterium oxide (D,0) was obtained from Cambridge
Isotopes laboratories (Tewksbury, MA, USA). Deionized water was purified using an in-house
Milli-Q Advantage Water Purification System from Millipore (Schwalbach, Germany). All
chemicals were used without further purification. The phosphate NMR buffer solution was
prepared by dissolving 5.56 g of anhydrous Na,HPOy4, 0.4 g of TSP, and 0.2 g NaN3, in 400 mL
of D20 and adjusted to pH 7.4 with 1M NaOH and HCI. Upon addition of D>O to a final volume
of 500 mL the pH was re-adjusted to pH 7.4 with 1M NaOH and HCI.*

4.6.2. Lipoprotein quantification using NMR

Methods published in Reisinger et al 2021 (2), reproduced with permission from Nutrients:
“Blood serum lipoproteins were analyzed on a Bruker 600 MHz Avance Neo NMR
spectrometer using the Bruker IVDr lipoprotein subclass analysis protocol. Serum samples
were thawed, and 330 pL of each sample mixed with 330 puL of Bruker serum buffer (Bruker,
Rheinstetten, Germany). The samples were mixed gently, and 600 pL of the mixed sample were
transferred into a 5 mm SampleJet rack tube (Bruker, Rheinstetten, Germany). Proton spectra

were obtained at a constant temperature of 310 K using a standard nuclear Overhauser effect
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spectroscopy (NOESY) pulse sequence (Bruker: noesygpprld), a Carr—Purcell-Meiboom—Gill
(CPMGQG) pulse sequence with presaturation during the relaxation delay (Bruker: cpmgprld) to
achieve water suppression, and a standard 2D J-resolved (JRES) pulse sequence (Bruker:
jresgpprqf) (190). Data analysis was carried out using the Bruker IVDr Lipoprotein Subclass
Analysis (B.LLISA™) method.”

4.6.3. Metabolic quantification using NMR

Methods published in Reisinger et al 2021 (2), reproduced with permission from Nutrients: “To
remove proteins and to quench enzymatic reactions in the samples, 200 uL serum was mixed
with 400 pL methanol and stored at -20°C for 1 hour until further processing. Afterwards the
samples were spun at 17,949 rcf at 4°C for 30 minutes. Supernatants were lyophilized and 500
ul of NMR buffer in DO were added to the samples and transferred to 5 mm NMR tubes. All
NMR experiments were performed at 310 K on an AVANCE™ Neo Bruker Ultrashield 600
MHz spectrometer equipped with a TXI probe head and processed as described previously
(194). The 1D CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence (cpmgprld, 512 scans,
73,728 points in F1, 11,904.76 HZ spectral width, 512 transients, recycle delays 4 s) with water
suppression using pre-saturation, was used for 'H 1D NMR experiments. Bruker Topspin
version 4.0.2 was used for NMR data acquisition. The spectra for all samples were
automatically processed (exponential line broadening of 0.3 Hz), phased, and referenced using
TSP at 0.0 ppm using Bruker Topspin 4.0.2 software (Bruker GmbH, Rheinstetten, Germany).
Spectra pre-processing and data analysis have been carried out using the state-of-the-art data
analysis pipeline proposed by the group of Prof. Jeremy Nicholson at Imperials College London
using Matlab® scripts and MetaboAnalyst 4.0 (195). NMR data were imported to Matlab®
vR2014a (MathWorks, Natick, MA, USA), regions around the water, TSP, and remaining
methanol signals excluded, and probabilistic quotient normalization (196) was performed to
correct for sample metabolite dilution; and reported concentrations correspond to normalized

concentrations.”
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4.7. Statistical analyses

All conventional statistical analyses were completed with GraphPad Prism 8.0 (GraphPad
Software, San Diego, California, USA), Stata 15.0 (Stata Corp., Houston, Texas, USA) and
SPSS 26 (SPSS Inc, Chicago, IL, USA). Metabolomic statistical analyses were performed
using Matlab® vR2014a (MathWorks, Natick, Massachusetts, USA) and graphically depicted
with MetaboAnalyst (195). For continuous variables results were summarized using median
and 25"-75" percentile. In categorical variables absolute values and percentages were
described. The associations between groups were investigated with crosstabulations, Mann-
Whitey-U-Tests, y>-Tests, and Fisher’s exact tests, as appropriate. Correlations were
calculated using the Spearman rank correlation coefficient. All prognostic associations (ICU-
and 28-day mortality) with lipoprotein parameters, SOFA score, and other variables, were
calculated with univariable logistic regression. In multivariable analyses, the SOFA score as a
variable and in addition each variable that was significantly (p<0.05) associated with the
outcome in univariable analysis were used. Kaplan-Meier functions estimators and log-rank
tests were used for survival analysis. For metabolomic analyses, multivariate statistical
methods were used. Principal Component Analysis (PCA), Partial Least Squares -
Discriminant Analysis (PLS-DA), Orthogonal-Partial Least Squares - Discriminant Analysis
(O-PLS-DA) (197) (198) were performed with associated data consistency checks and 7-fold
cross-validation, expressed by Q. Formal adjustment for multiple testing in NMR analysis
was performed with the Sidak correction method. Otherwise, the significance level was

defined at 0.05.
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5. Results

5.1. Baseline characteristics and study population

In this study, 53 sepsis patients (49% were in the more severe subgroup of septic shock) and
25 controls without sepsis or bacteremia at the time of sample acquisition were prospectively
recruited (Table 4). These control ICU patients, e.g., patients with acute myocardial
infarction, intoxications, hemorrhagic shock, cardiac arrest, acute kidney injury, and other
diseases, suffered from varying degrees of inflammation without sepsis. Of the initially 27
recruited patients, two patients had to be excluded retrospectively because microbiological
results showed signs of infection at the sampling time point (one patient with positive
Haemophilus influenza polymerase-chain reaction (PCR) in broncho-alveolar fluid and lung
infiltrates, and one patient with admission for non-STEMI but severe Enterococcus faecalis

bacteremia within the same day), resulting in 25 control patients being investigated.

The sepsis group had a median age of 66 [50-75] years compared to 72 [65-79] years in the
control cohort (p=0.012). Forty percent were female in the sepsis and 60% in the control
cohort (p=0.144). The rates of pre-existing diabetes or liver disease, as well as intake of lipid-
lowering or antidiabetic drugs were similar between the two groups. The majority of sepsis
patients (85%) required catecholamine therapy with a median duration of treatment of 2 [1-7]
days. The ICU and hospital LOS were 6 [3-10] and 16 [7-26] days in the sepsis cohort,
respectively. In the ICU control cohort, the median ICU LOS was 3 [2-6] days whereas the
hospital LOS was 15 [8-27] days. In this group 52% of patients required catecholamine

therapy with a median duration of treatment of 1 [0-2] day.

In sepsis patients, the median SOFA score was 9 [7-13] points and median Simplified Acute
Physiology Score IIT (SAPS III) was 65 [56-75] points. Most infections were community-
acquired (91.6%) with only 9.4% being hospital-acquired, i.e. nosocomial. Growth of bacteria
was detected in 52% of obtained blood cultures, with thereof being 30% gram-positive, 18%
gram-negative, 2% mixed, 2% fungi. The main septic focus was the lungs followed by the

abdomen (Table 5).
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Table 4: Baseline characteristics and outcomes of the study population.

Variable Sepsis cohort Control cohort p-value
(n=53) (n=25)
Demographics & Premedication
Age (years) 66 [50-75] 72 [65-79] 0.012
Body mass index (kg/m?) 25.8 [23.4-29.8] 27.8 [23.9-30.2] 0.483
Female sex 21 (40%) 15 (60%) 0.144
Anti-diabetic therapy 12 (23%) 8 (32%) 0.413
Statin therapy 15 (28%) 7 (28%) 1.000
Diabetes 15 (28%) 8 (32%) 0.793
Liver disease 3 (6%) 2 (8%) 0.653
Propofol therapy before sample 3 (6%) 7 (28%) 0.010
acquisition
Enteral/parenteral nutrition before 5 (9%) 1 (4%) 0.658
sample acquisition
Mechanical ventilation at sample 22 (42%) 9 (36%) 0.805
acquisition
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
LDL cholesterol (mg/dL)” 57 [28-741° 51 [36-77] 0.793
Apolipoprotein A-1 (mg/dL) 60 [31-90] 103 [85-130] <0.0001
Apolipoprotein B (mg/dL) 67 [48-84] 66 [51-77] 0.991
Qualitative lipid parameters
Arylesterase activity (AEA) 66.5[40.9-89.5] | 111.2[80.4-152.7] <0.0001
(mM/min/mL serum)
Cholesterol efflux capacity (%) 9.2 [7.6-11.0] 9.9 [9.1-12.7] 0.091
Laboratory covariables
White blood count (G/L) 14.9 [9.1-26.5] 9.1[6.6-13.5] 0.011
Hemoglobin (g/dL) 10.8 [8.7-13.0] 10.8 [8.6-13.3] 0.672
Platelets (G/L) 164 [86-267] 180 [133-243] 0.312
C-reactive protein (mg/dL) 213 [119-309] 12 [4-31] <0.0001
Procalcitonin (ng/mL) 8.8 [1.2-35.1] 0.210.1-0.3] <0.0001
Serum bilirubin (mg/dL) 0.9 [0.5-2.3] 0.4 [0.3-0.8] 0.002
Serum creatinine (mg/dL) 2.3[1.6-4.0] 1.20.9-2.3] 0.003
Serum albumin (g/dL) 2.9[2.4-3.2] 3.7[2.4-3.2] <0.0001
Illness severity and outcomes
SOFA score (points) 9[7-13] 513-9] <0.0001
Catecholamine therapy 45 (85%) 13 (52%) 0.004
ICU length of stay (days) 6 [3-10] 3 [2-6] 0.031
Hospital length of stay (days) 16 [7-26] 15 [8-27] 0.940
28-day mortality 25 (47%) 4 (16%) 0.011
ICU mortality 19 (36%) 4 (16%) 0.110

Reproduced and adapted from (1) with permission from Frontiers in medicine.
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Table 4 Legend (previous page): Data are reported as medians [250-75% percentile], or

absolute values and frequencies (%). “LLDL cholesterol calculated according to the Friedewald

formula. 749 values.

Table S: Distribution of the septic focus

Focus n (%)
Pulmonal / Lung 22 (41.5%)
Abdominal (non-genitourinary) 9 (17.0%)
Urogenital tract infection / Urosepsis 6 (11.3%)
Unknown / no clear focus identified 6 (11.3%)
Skin / Soft tissue 4 (7.5%)
Osteomyelitis and spondylodiscitis 3 (5.7%)
Catheter related infection 2 (3.8%)
Other 1 (1.9%)

The age of ICU sepsis survivors compared to ICU sepsis non-survivors was statistically not
significant different (63 [46-76] vs 66 [53-73]; p=0.860). The baseline characteristics of
sepsis survivors and non-survivors were mostly similar. However, non-survivors compared to
survivors had higher rates of mechanical ventilation (68% vs 26%; p=0.007), higher SOFA
score (13 vs 8; p=0.001), and higher rates of catecholamine therapy (100% vs 76%; p=0.040)
(Table 6).

On the other hand, patients with septic shock compared to those sepsis patients without shock
had higher SOFA score (13 vs 8; p=0.003) as representation of more severe organ dysfunction
and higher rates of catecholamine therapy (100% vs 70%; p=0.004; Table 7). Levels of
creatinine (3.1 vs 1.9 mg/dL; p=0.016) and procalcitonin (18.8 vs 2.6 ng/mL; p=0.011) were
higher in patients with septic shock compared to those without shock. Patients with pre-
existing diabetes mellitus were more common in those with septic shock compared to those

with sepsis but not suffering from shock (42% vs 15%; p=0.035).
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Table 6: Differences between sepsis ICU survivors and non-survivors.

Variable Survivors Non-survivors p-value
(N=34) N=19)
Demographics & Premedication
Age (years) 63 [46-76] 66 [53-73] 0.860
Body mass index (kg/m?) 27.4 [23.5-30.6] 24.7 [22.4-28.7] 0.159
Female sex 12 (35%) 9 (47%) 0.569
Anti-diabetic therapy 8 (24%) 4 (21%) 1.000
Statin therapy 11 (32%) 4 (21%) 0.528
Diabetes 11 (32%) 4 (21%) 0.528
Liver disease 1 (3%) 2 (11%) 0.290
Propofol therapy before sample 2 (6%) 1 (5%) 1.000
acquisition
Enteral/parenteral nutrition before 2 (6%) 3 (16%) 0.336
sample acquisition
Mechanical ventilation at sample 9 (26%) 13 (68%) 0.007
acquisition
Quantitative lipid parameters
HDL cholesterol (mg/dL) 14 [8-35] 14 [5-24] 0.458
Triglycerides (mg/dL) 167 [112-277] 150 [101-253] 0.617
Total cholesterol (mg/dL) 108 [94-129] 97 [60-147] 0.204
LDL cholesterol (mg/dL)*" 53 [32-70] 65 [27-85] 0.573
Apolipoprotein A-I (mg/dL) 71 [32-92] 43 [20-80] 0.099
Apolipoprotein B (mg/dL) 69 [55-84] 59 [42-80] 0.447
Qualitative lipid parameters
Arylesterase activity (AEA) 79.6 [57.7-96.7] 49.2 [29.6-70.2] 0.002
(mM/min/mL serum)
Cholesterol efflux capacity (%) 9.6 [8.7-11.3] 8.4 [6.3-10.9] 0.051
Laboratory covariables
White blood count (G/L) 14.3 [9.4-24.6] 15.3 [6.0-27.2] 0.753
Hemoglobin (g/dL) 10.8 [8.8-12.4] 10.9 [8.5-13.6] 0.704
Platelets (G/L) 165 [75-261] 164 [96-294] 0.718
C-reactive protein (mg/dL) 197 [84-292] 272 [148-384] 0.170
Procalcitonin (ng/mL) 7.7[1.2-36.4] 16.4 [0.8-35.3] 0.388
Serum bilirubin (mg/dL) 1.0 [0.5-2.5] 0.70.4-2.1] 0.553
Serum creatinine (mg/dL) 2.1[1.6-3.5] 3.3[1.6-5.8] 0.211
Serum albumin (g/dL) 3.0]2.5-3.3] 2.7[2.2-3.2] 0.221
Illness severity and outcomes
SOFA score (points) 8 [6-10] 13 [11-14] 0.001
Catecholamine therapy 26 (76%) 19 (100%) 0.040
ICU length of stay (days) 6 [3-10] 5[2-12] 0.830
Hospital length of stay (days) 23 [15-29] 5[2-12] <0.0001
28-day mortality 6 (18%) 19 (100%) <0.0001
ICU mortality 0 (0%) 19 (100%) N/A

See Table 4 Legend for details.
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Table 7: Differences between sepsis patients with and without septic shock.

Variable Sepsis (N=27) Septic shock p-value
(N=26)
Demographics & Premedication
Age (years) 66 [48-74] 61 [53-75] 0.708
Body mass index (kg/m?) 25.3 [22.9-29.7] 26.8 [23.4-30.3] 0.587
Female sex 8 (30%) 13 (50%) 0.130
Anti-diabetic therapy 3 (11%) 9 (35%) 0.054
Statin therapy 8 (30%) 7 (27%) 0.827
Diabetes 4 (15%) 11 (42%) 0.035
Liver disease 0 (0%) 3 (12%) 0.111
Propofol therapy before sample 2 (7%) 1 (4%) 1.000
acquisition
Enteral/parenteral nutrition before 3 (11%) 2 (8%) 1.000
sample acquisition
Mechanical ventilation at sample 11 (41%) 11 (42%) 0.908
acquisition
Quantitative lipid parameters
HDL cholesterol (mg/dL) 27 [10-35] 10 [5-21] 0.020
Triglycerides (mg/dL) 130 [101-219] 188 [121-288] 0.223
Total cholesterol (mg/dL) 114 [84-160] 103 [73-127] 0.168
LDL cholesterol (mg/dL)*" 57 [29-85] 58 [24-69] 0.433
Apolipoprotein A-I (mg/dL) 80 [35-96] 43 [27-77] 0.060
Apolipoprotein B (mg/dL) 71 [48-83] 62 [49-87] 0.413
Qualitative lipid parameters
Arylesterase activity (AEA) 69.2 [49.2-88.7] 63.5[37.5-90.9] 0.466
(mM/min/mL serum)
Cholesterol efflux capacity (%) 9.5[8.7-11.0] 9.1[6.9-10.9] 0.219
Laboratory covariables
White blood count (G/L) 12.8 [7.1-23.9] 17.8 [11.2-33.1] 0.176
Hemoglobin (g/dL) 10.8 [9.0-11.8] 10.5 [8.5-13.7] 0.769
Platelets (G/L) 204 [96-285] 145 [37-198] 0.064
C-reactive protein (mg/dL) 221 [155-309] 207 [77-311] 0.545
Procalcitonin (ng/mL) 2.6[0.4-34.2] 18.8 [7.0-66.5] 0.011
Serum bilirubin (mg/dL) 0.7 [0.9-3.4] 1.0 [0.5-3.3] 0.294
Serum creatinine (mg/dL) 1.90.9-3.4] 3.1[1.9-5.2] 0.016
Serum albumin (g/dL) 3.0[2.5-3.4] 2.7[2.4-3.1] 0.207
Illness severity and outcomes
SOFA score (points) 8 [5-11] 13 [8-14] 0.003
Catecholamine therapy 19 (70%) 26 (100%) 0.004
ICU length of stay (days) 6 [2-11] 6 [3-9] 1.000
Hospital length of stay (days) 16 [8-25] 17 [4-26] 0.563
28-day mortality 11 (41%) 14 (54%) 0.339
ICU mortality 7 (26%) 12 (46%) 0.125

See Table 4 Legend for details.
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5.2. Laboratory results

Hemoglobin levels and platelets were similar, while the inflammatory parameters were higher
in sepsis patients than controls (Table 4). White blood count was 14.9 G/L in sepsis patients
compared to 9.1 G/L in control patients (p=0.011). Similarly, CRP and PCT were higher in
the sepsis group compared to controls at 213 vs 12 mg/l (p <0.0001) and 8.8 vs 0.2 ng/mL
(p<0.0001), respectively.

5.3. Prevalence of dyslipidemia in the sepsis and control cohort

Dyslipidemia was defined in this study as a serum HDL-C level lower than 40 mg/dL. When
considering this cutoff, the corresponding prevalence of dyslipidemia was 85% [95% CI: 72-
93] in the sepsis group and 52% [95%CI: 31-72] in the control cohort (p=0.002).

5.4. Qualitative and quantitative changes of lipoproteins

The levels of total cholesterol were similar in the sepsis compared to the control group at 106
[84-130] and 114 [96-156] mg/dL (p=0.193), respectively (Table 4, Figure 4). However,
there was a significant difference in HDL-C levels between sepsis and controls measuring 14
[7-33] and 39 [33-55] mg/dL (p<0.0001), respectively (Table 4, Figure 4). Apart from
quantitative lipoprotein differences, AEA and CEC were measured reflecting qualitative
lipoprotein capabilities. The AEA was significantly lower in the sepsis compared to the
control cohort (67 vs 111 mM/min/mL serum, p<0.0001), while the CEC was decreased but
not significantly different between groups (9% vs 10%, p=0.091, Table 4, Figure 4).
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Figure 4: Boxplots of lipoprotein parameters. Sepsis cohort (n=53, grey box plots) and
control cohort (n=25, white box plots). The p-values were <0.0001, 0.006, <0.0001 and 0.091
for HDL-C, triglycerides, arylesterase activity, and cholesterol efflux capacity, respectively.

Reproduced from (1) with permission from Frontiers in medicine.

5.4.1. Correlations

Increasing disease severity in the sepsis cohort as measured by an increased SOFA score was
correlated with decreasing HDL-C levels (r=-0.31, p=0.03) and AEA (r=-0.32, p=0.02; Table
8). In addition, lower AEA correlated with lower HDL-C levels (r=0.60, p<0.001) in the
sepsis cohort. In the control cohort, the SOFA score was not correlated with HDL-C (r=-0.17,
p=0.41) nor AEA (r=-0.23, p=0.28).

52



Table 8: Correlation matrix of lipoprotein parameters and selected covariables in the sepsis cohort.

ApoAl TG AEA CEC SOFA | Bilirubin CRP | Creatinine | Albumin
HDL-C 0.803*** | -0.491*** | (0.600%** | (.537*** -0.308* -0.345* -0.168 -0.250 | 0.593***
Apolipoprotein A-I -0.299% | 0.717*** | 0.688*** | -0.367** | -0.365** -0.113 -0.161 | 0.650***
Triglycerides -0.071 0.050 0.114 0.078 0.385%* -0.008 | -0.425**
Arylesterase activity 0.716%** -0.324* -0.185 -0.033 -0.183 | 0.612%***
Cholesterol efflux capacity -0.221 -0.180 0.105 -0.125 | 0.581%**
SOFA score 0.429** 0.097 0.310* -0.159
Bilirubin -0.109 0.098 -0.200
C-reactive protein 0.099 -0.281*
Creatinine -0.239

*p<0.05 **p<0.01 **%p<0.001

Data are Spearman’s rank-based correlation coefficients.

Reproduced from (1) with permission from Frontiers in medicine.
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5.4.2. Sepsis 28-day mortality

Twenty-five patients succumbed within 28-days after ICU admission resulting in a 28-day
mortality of 47%. Older age (OR per 5 years increase = 1.23, 95%CI: 1.02-1.50; p=0.033),
lower albumin (OR per 1 g/dL increase = 0.36, 95%CI: 0.14-0.93; p=0.034), and higher CRP
(OR per 100 mg/L increase = 1.72, 95%CI: 1.07-2.77; p=0.025) were significantly associated
with higher 28-day mortality in univariable logistic regression analyses in the sepsis group

(Table 9).

Quantitative lipoprotein parameters such as HDL-C (OR per 10mg/dL increase = 0.88,
95%CI: 0.66-1.18; p=0.381), total cholesterol (OR per 10mg/dL increase = 0.90, 95%CI:
0.79-1.02; p=0.099), and TG (OR per 10mg/dL increase = 0.98, 95%CI: 0.93-1.04; p=0.501)
were not associated with outcome in univariable logistic regression analyses. However, higher
AEA was clearly associated with lower risk of 28-day mortality (OR per 10mM/min/mL
serum increase = 0.76, 95%CI: 0.61-0.94; p=0.010), while the CEC (OR per 10% increase =
0.20, 95% CI: 0.03—1.45; p = 0.111) was not associated with 28-day mortality.

For AEA, in patients with an empirical cutoff below the 25" percentile of the AEA
distributional range, the 28-day survival estimate was 31% [10-55%], while in patients above

this cutoff the 28-day survival estimate was 60% [43-73] (log-rank p=0.0035, Figure 5).
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Table 9: Univariable logistic regression models for 28-day and ICU mortality in the

sepsis cohort.

QOutcome variable 28-day mortality ICU mortality
Variable Odds 95% p Odds 95% p

ratio | confidence ratio | confidence

interval interval

Demographics & Premedication
Age (per 5 years increase) 1.23 1.02-1.50 | 0.033 1.06 0.89-1.27 | 0.511
Body mass index 0.72 0.41-1.25 | 0.245 0.57 0.30-1.08 | 0.085
(per 5 kg/m? increase)
Female sex 2.71 0.87-8.42 | 0.085 1.65 0.53-5.17 | 0.390
Anti-diabetic therapy 0.75 0.20-2.75 | 0.665 0.87 0.22-3.37 | 0.836
Statin therapy 0.45 0.13-1.57 | 0.210 0.56 0.15-2.08 | 0.384
Quantitative lipid parameters
HDL cholesterol 0.88 0.66-1.18 | 0.381 0.84 0.61-1.17 | 0.312
(per 10mg/dL increase)
Triglycerides 0.98 0.93-1.04 | 0.501 0.99 0.93-1.05 | 0.715
(per 10mg/dL increase)
Total cholesterol 0.90 0.79-1.02 | 0.088 0.89 0.78-1.02 | 0.099
(per 10mg/dL increase)
ApoAl (per 10mg/dL increase) 0.92 0.80-1.07 | 0.294 0.87 0.73-1.03 | 0.099
Qualitative lipid parameters
Arylesterase activity (AEA) 0.76 0.61-0.94 | 0.010 0.71 0.56-0.90 | 0.004
(per 10mM/min/mL serum
increase)
Cholesterol efflux capacity 0.20 0.03-145 | 0.111 0.11 0.01-1.03 | 0.053
(per 10% increase)
Laboratory covariables
White blood count 1.02 0.98-1.07 | 0.357 1.00 0.96-1.05 | 0.960
(per 1G/L increase)
Hemoglobin (per 1g/dL increase) 0.94 0.77-1.15 | 0.574 1.03 0.84-1.25 | 0.801
Platelets (per 100 G/L increase) 1.11 0.71-1.75 | 0.640 1.14 0.71-1.81 | 0.593
C-reactive protein 1.72 1.07-2.77 | 0.025 1.40 0.90-2.18 | 0.136
(per 100mg/dL increase)
Serum bilirubin 0.89 0.74-1.08 | 0.245 0.94 0.80-1.11 | 0.484
(per 1mg/dL increase)
Serum creatinine 1.01 0.85-1.19 | 0.905 1.04 0.88-1.23 | 0.653
(per 1mg/dL increase)
Serum albumin 0.36 0.14-0.93 | 0.034 0.54 0.22-1.31 | 0.171
(per 1g/dL increase)
Sepsis severity
SOFA score (per 1 point increase) 1.13 0.97-1.31 | 0.113 1.36 1.12-1.65 | 0.002

Reproduced and adapted from (1) with permission from Frontiers in medicine.
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Figure 5: Kaplan-Meier survival cures for arylesterase activity. Sepsis patients with
arylesterase activity below (solid red curve) or above (dashed black curve) the 25 percentile.

Reproduced from (1) with permission from Frontiers in medicine.

Then a multivariable analysis regarding 28-day mortality was performed (Table 10). Due to
the importance of the SOFA score as a marker for organ failure or dysfunction, we always
considered this variable in the model. Furthermore, all variables associated with the endpoint
with a p<0.05 were considered. Albumin had a strong collinearity with CRP and was
therefore not included in the model. In the final model for 28-day mortality, we found that
AEA (OR per 10 mM/min/mL serum increase = 0.76, 95%CI: 0.59-0.98; p=0.032) prevailed
in multivariable analysis, while the SOFA score (OR per 1 point increase = 1.11, 95%CI:
0.91-1.35; p=0.292), age (OR per 5 years increase = 1.27, 95%CI: 0.99-1.64; p=0.064), and
CRP (OR per 100mg/L increase = 1.71, 95%CI: 0.99-2.94; p=0.053) were not associated with

28-day outcomes with the sample size of this study.
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Table 10: Multivariable models for 28-day and ICU mortality in the sepsis cohort.

Multivariable Model #1: 28-day mortality Odds 95% CI1 p
Ratio

Arylesterase activity (AEA) 0.76 0.59-0.98 | 0.032

(per 10mM/min/mL serum increase)

SOFA score (per 1 point increase) 1.11 0.91-1.35| 0.292

Age (per 5 years increase) 1.27 0.99-1.64 | 0.064

C-reactive protein (per 100mg/dL increase) 1.71 0.99-2.94 | 0.053

Multivariable Model #2: ICU mortality Odds 95% CI1 p
Ratio

Arylesterase activity (AEA) 0.74 0.57-0.96 | 0.026

(per 10mM/min/mL serum increase)

SOFA score (per 1 point increase) 1.30 1.06-1.59 | 0.010

Reproduced from (1) with permission from Frontiers in medicine.

5.4.3. Sepsis ICU mortality

Several factors, which are not directly related or affected by ICU care, can influence the 28-
day mortality. These factors can, to some extent, lead to a dilution of the associations,
especially in smaller sample sizes. Therefore, additionally ICU mortality as a more direct

representative of patient outcomes was investigated.

The ICU mortality in this study was 36% in the sepsis cohort. In univariable logistic
regression, the associations with outcome were mostly similar to the associations with 28-day
mortality. Associations with ICU mortality were significant for SOFA score and AEA (Table
9). In detail, higher AEA (OR per 10 mM/min/mL serum increase = 0.71, 95%CI: 0.56— 0.90;
p=0.004) was significantly associated with lower ICU mortality, while the CEC was
borderline but not statistically significant associated (OR per 10% increase = 0.11, 95%CI:
0.01-1.03; p=0.053). Furthermore, higher SOFA score was associated with increased ICU
mortality (OR per 1 point increase = 1.36, 95%CI: 1.12-1.65; p=0.002). In multivariable
analysis, AEA (OR per 10 mM/min/mL serum increase = 0.74, 95%CI: 0.57-0.96; p=0.026)
and SOFA score (OR per 1 point increase = 1.30, 95%CI: 1.06-1.59; p=0.010) remained as
independent risk factors for ICU mortality (Table 10).
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5.4.4. AUROC

For 28-day mortality the discriminatory potential of the SOFA score was poor (AUROC =
0.62, 95%CI: 0.46-0.78). However, the 28-day discriminatory ability was strong for AEA
(AUROC = 0.71, 95%CI: 0.57-0.85) in the sepsis cohort. For discrimination between ICU
survivors and non-survivors, both the SOFA score (AUROC = (.78, 95%CI: 0.65-0.91) and
AEA (AUROC = 0.76, 95%CI: 0.63-0.89) were strong discriminators.
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5.5. Metabolomics

In the first part of the study, we found significant differences between quantitative and
qualitative lipoprotein parameters. However, a limitation was the targeted analyses of selected

lipoproteins and variables as pre-specified parameters of interest.

The second part of the study consisted of two steps. To further investigate any potential
lipoprotein differences between ICU sepsis and ICU control patients a targeted metabolomic
analysis was performed. In sepsis patients, an untargeted metabolomic analysis was
additionally done, allowing for the detection of previously unknown metabolites that might

play a role in sepsis ICU trajectory and outcome.

5.5.1. Step One: Targeted lipoprotein "H NMR spectroscopy analysis

Initially, a targeted "H NMR spectroscopy metabolomic analysis of lipoproteins in both
cohorts was performed. This was done to investigate the differences between the two groups
using an independent method and therefore allowing for confirmation or rejection of the
previous findings. For this analysis, one patient in the sepsis cohort had to be excluded before
measurements were performed because of insufficient sample quantity in the corresponding

aliquot.

The principal component analysis can detect differences and similarities between samples,
therefore enabling clustering. Allocation to a specific group is not given to the algorithm, i.e.
it is called unsupervised. In PCA visual differences between sepsis and control patients with a
principal component 1 (PC 1) of 76.8% and principal component 2 (PC 2) of 11% (Figure
6A) were found. We then performed an O-PLS-DA, which is a robust method to detect the
difference between clusters when group allocation is given to the algorithm. This clustering is
then tested with a cross-validation within the data set to check the robustness of the model. In
this study, there was a separate clustering for sepsis and control patients with strong-moderate
goodness of fit (correlation coefficient R*Y = 0.405) and a cross-validation score Q? of 0.292
(p<0.01; Figure 6A). Furthermore, in this targeted metabolomic analyses differences of

lipoproteins between the two groups were investigated (Figure 6B and SC, Table 11 and
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12). Levels of HDL free cholesterol (HDL-FC), HDL-C, HDL phospholipids (HDL-PL), and

ApoAl were significantly lower in patients with sepsis compared to controls. VLDL variables

were significantly higher, while LDL parameters were not significantly affected.
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Figure 6: Targeted metabolomic assessment of lipoproteins. Reproduced from (2) with
permission from Nutrients. A: Multivariate analyses with PCA and O-PLS-DA for sepsis
(red) and controls (black). B: Volcano plot for differences between groups (logarithmic scale).
Vertical dashed lines represent changes by the factor 2. Horizontal dashed line represents a

significance of 5%. C: Boxplots for most changed and most significant lipoproteins.
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Table 11: Targeted metabolomic analyses of lipoproteins.

Variables Sepsis patients | Controls (N=25) | p-Value | Below Sidak-
(N=52) treshold
Main classes
Triglycerides (mg/dL) 185 [129-310] 101 [87-157] <0.001 yes
Total cholesterol (mg/dL) 117 [106-148] 143 [119-194] 0.011 no
LDL cholesterol (mg/dL) 57 [39-76] 77 [53-106] 0.012 no
HDL cholesterol (mg/dL) 20 [13-30] 41 [32-51] <0.001 yes
Total ApoAl (mg/dL) 72 [52-98] 120 [98-139] <0.001 yes
Total ApoA2 (mg/dL) 19 [15-23] 24 [20-27] <0.001 no
Total ApoB100 (mg/dL) 82 [63-103] 74 [59-87] 0.171 no
LDL to HDL ratio 2.6 [1.7-3.7] 1.9 [1.5-2.5] 0.009 no
ApoB100 to ApoAl ratio 1.3[0.7-1.7] 0.6 [0.5-0.8] <0.001 yes
Particles
Total particle number (nmol/L) 1494 [1149-1877] | 1338 [1063-1588] 0.171 no
VLDL particle number (nmol/L) 324 [205-490] 142 [118-233] <0.001 yes
IDL particle number (nmol/L) 157 [79-300] 87 [61-137] 0.002 no
LDL particle number (nmol/L) 930 [737-1225] 1028 [720-1254] 0.640 no
Triglycerides in subclasses
VLDL (mg/dL) 94 [63-199] 50 [43-111] 0.010 no
IDL (mg/dL) 13 [7-31] 6 [3-15] 0.007 no
LDL (mg/dL) 32 [19-58] 22 [17-30] 0.006 no
HDL (mg/dL) 15 [10-19] 13 [10-16] 0.124 no
Cholesterol in subclasses
VLDL (mg/dL) 28 [20-41] 17 [12-24] <0.001 no
IDL (mg/dL) 21 [11-37] 11 [7-16] 0.002 no
LDL (mg/dL) 57 [39-76] 77 [53-106] 0.012 no
HDL (mg/dL) 20 [13-30] 41 [32-51] <0.001 yes
Free cholesterol in subclasses
VLDL (mg/dL) 13 [10-20] 8 [6-13] 0.002 no
IDL (mg/dL) 6[3-11] 3 [2-4] <0.001 no
LDL (mg/dL) 24 [19-34] 29 [21-39] 0.107 no
HDL (mg/dL) 6[1-11] 14 [11-17] <0.001 yes
Phospholipids in subclasses
VLDL (mg/dL) 22 [15-41] 15 [11-28] 0.039 no
IDL (mg/dL) 5[3-11] 4 [2-6] 0.133 no
LDL (mg/dL) 40 [28-55] 51 [34-62] 0.095 no
HDL (mg/dL) 36 [18-51] 62 [49-73] <0.001 yes
Apolipoproteins in subclasses
ApoAl in HDL (mg/dL) 67 [46-98] 119 [98-138] <0.001 yes
ApoA2 in HDL (mg/dL) 20 [17-25] 25[21-27] 0.006 no
ApoB in VLDL (mg/dL) 18 [11-27] 8 [7-13] <0.001 yes
ApoB in IDL (mg/dL) 914-17] 5[3-8] 0.002 no
ApoB in LDL (mg/dL) 51 [41-67] 57 [40-69] 0.640 no

Reproduced from (2) with permission from Nutrients. Sidak threshold at 0.00044984.
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Table 12: Targeted metabolomic analyses - lipoprotein subgroups.

Variables Sepsis patients | Controls (N=25) p-Value Below
(N=52) Sidak-
treshold
VLDL subfraction - triglycerides
VLDL 1 triglycerides (mg/dL) 36.1[14.4-88.1] 26.9 [14.3-54.8] 0.184 no
VLDL 2 triglycerides (mg/dL) 17.8 [7.3-28.7] 11.2 [6.9-16.8] 0.069 no
VLDL 3 triglycerides (mg/dL) 19.0 [10.5-28.9] 10.9 [6.9-16.1] 0.001 no
VLDL 4 triglycerides (mg/dL) 19.7 [13.0-29.3] 10.2 [6.5-14.3] <0.001 yes
VLDL 5 triglycerides (mg/dL) 5.3 [3.9-6.6] 3.6 [2.8-4.5] <0.001 yes
VLDL subfraction - cholesterol
VLDL 1 cholesterol (mg/dL) 7.0 [3.7-11.5] 4.4[2.9-8.3] 0.082 no
VLDL 2 cholesterol (mg/dL) 3.3[1.4-5.3] 2.2 [1.1-3.3] 0.061 no
VLDL 3 cholesterol (mg/dL) 4.9[3.0-8.2] 3.3[1.5-4.2] 0.004 no
VLDL 4 cholesterol (mg/dL) 9.5[4.0-14.2] 5.1[2.7-6.2] <0.001 no
VLDL 5 cholesterol (mg/dL) 2.0[1.2-3.4] 1.310.7-2.0] 0.003 no
VLDL subfraction — free cholesterol
VLDL 1 free cholesterol (mg/dL) 1.0 [0.0-4.0] 0.9 [0.0-2.6] 0.300 no
VLDL 2 free cholesterol (mg/dL) 2.4[1.4-4.3] 1.10.6-1.7] <0.001 yes
VLDL 3 free cholesterol (mg/dL) 3.1[1.7-4.4] 1.410.8-2.3] <0.001 yes
VLDL 4 free cholesterol (mg/dL) 4.9 [2.7-8.2] 2.1 [1.5-3.5] <0.001 yes
VLDL 5 free cholesterol (mg/dL) 1.0 [0.6-1.8] 0.710.2-1.1] 0.007 no
VLDL subfraction — phospholipids
VLDL 1 phospholipids (mg/dL) 4.7[1.4-10.2] 3.9[1.6-7.5] 0.601 no
VLDL 2 phospholipids (mg/dL) 3.6 [1.0-6.1] 2.9[1.3-3.6] 0.149 no
VLDL 3 phospholipids (mg/dL) 5.3 [3.2-8.6] 3.0 [1.5-4.6] 0.003 no
VLDL 4 phospholipids (mg/dL) 9.1 [5.8-13.9] 4.7 [3.4-6.6] <0.001 yes
VLDL 5 phospholipids (mg/dL) 2.5[1.8-3.6] 2.0[1.2-2.5] 0.023 no

Continued on next page
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continued Sepsis patients Controls p-Value Below
(N=52) (N=25) Sidak-
treshold
LDL subfractions
LDL 1 particle number (nmol/L) 260 [118-439] 209 [137-317] 0.453 no
LDL 2 particle number (nmol/L) 193 [151-248] 170 [116-255] 0.507 no
LDL 3 particle number (nmol/L) 182 [148-254] 207 [99-253] 0.939 no
LDL 4 particle number (nmol/L) 104 [36-156] 119 [53-233] 0.281 no
LDL 5 particle number (nmol/L) 46 [0-124] 119 [60-162] 0.005 no
LDL 6 particle number (nmol/L) 146 [11-240] 186 [116-253] 0.187 no
LDL subfraction - triglycerides
LDL 1 triglycerides (mg/dL) 13.4 [8.7-23.6] 7.8 [5.8-10.8] <0.001 yes
LDL 2 triglycerides (mg/dL) 4.0 [2.6-7.4] 2.7[1.7-4.0] 0.005 no
LDL 3 triglycerides (mg/dL) 3.5[2.9-5.6] 1[2.2-4.1] 0.030 no
LDL 4 triglycerides (mg/dL) 3.4[1.7-7.5] 1[1.4-3.7] 0.093 no
LDL 5 triglycerides (mg/dL) 2.210.7-4.2] 7[1.1-2.5] 0.824 no
LDL 6 triglycerides (mg/dL) 4.0 [3.0-6.0] 7[2.8-4.4] 0.279 no
LDL subfraction - cholesterol
LDL 1 cholesterol (mg/dL) 19.1[6.3-31.4] | 16.7[10.2-26.9] 0.983 no
LDL 2 cholesterol (mg/dL) 14.2 [10.1-18.1] 15.6 [9.7-20.6] 0.453 no
LDL 3 cholesterol (mg/dL) 14.2 [9.7-18.0] 17 1[7.3-21.9] 0.415 no
LDL 4 cholesterol (mg/dL) 4.910.0-9.9] 2 [3.0-18.6] 0.020 no
LDL 5 cholesterol (mg/dL) 0.40.0-4.6] 7 [2.6-11.6] 0.001 no
LDL 6 cholesterol (mg/dL) 6.6 [0.0-11.7] 10 6[6.1-14.8] 0.019 no
LDL subfraction — free cholesterol
LDL 1 free cholesterol (mg/dL) 6.2 [2.9-10.2] 0[3.7-8.6] 0.909 no
LDL 2 free cholesterol (mg/dL) 5.0 [3.8-6.6] 7 [3.4-7.5] 0.405 no
LDL 3 free cholesterol (mg/dL) 4.8 [2.8-6.8] 1[3.1-7.5] 0.483 no
LDL 4 free cholesterol (mg/dL) 2.510.7-3.9] 3[2.0-6.4] 0.034 no
LDL 5 free cholesterol (mg/dL) 1.310.0-2.7] 2[1.4-4.4] <0.001 no
LDL 6 free cholesterol (mg/dL) 2.00.0-3.6] 6[2.8-4.9] <0.001 no
LDL subfraction — phospholipids
LDL 1 phospholipids (mg/dL) 13.0 [5.4-20.8] 11 1[7.1-16.3] 0.761 no
LDL 2 phospholipids (mg/dL) 8.3 [6.6-10.8] 2 [5.8-12.3] 0.624 no
LDL 3 phospholipids (mg/dL) 8.0 [5.8-11.0] 10 3[4.6-13.0] 0.466 no
LDL 4 phospholipids (mg/dL) 3.310.7-6.2] 5.5[2.4-10.5] 0.042 no
LDL 5 phospholipids (mg/dL) 0.9 [0.0-3.9] 4.9 [2.8-6.8] <0.001 no
LDL 6 phospholipids (mg/dL) 4.210.1-6.8] 6.7 [4.7-9.6] 0.014 no
LDL subfraction — ApoB
LDL 1 ApoB (mg/dL) 14.3 [6.5-24.2] 11 5[7.5-17.5] 0.453 no
LDL 2 ApoB (mg/dL) 10.6 [8.3-13.7] 4[6.4-14.0] 0.507 no
LDL 3 ApoB (mg/dL) 10.0 [8.1-14.0] 11 4 [5.5-13.9] 0.939 no
LDL 4 ApoB (mg/dL) 5.7 [2.0-8.6] 6.5]2.9-12.8] 0.281 no
LDL 5 ApoB (mg/dL) 2.5[0.0-6.8] 6.5[3.3-8.9] 0.006 no
LDL 6 ApoB (mg/dL) 8.0 [0.6-13.2] 10.2 [6.4-13.9] 0.187 no

Continued on next page

63




continued Sepsis patients Controls p-Value Below
(N=52) (N=25) Sidak-
treshold
HDL subfraction — triglycerides
HDL 1 triglycerides (mg/dL) 5.4[3.5-7.7] 4.1 [2.6-5.3] 0.104 no
HDL 2 triglycerides (mg/dL) 2.5[1.8-3.2] 2.1[1.5-2.9] 0.167 no
HDL 3 triglycerides (mg/dL) 2.6[1.7-3.2] 2.2 [1.7-2.7] 0.236 no
HDL 4 triglycerides (mg/dL) 4.0[3.1-4.8] 3.6 [2.7-4.3] 0.161 no
HDL subfraction — cholesterol
HDL 1 cholesterol (mg/dL) 6.6 [0.0-12.3] 11.3 [8.2-17.8] <0.001 yes
HDL 2 cholesterol (mg/dL) 3.210.9-4.9] 5.8 [4.4-6.8] <0.001 yes
HDL 3 cholesterol (mg/dL) 4.3 [2.2-7.0] 7.4 [5.9-8.1] <0.001 yes
HDL 4 cholesterol (mg/dL) 9.2 [5.8-13.7] 14.3 [9.8-20.2] 0.003 no
HDL subfraction — free cholesterol
HDL 1 free cholesterol (mg/dL) 0.410.0-3.2] 4.1[2.5-5.4] <0.001 yes
HDL 2 free cholesterol (mg/dL) 1.210.6-1.7] 1.8 [1.4-2.4] <0.001 yes
HDL 3 free cholesterol (mg/dL) 0.7 [0.2-1.6] 1.8 [1.5-2.3] <0.001 yes
HDL 4 free cholesterol (mg/dL) 2.8 [1.4-4.4] 3.5[2.7-5.0] 0.026 no
HDL subfraction — phospholipids
HDL 1 phospholipids (mg/dL) 8.8[0.1-17.6] | 16.0[10.7-23.0] <0.001 no
HDL 2 phospholipids (mg/dL) 6.6 [3.3-8.9] 9.9 [7.5-13.3] <0.001 yes
HDL 3 phospholipids (mg/dL) 7.8 [5.3-11.2] 12.6 [9.3-14.1] <0.001 yes
HDL 4 phospholipids (mg/dL) 14.1[10.3-18.1] | 20.4[16.7-26.2] <0.001 yes
HDL subfraction — ApoAl
HDL 1 ApoAl (mg/dL) 8.7[0.0-20.6] | 21.9[12.1-27.2] <0.001 yes
HDL 2 ApoAl (mg/dL) 9.2[4.9-12.9] | 14.6[11.8-18.7] <0.001 yes
HDL 3 ApoAl (mg/dL) 14.7[10.5-21.0] | 22.2[18.3-24.3] <0.001 yes
HDL 4 ApoAl (mg/dL) 40.8 [29.1-51.8] | 56.1[47.6-79.2] <0.001 yes
HDL subfraction — ApoA2
HDL 1 ApoA2 (mg/dL) 1.4 [0.1-2.1] 2.0[0.9-3.1] 0.032 no
HDL 2 ApoA2 (mg/dL) 2.1[1.6-2.8] 2.2 [1.5-3.2] 0.539 no
HDL 3 ApoA2 (mg/dL) 4.02.7-5.3] 4.4 3.9-5.2] 0.221 no
HDL 4 ApoA2 (mg/dL) 11.416.2-15.3] | 14.3[11.4-18.6] 0.014 no

Reproduced and adapted from (2) with permission from Nutrients.

In this investigation, the concentrations of lipoprotein parameters were obtained using an

independent method. To validate or discard the previous findings, univariable logistic

regression analyses was performed again with the variables identified in metabolomic

analysis. Similar to the previous investigation, sole quantitative variables were not
significantly associated with mortality outcomes regarding ICU- and 28-day mortality in

control and sepsis cohort (Table 13).
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Table 13: Metabolomics - univariable logistic regression for lipoproteins in sepsis

cohort.
Outcome variable 28-day mortality ICU mortality
Variable Odds | 95% confidence p Odds 95% p
ratio interval ratio confidence
interval
Main classes
Triglycerides (mg/dL) 0.78 0.37-1.62 | 0.501 0.90 0.42-1.93 | 0.789
Total cholesterol (mg/dL) 0.44 0.15-1.25 | 0.121 0.43 0.15-1.21 | 0.108
LDL cholesterol (mg/dL) 0.90 0.59-1.37 | 0.629 0.85 0.56-1.30 | 0.456
HDL cholesterol (mg/dL) 0.92 0.53-1.58 | 0.756 0.85 0.49-149 | 0.576
Total ApoAl (mg/dL) 0.92 0.46-1.85 | 0.824 0.74 0.36-1.52 | 0.417
Total ApoA2 (mg/dL) 0.23 0.07-0.78 | 0.018 0.37 0.14-0.99 | 0.047
Total ApoB100 (mg/dL) 0.60 0.20-1.78 | 0.357 0.67 0.22-2.06 | 0.485
Particles
Total particle number (nmol/L) 0.60 0.21-1.76 | 0.356 0.67 0.22-2.03 | 0.482
VLDL particle number (nmol/L) 0.91 0.48-1.72 | 0.765 1.02 0.52-2.00 | 0.947
IDL particle number (nmol/L) 0.71 0.45-1.12 | 0.144 0.77 0.51-1.17 | 0.223
LDL particle number (nmol/L) 0.75 0.35-1.63 | 0.473 0.78 0.35-1.74 | 0.550
Triglycerides in subclasses
VLDL (mg/dL) 0.94 0.57-1.58 | 0.826 0.95 0.56-1.63 | 0.857
IDL (mg/dL) 0.87 0.59-1.28 | 0.475 0.94 0.62-1.40 | 0.749
LDL (mg/dL) 0.73 0.38-1.40 | 0.339 0.88 0.45-1.71 | 0.697
HDL (mg/dL) 1.03 0.49-2.17 | 0.928 1.09 0.49-2.41 | 0.838
Cholesterol in subclasses
VLDL (mg/dL) 0.69 0.36-1.32 | 0.259 0.72 0.37-1.42 | 0.347
IDL (mg/dL) 0.73 0.45-1.16 | 0.184 0.78 0.49-1.23 | 0.826
LDL (mg/dL) 0.90 0.60-1.37 | 0.629 0.85 0.56-1.30 | 0.456
HDL (mg/dL) 0.92 0.53-1.58 | 0.756 0.85 0.49-1.49 | 0.576
Free cholesterol in subclasses
VLDL (mg/dL) 0.80 0.42-1.52 | 0.499 0.79 0.41-1.54 | 0.495
IDL (mg/dL) 0.73 0.43-1.25 | 0.257 0.81 0.47-1.40 | 0.457
LDL (mg/dL) 1.01 0.55-1.85 | 0.985 1.02 0.54-1.94 | 0.955
HDL (mg/dL) 1.03 0.72-1.45 | 0.861 0.90 0.62-1.31 | 0.594
Phospholipids in subclasses
VLDL (mg/dL) 1.05 0.71-1.55 | 0.811 1.01 0.67-1.52 | 0.962
IDL (mg/dL) 0.77 0.49-1.20 | 0.244 0.87 0.55-1.37 | 0.551
LDL (mg/dL) 0.87 0.40-1.90 | 0.731 0.89 0.40-1.99 | 0.773
HDL (mg/dL) 1.07 0.66-1.74 | 0.777 1.02 0.62-1.69 | 0.942
Apolipoproteins in subclasses
ApoAl in HDL (mg/dL) 1.09 0.78-1.54 | 0.613 1.00 0.71-1.42 | 0.991
ApoA2 in HDL (mg/dL) 0.20 0.05-0.74 | 0.016 0.34 0.12-1.00 | 0.049
ApoB in VLDL (mg/dL) 0.89 0.44-1.77 | 0.732 1.01 0.49-2.08 | 0.979
ApoB in IDL (mg/dL) 0.66 0.38-1.15 | 0.147 0.75 0.43-1.30 | 0.310
ApoB in LDL (mg/dL) 0.75 0.34-1.65 | 0.475 0.78 0.34-1.77 | 0.556

Reproduced from (2) with permission from Nutrients.
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5.5.2. Step Two: Untargeted 'H NMR spectroscopy metabolomics analysis

"H NMR spectroscopy enables the possibility to perform an untargeted metabolomic analysis.
All metabolites present, at a given timepoint, are assessed and differences between groups are
explored. As thousands of variables are investigated, only highly significant differences
between groups are examined. We extracted metabolites from serum, thus removing
lipoproteins which otherwise cloak metabolite signals, thereby enhancing signal quality.
Differences between survivors and non-survivors in the sepsis group, as well as differences

between patients with or without septic shock were investigated.

Using PCA, we found visual differences between survivors/non-survivors in both, the sepsis
group without shock and in the septic shock group, with a PC1 and PC2 of 55% and 14.3%,
respectively (Figure 7A). The PLS-DA resulted in a Component 1 and 2 of 50.4% and
14.6%, respectively. In O-PLS-DA for the septic shock group, survivors and non-survivors
had an acceptable clustering goodness of fit with a R?Y of 0.965 and a cross-validation score
Q? 0f 0.346 (p<0.01; Figure 7B middle-left image). Similarly, between survivors of the
shock and no-shock group, there was acceptable goodness of fit with R*Y of 0.966 (Q* =
0.438, p<0.01, Figure 7B middle-right image). On the other hand, no significant clustering
for survivors versus non-survivors in the no-shock group (Figure 7B left image), or for non-
survivors between the no-shock and shock group (Figure 7B right image) were found (p

values 0.93 and 0.62, respectively).

Several metabolites were different between sepsis and septic shock, as well as survivors and
non-survivors. Lactate was significantly higher in patients with septic shock compared to
patients without shock. Lactate was therefore the internal validation metabolite, as this finding
1s not unexpected, because elevated lactate is a parameter found in the definition of septic

shock (Figure 7E far-left boxplot).

The branched-chain amino acids (BCAA) were significantly different between sepsis
survivors and non-survivors (Figure 7C). In detail, levels of valine (55.0 vs 33.0 normalized
signal intensity (NSI) units, p=0.002), leucine (70.8 vs 53.4 NSI, p=0.005) and isoleucine
(18.1 vs 15.2 NSI, p=0.012) were higher in ICU survivors compared to non-survivors (Figure
7C). In the investigation of differences between septic shock and no-shock patients, lower

levels of BCAA in the former group were found. In detail, valine at 43.3 vs 64.3 (p=0.005),
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leucine at 57.0 vs 73.0 (p=0.034), and isoleucine at 15.2 vs 17.9 (p=0.048) were lower in

patients with septic shock compared to those without septic shock (Figure 7E).

To further stratify patients and identify possible biomarkers in the more severely ill patients
with septic shock, we investigated differences between survivors and non-survivors, and
found that BCAAs and 3-hydroxybutyrate were lower in non-survivors, while other

unassignable metabolites were higher in non-survivors (Figure 7D).

Among other metabolites, the most prominent metabolic differences between groups were
found for phenylalanine and tyrosine, however, these changes did not reach statistical

significance.

Figure 7 Legend (next page): A: PCA and PLS-DA for separation of survivors and non-

survivors in the sepsis cohort in patients with or without septic shock. B: O-PLS-DA for the
four groups of survivors and non-survivors in the shock or no-shock group (see main text for
more details). C: Volcano plot (logarithmic scale) for metabolomic differences between
groups (sepsis survivors vs non-survivors). Horizontal dashed line represents a significance of
5%. Boxplots for most changed and most significant metabolites. D: Volcano plot and
boxplots for differences of septic shock survivors vs non-survivors. E: Boxplots for the most

changed and most significant metabolites in sepsis patients with or without septic shock.
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Figure 7: Untargeted metabolomic assessment in the sepsis cohort. Reproduced from (2)
with permission from Nutrients. * = unassigned metabolites.
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5.5.3. Correlations:

In the investigation of relationships between the metabolites, BCAA partially correlated with
the SOFA score. Valine (-0.338, p=0.01) and isoleucine (-0.284, p=0.04) inversely correlated
with the SOFA score, while leucine (-0.220, p=0.114) did not. Also, the BCAA correlated
with each other. In detail, valine correlated with leucine (0.860, p<0.0001) and isoleucine
(0.833, p<0.0001), and leucine with isoleucine (0.798, p<0.0001). Among the inflammatory
markers, CRP inversely correlated with valine (-0.271, p=0.05) but not leucine (-0.223,
p=0.109) or isoleucine (-0.208, p=0.136), while PCT inversely correlated with all three
BCAA, valine (-0.401, p=0.003), leucine (-0.396, p=0.003) and isoleucine (-0.408, p=0.002).
No correlations for age or BMI with SOFA score, lactate, 3-hydroxybutyrate, inflammatory

markers, or BCAA were found.

5.5.4. Sepsis ICU- and 28-day mortality investigated with metabolomic results

In univariable logistic regression, several variables were associated with 28-day mortality as
outcome of interest in the sepsis cohort. Higher levels of the BCAA, valine (OR per doubling
=0.18, 95%CI: 0.06-0.56; p=0.003), leucine (OR per doubling = 0.19, 95%CI: 0.06-0.59;
p=0.004), and isoleucine (OR per doubling = 0.29, 95%CI: 0.09-0.93; p=0.038) were
associated with decreased 28-day mortality (Table 14). Furthermore, older age and higher

CRP were associated with increased risk of 28-day mortality as shown above (Table 9).

Regarding ICU mortality as outcome of interest in univariable logistic regression solely
SOFA score and BCAA levels were significantly associated (Table 9, Table 14). In detail,
higher valine (OR per doubling = 0.19, 95%CI: 0.06-0.58; p=0.004), higher leucine (OR per
doubling = 0.22, 95%CI: 0.07-0.66; p=0.007), and higher isoleucine (OR per doubling = 0.23,
95%CI: 0.07-0.81; p=0.023), as well as lower SOFA score (OR per 1 point increase = 1.36,
95%CI: 1.12-1.64; p=0.002) were associated with a lower risk of ICU mortality.

69



Table 14: Metabolomics - univariable logistic regression for metabolites in sepsis cohort.

Outcome variable 28-day mortality ICU mortality
Metabolites Odds 95% p Odds 95% p
ratio | confidence ratio | confidence
interval interval
Valine (per doubling) 0.18 0.06-0.56 | 0.003 0.19 0.06-0.58 | 0.004
Leucine (per doubling) 0.19 0.06-0.59 | 0.004 0.22 0.07-0.66 | 0.007
Isoleucine (per doubling) 0.29 0.09-0.93 | 0.038 0.23 0.07-0.81 | 0.023
Acetate (per doubling) 1.26 0.57-2.80 | 0.572 1.24 0.54-2.85 | 0.609
3-Hydroxybutyrate (per doubling) 0.91 0.61-1.38 | 0.668 0.79 0.50-1.26 | 0.326
Phenylalanine (per doubling) 1.77 0.75-4.19 | 0.194 1.23 0.53-2.88 | 0.631
Tyrosine (per doubling) 0.83 0.35-1.95 | 0.665 0.82 0.33-2.04 | 0.675
Lactate (per doubling) 1.15 0.65-2.04 | 0.632 1.00 0.55-1.81 | 0.996
Citrate (per doubling) 1.41 0.44-4.54 | 0.563 0.90 0.27-3.03 | 0.865

Reproduced and adapted from (2) with permission from Nutrients. Most prominent changed

metabolites between sepsis survivors and non-survivors identified with untargeted metabolomic

analysis. Odds ratio per doubling of the predictor variable were obtained by a log2(x+1)

transformation of the variable.

In multivariable logistic regression analyses, valine prevailed as a significant predictor both

for 28-day and ICU mortality (Table 15). Likewise, the other BCAA also persisted as

significant predictors of outcome in multivariable analyses for 28-day mortality. For ICU

mortality valine and leucine, but not isoleucine prevailed in multivariable models (Table 15

and 16).
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Table 15: Metabolomics - multivariable logistic regression models for metabolites for

ICU mortality in sepsis patients.

Multivariable model 1: ICU mortality Odds ratio 95% confidence interval p
SOFA score (per 1 point increase) 1.29 1.06-1.57 | 0.012
Valine (per doubling) 0.26 0.08-0.85 | 0.026
Multivariable model 2: ICU mortality Odds ratio 95% confidence interval p
SOFA score (per 1 point increase) 1.33 1.09-1.62 | 0.005
Leucine (per doubling) 0.27 0.09-0.83 | 0.022
Multivariable model 3: ICU mortality Odds ratio 95% confidence interval p
SOFA score (per 1 point increase) 1.31 1.08-1.59 | 0.006
Isoleucine (per doubling) 0.35 0.09-1.27 | 0.111

Reproduced and adapted from (2) with permission from Nutrients. Odds ratio per doubling of

the predictor variable were obtained by a log2(x+1) transformation of the variable.

Table 16: Metabolomics - multivariable logistic regression models for metabolites for

28-day mortality in sepsis patients.

Multivariable model 1: 28-day mortality Odds ratio 95% confidence interval p
Age (per 5-year increase) 1.25 1.00-1.56 | 0.048
C-reactive protein (per 100 mg/L increase) 1.37 0.80-2.35 | 0.257
Valine (per doubling) 0.19 0.05-0.66 | 0.009
Multivariable model 2: 28-day mortality Odds ratio 95% confidence interval p
Age (per 5-year increase) 1.24 1.00-1.55 | 0.049
C-reactive protein (per 100 mg/dL increase) 1.39 0.80-2.40 | 0.240
Leucine (per doubling) 0.20 0.06-0.69 | 0.011
Multivariable model 3: 28-day mortality Odds ratio 95% confidence interval p
Age (per 5-year increase) 1.27 1.02-1.58 | 0.034
C-reactive protein (per 100 mg/dL increase) 1.50 0.90-2.51 | 0.122
Isoleucine (per doubling) 0.26 0.07-0.98 | 0.047

Reproduced and adapted from (2) with permission from Nutrients. Odds ratio per doubling of

the predictor variable were obtained by a log2(x+1) transformation of the variable.

To further investigate the 28-day mortality in the sepsis cohort, the SOFA score was also

included into exploratory models, as this variable was not statistically significant associated

with the endpoint in univariable logistic regression analysis with the sample size of this study.

The additional models revealed that both valine and isoleucine prevailed in multivariable

logistic regression analyses (Table 17).
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Table 17: Metabolomics - additional multivariable logistic regression models for 28-day

mortality in sepsis patients (including the SOFA score).

Multivariable model 1: 28-day mortality QOdds ratio 95% confidence interval p
Age (per 5-year increase) 1.33 1.03-1.71 0.028
C-reactive protein (per 100 mg/dL increase) 1.36 0.78-2.36 0.272
Valine (per doubling) 0.21 0.06-0.78 0.019
SOFA score (per 1 point increase) 1.14 0.94-1.38 0.185
Multivariable model 2: 28-day mortality Odds ratio 95% confidence interval p
Age (per 5-year increase) 1.34 1.04-1.73 0.024
C-reactive protein (per 100 mg/dL increase) 1.32 0.76-2.32 0.326
Leucine (per doubling) 0.21 0.06-0.75 0.016
SOFA score (per 1 point increase) 1.18 0.97-1.43 0.100
Multivariable model 3: 28-day mortality Odds ratio 95% confidence interval p
Age (per 5-year increase) 1.36 1.05-1.75 0.019
C-reactive protein (per 100 mg/dL increase) 1.47 0.86-2.49 0.156
Isoleucine (per doubling) 0.29 0.08-1.15 0.078
SOFA score (per 1 point increase) 1.17 0.97-1.42 0.099

Reproduced and adapted from (2) with permission from Nutrients. Odds ratio per doubling of

the predictor variable were obtained by a log2(x+1) transformation of the variable.

5.5.5. AUROC investigated with metabolomic results

For 28-day mortality, valine (AUROC=0.75, 95%CI: 0.62-0.89), leucine (AUROC=0.75,
95%CI: 0.62-0.88), and isoleucine (AUROC=0.69, 95%CI: 0.54-0.83) were strong
discriminators for the outcome. Also, regarding ICU mortality, valine (AUROC=0.75,
95%CI: 0.62-0.89), leucine (AUROC=0.73, 95%CI: 0.59-0.88), and isoleucine
(AUROC=0.71, 95%CI: 0.57-0.85) were strong markers to differentiate survivors from non-

survivors (Figure 8 upper-panel).

The AUROC for the SOFA score in regard to ICU- and 28-day mortality was shown above.
We investigated exploratorily, if a ratio of the SOFA score to a sum of BCAA (valine plus
leucine plus isoleucine) may be a good discriminator and found a higher AUROC of 0.74
(95%CI: 0.60-0.88) and 0.85 (95%CI: 0.73-0.96) for 28-day and ICU mortality, respectively

(Figure 8 lower-panel).
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Figure 8: AUROC of branched-chain amino acids for ICU mortality. Reproduced and
adapted from (2) with permission from Nutrients.

Upper panel: Valine (blue line), Leucine (red line), Isoleucine (green line).

Lower panel: SOFA score (blue line), ratio of SOFA score to BCAA (red line).

The orange line is the diagonal reference line representing a 50% chance.
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5.5.6. Survival analyses

We performed 28-day Kaplan-Meier survival-analyses and compared groups using a log-rank
test. Groups were defined as those above and those below the 25™ percentile of the respective
BCAA, which was 33.3, 44.1, and 13.7 NSI for valine, leucine, and isoleucine, respectively.
The survival estimates for valine were 66% vs 14% (log-rank p=0.0001), for leucine 64% vs
21% (log-rank p=0.003), and for isoleucine 61% vs 29% (log-rank p=0.003) in those patients

above compared to those below the 25" percentile (Figure 9).
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Figure 9: Kaplan-Meier survival curves for branched-chain amino acids. Reproduced
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6. Discussion

In my thesis, we investigated quantitative and qualitative alterations of lipoproteins in patients
with sepsis and septic shock who were admitted to the ICU. We found that the functionality
parameter arylesterase activity (AEA) of the HDL associated paraoxonase (PON) was a
robust predictor of ICU- and 28-day mortality. Furthermore, we investigated metabolites of
sepsis patients to validate our findings, to identify novel biomarkers allowing for early sepsis
detection, and to discover potential new therapeutic targets. We were able to reveal
significantly lower levels of the branched-chain amino acids (BCAA) group consisting of

valine, leucine, and isoleucine in sepsis non-survivors compared to survivors.

Sepsis is still a major contributor to mortality and morbidity in ICUs worldwide. The general
management of sepsis patients has improved over recent years, leading to a reduction in case
fatality rates. It is of utmost importance to detect sepsis early, allowing for immediate ICU
admission, monitoring, and treatment using established and proven therapies. This early
recognition of sepsis is necessary to allow prompt source control, to warrant aggressive
resuscitation measures including calculated administration of intravenous fluids and
vasopressors, as well as early antimicrobial therapy (88, 89). Several biomarkers have been
investigated as diagnostic and therapeutic options but were not consistently able to
demonstrate their value in sepsis patients. HDL has an important role in the reverse
cholesterol transport, especially in a modern world where a high caloric intake and obesity are
pandemically-like present. However, HDL is a complex particle with a vast number of
associated proteins and has prevailed over evolutionary-biological processes likely because it

influences several other relevant body functions including infection defense mechanisms.

In this study, we prospectively recruited 53 patients with sepsis and 25 controls without sepsis
or bacteremia at the time of sampling. The median age of the sepsis cohort was 66 years,
which is similar to other studies investigating ICU sepsis patients. Exemplarily, a study in
Dutch ICUs found a mean age of 64. Similarly, in a severe sepsis study assessing 198 ICUs in
Europe the median age was 65 years (43, 199). The age of admitted patients has been
increasing over the years and an analysis in the UK found that from 1996 to 2004 the mean
age increased from 59.5 to 62.2 years (36). In our study, the median time from ICU admission
until discharge from ICU was 6 days, while the hospital LOS was 16 days. In a study from
2001, the hospital LOS of ICU sepsis patients was 23.3 days (34). Mean hospital LOS
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significantly decreased from 17.3 in 2000 to 14.9 in 2007 (13). A later study found even
shorter hospital LOS at 11.1 days (45). On the other hand, a cohort study of severe sepsis
patients found a LOS similar to our study, with median ICU- and hospital LOS of 6 and 18
days, respectively (37). However, the reported ICU LOS throughout several studies had a
wide range, stretching from 10.3 to 16 days (21, 41, 200). This may be driven by ICU bed
capacities at the respective centers. In our study, the septic focus was localized in 42% in the
lungs. In 17% an abdominal focus was present, followed by a urogenital focus in 11% of
cases. These results are comparable to several other studies that also found the lungs and the

abdomen to be the predominant foci (21, 43, 44, 199).

Sepsis necessitating ICU care represents a disease that has extraordinarily high mortality
rates. In our study, the ICU- and 28-day mortality were 36% and 47%, respectively. In a
cohort study from several ICUs in Australia and New Zealand, severe sepsis ICU- and 28-day
mortality were 26.5% and 32.4%, respectively. However, compared to our study the patients
were younger and about a quarter were surgical patients (37). Another study found that the
mortality was higher in patients with older age, higher severity of comorbidities, medical
patients, absence of an identifiable pathogen, number of organs failed, and in women (10).
Sepsis incidence has been rising over the last decades, whereas case-fatality decreased. This is
possibly attributed to better overall supportive ICU care but may also be driven by a dilution
effect because less sick patients are admitted to ICU (30). In addition, in the USA more
patients admitted to the ICU had single organ failure while in Europe patients had higher rates
of multiple organ failure. Therefore, raw hospital mortality was higher in Europe with an
absolute difference of 12.8%. After adjustment for sepsis origin, disease severity and other
variables, the odds of mortality were not significantly different between Europe and the USA
(49). The ICU- and 28-day mortality were therefore, at first glance, higher in our cohort
compared to the above-mentioned study. This fact is likely due to a negative selection bias as
only more severely ill patients are admitted to our ICU as a tertiary center. Furthermore, more
stringent admission criteria are applied as medical ICU bed capacities are highly limited in
our region. This negative influencing factor has been noted before; case-fatality rises when
there is limited ICU bed capacity (30, 50). Other factors may also explain the differences
between the studies. Earlier studies used the previous sepsis-2 definition, which included a
less sick cohort than the currently valid sepsis-3 definition, which is much more restrictive. In

our study, only patients fulfilling sepsis-3 criteria were included. In a meta-analysis
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investigating studies from 2005 to 2018, septic shock was the cause for ICU admission in
10.4%, but only in 6.5% when applying sepsis 3-criteria (50). In the same paper, the study
authors found an ICU mortality of 37.3%, hospital mortality of 39.0% and 28/30-day
mortality of 36.7% when applying the “old” criteria. However, when using the sepsis-3
criteria for septic shock the ICU- and hospital mortality increased to 51.9% and 52.1%,
respectively (50). Furthermore, in a German study an ICU- and hospital mortality of 44.3%
and 50.9% for septic shock patients were found (21). Furthermore, we included only medical
patients who have higher odds for mortality compared to surgical patients (10, 43). Therefore,
considering all the mentioned factors, the mortality rates in our study are comparable to the
literature (44, 46, 201). Some factors must additionally be considered when investigating
sepsis patients. Balanced crystalloids and no colloidal infusions, except for the application of
albumin, were used in our patients, which is in accordance with current guidelines and studies
(88, 89, 202, 203). Noradrenalin/norepinephrine is the recommended first line vasopressor
and was used in all patients that needed catecholamine therapy. If necessary, vasopressin and

rarely dobutamine were used as needed (204-206).

Lipoproteins

Lipids are water-insoluble structures and are therefore either bound to transport proteins or
packed together with proteins, leading to the formation of lipoproteins. In the reverse
cholesterol transport, HDL particles take up cholesterol from peripheral tissues and transport
cholesterol to the liver. There, cholesterol uptake occurs via the SR-B1 pathway, or
cholesterol is transferred to ApoB-lipoproteins and is then taken up via the LDL receptor into
the liver. Excess cholesterol can then be removed from the body by excretion into the bile
(207, 208). Despite a suggested beneficial effect of high HDL-C levels in large scale
epidemiological studies that investigated cardiovascular risk factors, the causative role was
not established. In contrary, it was even found that the HDL-C levels had a U-shaped form for
cardiovascular risk (143). The capacity for reverse cholesterol transport is depending on the
functionality of HDL particles. For example, an inverse association of carotid intima-media
thickness was found with CEC but not with HDL-C (144). Apart from the important role of
HDL in reverse cholesterol transport, the HDL particle is also an essential part in immune-

defense and inflammatory response. HDL may bind and neutralize LPS and LTA of bacterial
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cell walls, inhibit adhesion molecules and platelet activation, modulate eNOS, and exhibit
antioxidant properties (173, 175, 209). HDL also regulates endothelial function, which is
especially important during sepsis where microcirculation disturbances are commonly present
(176, 210). In a network analysis of protein alterations, it was identified that HDL is the

central factor in sepsis patients (211).

In this thesis, we found that the quantitative HDL-C levels were significantly lower in ICU
sepsis at 14 mg/dL compared to ICU control patients without sepsis or bacteremia at 39
mg/dL. However, in sepsis patients, levels between survivors and non-survivors were not
statistically significant different. Similarly, in a study by Tanaka et al sepsis patients had
much lower HDL-C and total cholesterol levels than trauma patients, despite adjustment for
age and sex (164). Therefore, trauma which also results in severe stress and inflammation did
not cause lipid levels as low as in sepsis. However, different to our study, Tanaka et al
investigated surgical ICU patients with the primary sepsis foci being peritonitis. The same
group found in another study, that HDL-C was significantly lower in twenty septic shock
patients compared to twenty ICU controls without septic shock. Sepsis patients furthermore
showed a shift to larger HDL particles (157). Another study also has shown that HDL is
remodeled during the acute phase, and that the number of large particles increases (212). The
lower levels of HDL-C during the acute phase of sepsis may be a marker of disease severity
and are most likely caused by an acute decline. Nevertheless, it may be possible that lower
levels of HDL-C pave the way for a higher chance of acquiring sepsis. In the study by Grion
et al per Img/dL increase in HDL-C on admission the risk of developing sepsis decreased by
3% (154). On the other hand, in a study assessing baseline lipid levels in about 30,000
individuals, sepsis events occurred in 1,845 cases. The authors found that serum HDL-C had
no association with the occurrence of sepsis (213). Various studies have shown that the
decreased levels of lipoproteins including HDL-C develop during an acute phase and that
sepsis patients have lower levels than healthy individuals (158, 159, 161, 214). Several
explanations for decreased HDL-C levels are possible: acute consumption of HDL particles
for immune-defense, reduced liver synthesis of ApoA1l and therefore decreased formation of
HDL particles, and increased removal via the SR-B1 receptor. Furthermore, increased EL and
decreased LCAT activity may also contribute to the reduced HDL-C levels (164, 167, 215,
216). In addition to the non-significant association of the quantitative HDL-C with outcomes

as seen in our study; HDL-C is furthermore not a good marker for HDL composition (146).
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We found a strong inverse correlation between higher SOFA score as an established
parameter for organ dysfunction and HDL-C levels. Similarly, in surgical patients, SOFA
score was correlated with HDL-C. HDL-C levels were lower in those patients that were
mechanically ventilated (164). Cirstea et al found that decreased levels of HDL-C were
associated with higher rates of organ dysfunction in suspected sepsis (163). Likewise, Lekkou
et al found a correlation of HDL-C with inflammatory markers and with the SAPS Il score,
which is another disease severity score previously used in intensive care medicine (217, 218).
Despite strong correlations with severity, as well as significant differences between ICU
controls and sepsis patients, we found no significant association of HDL-C levels with ICU-
and 28-day mortality in logistic regression analyses. Animal models have shown that HDL-C
deficient mice are more likely to die from septic shock (219), but murine and human lipid
metabolism are not directly comparable (220). In humans, studies found heterogeneous
results, partially explained by different cohorts. However, ambiguous results were also found
when only medical ICU patients were included. Chien et al found that HDL-C on day one was
associated with sepsis 30-day mortality (162). In ALF and acute on chronic liver failure,
HDL-C levels were significantly lower in non-survivors compared to survivors but were not a
superior prognostic marker compared to conventional biomarkers such as bilirubin and
international normalized ratio (221). The before-mentioned group of Lekkou et al was able to
show that survivors of community-acquired severe sepsis had higher HDL-C levels, and that
all patients with HDL-C >25mg/dL survived (217). In contrast, in a study by Lee et al, HDL-
C levels were not significantly different between survivors and non-survivors. Furthermore,
only TG and SOFA score were associated with mortality, while HDL-C was not (165). A
study by Shor et al showed that 1 mg/dL increase in HDL-C lead to a 11% relative decrease in
the odds of sepsis. The authors also found that HDL-C levels <20 mg/dL compared to
>65mg/dL were associated with a 17.5-fold increase in odds for death in hospitalized patients
(155). However, the group investigated lipoprotein levels by chart review in hospitalized
patients not necessarily directly on admission and not only in ICU patients. Van Leeuwen et
al also did not find significant differences in lipoprotein concentrations between survivors and
non-survivors (161). Therefore, our results are in line with several of these studies as we did
not find a significant difference of HDL-C in survivors and non-survivors, nor an association
of HDL-C with ICU or 28-day mortality in sepsis patients. Our findings and the current

literature do not provide a clear causal relationship between HDL-C levels and mortality
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endpoints. This further underscores the importance of the quality of HDL compared to pure
quantity of HDL-C. In a study by Guirgis et al, the HDL inflammatory index, i.e. the ability
of HDL to protect LDL from oxidation, at emergency department enrollment was not
significantly different between patients with or without unfavorable outcomes. Nevertheless,
an increase of the HDL inflammatory index during the first 48 hours was found to be
associated with adverse outcome (222). However, the study did not correlate the obtained
results with severity of disease such as the SOFA score, had a small sample size, and not all
patients were admitted to the ICU. Furthermore, longitudinal changes over two days do not
allow for early outcome prediction or intervention. The same study group performed a
subgroup analysis in patients >65years and compared results to elderly healthy volunteers.
The HDL inflammatory index was higher, e.g. more dysfunctional HDL was present, in
patients with sepsis compared to healthy individuals (223). Despite that the studies did not
solely investigate ICU patients; the results nevertheless underline that the functionality of
HDL is relevant in sepsis. Apart from sepsis, similar results were found in other cohorts as
well. The absolute number of HDL-C is not associated with reduced cardiovascular risk in
patients with chronic kidney disease (CKD). It was found that dysfunctional HDL is present
in dialysis patients, which has less effective antioxidative mechanisms and reduced CEC
(224). However, further studies are still needed, as one monocentric investigation found no
association of CEC with cardiovascular risk in CKD G2-G4 patients (225). On the other hand,
clinical studies in the general population have shown a correlation between CEC and the
occurrence of CVD (144, 226). For CEC we were able to demonstrate a trend towards
decreased CEC in non-survivors compared to survivors at 8.4% and 9.6% (p=0.051),
respectively. The CEC as a functionality marker was not statistically significant associated
with ICU or 28-day mortality, but the CI suggests an association of decreased CEC with
increased ICU mortality in sepsis patients, which may have become significant with a larger

sample size.

The major finding of our study was that HDL-C levels, i.e. the quantitative amount, were not
associated with mortality outcomes, whereas the qualitative marker AEA of the HDL
associated PON was associated with ICU- and 28-day mortality in uni- and multivariable
analyses. PON represents parts of the functionality of the HDL particle, especially its anti-
inflammatory and antioxidative properties. These effects are especially relevant during acute

critical illness and sepsis (227, 228). PONI1 furthermore inhibits the formation of oxidized
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LDL in the presence of reactive oxygen species and reduces monocyte chemoattractant
protein 1 (MCP-1) production and release (181, 184, 229). In addition, it may be concluded
that lower HDL-C is a marker of disease severity, while the PON1 reflects the capability of
the defense mechanisms and determines outcomes. PON1 can hydrolyze oxidized
phospholipids and acts as a lactonase leading to neutralization of homoserine lactones, e.g.
from pseudomonas bacteria (183, 230-233). Several enzymes such as platelet-activating factor
acetylhydrolase and PON1 are more prominent in small dense HDL and these smaller HDL
particles have stronger antioxidative effects (234). In sepsis, however, there is a shift towards
larger HDL particles (212). Our study shows a significant lower AEA in sepsis patients
compared to controls (67 vs 111 mM/min/mL serum, p<0.0001). We were able to show that
AEA was associated with ICU- and 28-day mortality in univariable analysis. Furthermore, the
significant association with mortality endpoints prevailed in multivariable analyses, even
when adding the SOFA score into the model. This underlines the importance of the
functionality of HDL particles during sepsis. The CEC in our study was also lower in sepsis
compared to control patients, but this difference did not reach statistical significance. Apart
from our study, only few and small studies investigated qualitative HDL properties such as
AEA and CEC during sepsis. In a study with only fifteen septic patients, the authors found no
significant correlation between SOFA score and PON on admission (229). In our study, we
found significant inverse correlations of increasing SOFA score with reduced AEA, but no
correlation with CEC. Another small study assessed the PON1 in ten sepsis and ten controls
and found similar results between the groups (223). One study group suggested that PON1
monitoring may be used as a marker of the sepsis trajectory during the ICU stay (227).
Sharma et al found in a proteomic analysis, that patients with hospital acquired pneumonia
had lower levels of PON1 in comparison to healthy volunteers (211). Draganov et al found
that PONT1 levels were lower in sepsis non-survivors compared to survivors (235). The group
of Bojic et al found that surgical sepsis patients had lower PON1 activity compared to healthy
controls and that PON1 was inversely associated with the risk of death (236). Therefore, the
absence of differences between sepsis and control groups in some studies may be due to the
small sample size. However, the findings of our study are in line with the few larger studies
that have been reported and showed lower PON1 in sepsis compared to non-sepsis patients.
Nevertheless, data on the functionality of HDL particles during sepsis are still sparse and

further investigations are necessary. Paraoxon as a substrate for PON1 depends on the
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polymorphism of two allozymes. In contrast, phenylacetate is non-discriminating and reflects
both allozymes. In addition, several other genetic polymorphisms for PON1 have been
identified (231, 237). Therefore, we chose AEA with phenylacetate as a substrate to assess
PONI effectiveness as it is more representative of the enzyme and is not altered by PON1
genetic polymorphisms. Furthermore, paraoxon is highly toxic, while phenyl acetate used in
AEA is much safer to handle (233, 238). As noted, activity of PON is decreased during sepsis.
On the other hand, levels of SAA rise during the acute phase and these proteins associate with
HDL. ApoAl, usually the most abundant protein of HDL, is displaced by SAA. In addition,
other proteins including PON are also dislocated from HDL particles (154, 161, 227, 233,
239, 240). We also found that SAA levels are significantly elevated in sepsis patients

compared to ICU control patients (own unpublished data).

To improve sepsis outcomes and because of the pleiotropic effects of the HDL particle,
several different lipid-based therapies have been investigated. Reconstituted HDL (rHDL) and
ApoA1 mimetic peptides such peptide 4F may be therapeutic options during sepsis. ApoAl
mimetic peptides bind phospholipids and can associate with HDL (241, 242). For rtHDL
different formulations have been used with 1:50 to 1:150 (up to 1:200) ratios of ApoAl to
soybean phosphatidylcholine (243, 244). rHDL consisting of either phospholipid plus HDL
apoprotein or phospholipid plus synthesized 18-amino acid peptide (mimicking ApoAl) were
effective in LPS binding, while sole HDL apolipoprotein was not (174). In an animal model
in rats, ApoA1l mimetic peptides stabilized hemodynamics after induced endotoxemia (245).
Another animal study found that a reconstituted lipoprotein, containing human ApoA1l and
phosphatidylcholine (1:200 ratio) protected rabbits from endotoxemia. In addition, the authors
found that phosphatidylcholine without ApoA1l was significantly less effective (246). In three
different experimental sepsis models in mice, rtHDL significantly improved survival (247). In
one study, rHDL was able to increase HDL levels and to restore endothelial vascular function
in ABCA1 heterozygote humans (248). rHDL was also able to reduce cytokines and flu-like
symptoms in healthy males exposed to Escherichia coli endotoxin (249). Likewise, in another
study, healthy volunteers were exposed to Escherichia coli endotoxin and received either a
soy-based phospholipid-rich solution (92.5% phosphatidylcholine and 7.5% triglycerides
emulsified in sodium cholate) or placebo. Patients in the former group had lower
inflammatory markers, lower temperature, and less clinical symptoms (250). A multicenter

phase I randomized placebo-controlled trial (Lipid Infusion and Patient Outcomes in Sepsis -
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LIPOS study) tested a phospholipid emulsion in 1,379 patients with suspected or confirmed
gram-negative severe sepsis. There were no significant differences between 28-day mortality
or new-onset organ failure between the phospholipid or placebo group (251). Limitations
include, however, that recruitment was performed in 31 countries leading to large
heterogeneity in patient care. In a secondary analysis of the LIPOS study, the subgroups of
patients with serum albumin >1.5g/dL plus either cholesterol >1mM (40mg/dL) or
HDL>0.5mM (20mg/dL) had improved survival when treated with the study drug and it was
concluded that the negative results of the LIPOS trial may have been affected by the rate of
intravenous corticosteroid application (252). A tHDL (CSL-111 ®) was investigated for
coronary artery disease and failed to provide significant differences between groups in
atheroma or plaque volume but improved coronary score on angiography (253). Therefore, a
large multicenter trial of CSL-112 ®, the successor of the above mentioned rHDL, in
cardiovascular patients is currently performed. A search in PubMed for CSL-111/112 and
sepsis only provided the study from Tanaka et al (247), but no additional results were found.
In the Clinical Trial Registry (clinicaltrials.gov) currently no study for CSL-111/112 or other
rHDL in sepsis patients is listed. However, an intervention study using a lipid emulsion
(Smoflipid ®) is currently recruiting sepsis patients. Despite the negative results of the LIPOS
trial, further studies, with a more homogenous protocolized patient care and with

consideration of corticosteroid application, are necessary.

Metabolomics and BCAA

In this study, we performed a targeted proton NMR spectroscopy for lipoprotein-derived
parameters to validate and extend the previous findings. With this independent method we
were able to show that levels of several lipoproteins were significantly altered. Confirming
our previous data, we found that HDL-C, HDL-FC, ApoAl, and other parameters were
significantly lower, while TG were higher in sepsis patients than in controls. These findings
were highly significant as the corresponding p-values were below our calculated Sidak limit
to correct for multiple testing. In multivariate analysis using PCA there were strong visual
differences between ICU sepsis and ICU control patients. In O-PLS-DA, an algorithm where
group assignment is provided, the clustering was strong for sepsis and controls. However,

similar to the previous investigation, the quantitative lipoproteins were not associated with
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ICU- or 28-day mortality in both cohorts. These data therefore confirm the previous findings
that qualitative changes of lipoproteins are more relevant during sepsis than sole quantitative

alterations.

In addition to targeted investigations, 'H NMR allows for untargeted metabolomics (“global
metabolomics”) and provides results with strong robustness and allows for reproduceable
quantification. Within the metabolome, where a multitude of metabolites are present, effects
of the genome, transcriptome, the proteome, and environmental factors are embedded (254).
The metabolome gives a snapshot of all molecules present and indicates any physiological or
pathological functions of pathways within the human body. Usually during classic
investigations, only known biomarkers that are presumed to be relevant are examined. Other
unknown but highly relevant metabolites that play a role in a given disease or condition may
be missed. Therefore, to extend previous findings and to identify potential biomarkers and
options for future therapeutic interventions, we used this untargeted analysis in the sepsis
cohort. To enhance signal quality, we extracted samples and precipitated lipoproteins as these
large structures may mask small metabolite differences. Thus, the signal-to-noise ratio is

improved allowing small differences to be detected (255).

We were able to show that the levels of BCAA, which consist of valine, leucine, and
isoleucine were significantly lower in sepsis non-survivors compared to ICU sepsis survivors.
BCAA must be consumed by dietary intake of proteins, as this group is part of the essential
amino acids that cannot be synthesized by the body itself (256). BCAA are necessary for
protein synthesis and for improvement of muscle function and strength. In contrast to other
amino acids, BCAA are not primarily metabolized in the liver but through muscle tissue
(257). 1t is well known that patients with diabetes mellitus and insulin resistance have higher
levels of BCAA (258). Insulin resistance and hyperglycemia are also common features during
acute critical illness with a great degree of inflammation such as sepsis and studies have
investigated glucose targets in those patients (259, 260). Critical illness neuropathy and
myopathy with the degradation of muscle tissue and decreased muscle strength are also
common findings in sepsis patients (261). We found that BCAA levels were significantly
lower in sepsis survivors than non-survivors, and lower in patients with septic shock
compared to those without shock. This leads to the assumption, that the breakdown, i.e. the
catabolism of valine, leucine and isoleucine must be even higher than the release of BCAA

from muscle protein degradation with increasing sepsis severity. BCAA can be degraded
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through a reversible transamination modulated by branched-chain amino acid
aminotransferase (BCAT) followed by an irreversible oxidative decarboxylation which is
performed by the branched-chain alpha-keto acid dehydrogenase complex (BCKDC). The
BCAT is found in various tissues but barely in the liver, while the BCKDC, which is an
enzyme that is found on the inner mitochondrial membrane, is present throughout the body
including the liver (256, 262, 263). As BCAA must be consumed dietary to maintain levels in
the human body and cannot be synthesized, it might also be possible that the lower levels of
BCAA found in sepsis non-survivors have not occurred after sepsis but beforehand. On this
remark, four theories are possible. First, after an initial infection when sepsis has not yet
developed, levels of BCAA are decreased because of a reduced appetite leading to a
decreased oral intake while the body is fighting the infection (264, 265). Second, it might be
possible that low BCAA are present even before the infection took place. Hence, low BCAA
levels may predispose to sepsis and lead to worse trajectories when sepsis occurs. Reduced
levels of BCAA may therefore be a representation of reduced muscle mass leading to less
reserves during critical illness necessitating ICU care (266). Third, reduced BCAA may also
be a surrogate marker for distorted gastrointestinal function during critical illness with
permeability and uptake of nutrients being altered (267). Fourth, increased BCAA catabolism
leads to increased glutamine synthesis and glutamine is a substrate used by macrophages and
other inflammatory cells, therefore representing an immune response to infection (262). To
elucidate on this important topic, widespread population analysis of BCAA levels need to be
performed and cohorts then must be followed to investigate the rate of sepsis occurrence.
Therefore, the current knowledge is still limited, but animal studies suggest that the BCAA
decrease early after endotoxin application (268). Nevertheless, independently of the
underlying reason for reduced BCAA levels, measurement of BCAA on admission is a strong
predictor of mortality. We found that BCAA levels were associated with mortality outcome in
uni- and multivariable regression analyses. Therefore, in sepsis patients admitted to the ICU,
obtaining a BCAA level may serve as a prognostic marker, but could also be a target for
therapeutic intervention. Huang et al investigated patients with severe infection and found that
two types of metabolic changes were associated with higher chance of death — phenylalanine
>84uM and phenylalanine <84uM with leucine <93uM (269). Similarly, in our study we
found reduced levels of leucine in non-survivors, while the differences of phenylalanine did

not reach statistical significance. Other studies found in small cohorts that BCAA levels are
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reduced in sepsis patients compared to healthy individuals (270, 271). Also, a study group
found that levels of BCAA in sepsis patients admitted to ICU were reduced compared to ICU
patients without sepsis (272). The group of Liu et al investigated metabolites in ICU septic
shock survivors and non-survivors. They found significant differences of several metabolites,
notably, an increase of alanine, glutamate, glutamine, methionine, aromatic amino acids
(AAA) as well as lactate and citrate in non-survivors (273). Similarly, Freund et al found that
levels of AAA and sulfur-containing amino acids were higher, while levels of BCAA and
alanine were lower in sepsis non-survivors compared to survivors (274). Sepsis patients are
classified in those with and those without septic shock. Currently, the sepsis-3 criteria are
used, and the septic shock definition consists of a necessity of vasopressor therapy to maintain
a MAP above 65 mmHg despite adequate fluid resuscitation, and one biomarker, lactate,
which must be above 2 mmol/L (6). Therefore, patients classified as septic shock must have
had elevated lactate levels. In our study, we also found that lactate was significantly higher in
septic shock patients compared to sepsis patients without septic shock and therefore provided
an internal validation of our data. Interestingly, however, it was the most prominent marker to
differentiate between those groups, and no other biomarker provided better differentiation in
patients classified according to the current definition. The group of Puskarich et al found that
BCAA on admission were predictors for resolution of septic shock within 48 hours (275).
Therefore, BCAA may not only be predictors of outcome, but also correlate with disease
severity. In our study, we were able to show that BCAA were inversely correlated with SOFA
score representing the severity of organ dysfunction. In the septic shock subgroup, in addition
to lower BCAA, levels of 3-hydroxybutyrate were also significantly decreased in non-
survivors compared to survivors. BCAA additionally came into spotlight in liver cirrhosis
patients and were especially investigated in the role during hepatic encephalopathy. BCAA
were found to improve hepatic encephalopathy and cirrhotic patients profit from a
supplementation with BCAA (276, 277). The mechanistic background for this positive effect
1s that BCAA increase the detoxification of ammonia in muscle tissue and ammonia is a key
factor of hepatic encephalopathy (276, 278, 279). In one study, significant differences were
found between patients with septic shock and encephalopathy compared to infected patients
without encephalopathy. The former had lower levels of cysteine, isoleucine, glutamine, and
arginine but increased levels of gamma-aminobutyric acid (GABA), tryptophan,

phenylalanine, urea and ammonia (280). BCAA compete with the AAA, tryptophan, tyrosine,
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and phenylalanine, for transportation across the blood-brain-barrier. BCAA therefore reduce
cerebral tryptophan levels, a precursor for serotonin, which is a key substance in central
fatigue (281). In addition, one can calculate the ratio between BCAA and the AAA
phenylalanine and tyrosine, i.e. (valine plus leucine plus isoleucine) divided by
(phenylalanine plus tyrosine), sometimes called Fischer’s ratio — the normal ratio being
around three (282). One study found that the Fischer’s ratio was higher in healthy controls
compared to SIRS or sepsis patients (271). Furthermore, surgical patients without septic
encephalopathy had higher Fischer’s ratio than sepsis patients suffering from encephalopathy
(283). Some studies suggest beneficial effects of nutritional therapy that is enriched in BCAA
in critically ill patients. For example, in both human and animal studies, high BCAA content
was associated with increased BCAA/AAA ratio which improves encephalopathy and was
associated with an improved nitrogen balance representing the net effect of muscle anabolism
and catabolism (284-287). One randomized study found that BCAA supplementation to
parenteral nutrition improved survival in sepsis patients (288). Furthermore, in liver transplant
recipients the rate of postoperative bacteremia was significantly reduced in those receiving
oral BCAA (289). Nevertheless, an earlier study showed no benefit of BCAA
supplementation, however, limitations include that not all patients were treated in the ICU and
were predominantly surgical patients (290). BCAA inhibit proteolysis, improve immune
function, and activate mammalian target of rapamycin (mTOR) pathways. Furthermore,
BCAA support lymphocyte growth and natural killer cell activity, which may be especially
beneficial during sepsis (263, 291-293). A small study in post-surgical patients also found that
BCAA increased lymphocyte levels (294). Notably, sarcopenia is a risk factor for an inferior
outcome in critically ill patients with sepsis (295, 296). BCAA can enhance muscle mass and
counteract muscle degradation (297-299). Therefore, BCAA may have the highest

effectiveness in elderly, sarcopenic, and cirrhotic critically ill patients suffering from sepsis.
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7. Strengths and Limitations

In this work, we investigated patients with sepsis admitted to the ICU as well as ICU controls
without sepsis or bacteremia. A major strength is the exploration of lipoprotein parameters
and metabolomics in patients under real-world non-experimental conditions. In comparison,
mouse models have the limitation that the murine immune system is different to humans.
Furthermore, LPS mouse models often do not represent the clinical status observed in humans
and LPS may be used for endotoxic shock simulation but not for sepsis models. Often sudden
endotoxemia or high loads of bacteria are used in models, whereas in reality only few sepsis
patients present that fulminant. In contrast, sepsis may progress more slowly, and symptoms
can be very subtle. Therefore, those animal models have only limited value in the
investigation of sepsis prognostic markers and therapeutic options. Furthermore, mice have
different lipoprotein metabolism and are naturally CETP deficient, leading to cholesterol

transportation occurring mainly with HDL rather than LDL.

Another strength is the robustness of our data as we were able to study samples using two
independent methods which provided us with congruent results. Lactate was found to be
significantly different between sepsis and septic shock, which was expected due to current
sepsis-3 criteria. However, this finding underlines the strength and robustness of our data and

the good internal validity.

One more strength of our study is, that we only included medical ICU patients, which
represent a more homogeneous critically ill population. Other studies have included patients
from emergency departments, general wards, and ICU and therefore leading to a dilution
effect and less comparability. We were furthermore able to obtain samples early, in median
3.3 hours, after ICU admission thus providing an immediate snapshot of the biochemical

picture.

In addition, the appliance of an untargeted metabolomics approach enabled us to identify
altered BCAA in sepsis patients with significantly lower levels in non-survivors compared to
sepsis survivors. This underlines the value of specialized laboratory methods to identify
potential new markers, but also emphasizes the necessity of a good cooperation between

clinicians at the bedside and specialists in the laboratory.
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Several limitations of our study must be considered. First, we only included medical ICU
patients and performed a monocentric investigation. Therefore, despite very good internal
validity, the external validity may be limited. Results may be applicable for other ICUs in
Western countries but may not be transferable to all sepsis patients worldwide. According to a
WHO letter six million deaths per year occur due to sepsis worldwide. Prevention strategies
such has vaccines, good sanitation, access to save childbirth facilities, and access to clean
water can reduce the number of sepsis cases per year. As we included patients only at ICU
admission, leading to the inclusion of only the most critically ill patients and therefore more
homogeneity, we cannot rule out that patients presented at different times within the disease.
Some patients may have had a fulminant rapid trajectory, while others have subtle symptoms
and only present to the hospital and ICU after a few days. This fact is a problem of all sepsis
studies as patients may present at different time points of the disease. However, we were able
to show that BCAA were significantly lower in sepsis non-survivors, and that BCAA levels
were associated with mortality endpoints. Therefore, despite the unknown timepoint of
presentation, BCAA may represent an integral of anabolism and catabolism over the last days
prior to hospital admission. In this work, we only investigated whether patients survived or
succumbed during the ICU stay or within 28 days after admission. However, sepsis survivors
also have high morbidity such as neurocognitive disabilities, nutritional disorders, and
physical limitation after the ICU stay. Therefore, in future studies differences in morbidity
and long-term sequelae should also be investigated. A large limitation of our study is sample
size, as a larger cohort may have enabled us to detect even smaller differences between

groups and would have narrowed confidence intervals.

89



8. Conclusion and Outlook

We were able to provide novel insights regarding the role of lipoproteins in medical ICU
patients during sepsis. Furthermore, we were able to show that septic dyslipidemia consists of
quantitative changes of HDL-C and even more relevant, involves qualitative HDL particle
changes. Most importantly, the anti-inflammatory and antioxidative arylesterase activity of
the HDL associated PON was a strong predictor for ICU- and 28-day mortality. This effect
even prevailed in multivariable analysis despite addition of the SOFA score, which is a broad
ICU scoring system based on the severity of organ dysfunction. Furthermore, we validated
lipoprotein findings using 'H NMR spectroscopy as an independent method and therefore
provide robust results with strong internal validity. In an additional "H NMR untargeted
global metabolomics approach, we found that, apart from lipoproteins, branched-chain amino
acids were significantly lower in sepsis non-survivors compared to survivors. The branched-

chain amino acids were furthermore significantly associated with ICU- and 28-day mortality.

Future investigations should focus on examining arylesterase activity in a larger cohort of
sepsis as well as other critically ill patients. This is especially urgent as many previous sepsis
therapies have failed. The HDL particle has pleiotropic effects and may offer a wide potential

to mitigate the deleterious outcome of sepsis patients.

More insights also need to be generated regarding the role of plasma platelet activating factor
acetyl hydrolase, which is another anti-oxidative enzyme. In addition, phospholipase A2
cleaves phospholipids leading to the generation of lysophophatidylcholine, which also exhibit

anti-inflammatory effects.

In our cohort, as a next step, we plan on investigating HDL metabolism associated enzymes
such as LCAT, CETP, and PLTP in sepsis and control patients. Furthermore, endothelial

lipase and serum amyloid A, which also influence HDL particles, will be examined.

Ongoing investigations are particularly important as sepsis rates are increasing. The case-
fatality rate of sepsis is even higher than cardiovascular diseases, which has been in the

spotlight, while sepsis did not receive widespread public attention over the last years.

90



9. References

1. Reisinger AC, Schuller M, Holzer M, Stadler JT, Hackl G, Posch F, et al. Arylesterase
Activity of HDL Associated Paraoxonase as a Potential Prognostic Marker in Patients With
Sepsis and Septic Shock-A Prospective Pilot Study. Front Med (Lausanne). 2020;7:579677.
2. Reisinger AC, Posch F, Hackl G, Marsche G, Sourij H, Bourgeois B, et al. Branched-
Chain Amino Acids Can Predict Mortality in ICU Sepsis Patients. Nutrients. 2021;13(9).

3. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann P, et
al. Assessment of Global Incidence and Mortality of Hospital-treated Sepsis. Current
Estimates and Limitations. Am J Respir Crit Care Med. 2016;193(3):259-72.

4. Reinhart K, Daniels R, Kissoon N, Machado FR, Schachter RD, Finfer S. Recognizing
Sepsis as a Global Health Priority - A WHO Resolution. N Engl J Med. 2017;377(5):414-7.
5. WHA. World Health Assembly WHA 70.7 Improving the prevention, diagnosis and
clinical management of sepsis. 2017.

6. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al.
The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3).
JAMA. 2016;315(8):801-10.

7. Czura CJ. "Merinoff symposium 2010: sepsis"-speaking with one voice. Mol Med.
2011;17(1-2):2-3.

8. Gobatto AL, Besen BA, Azevedo LC. How Can We Estimate Sepsis Incidence and
Mortality? Shock. 2017;47(1S Suppl 1):6-11.

9. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the United
States from 1979 through 2000. N Engl J Med. 2003;348(16):1546-54.

10. Bouza C, Lopez-Cuadrado T, Saz-Parkinson Z, Amate-Blanco JM. Epidemiology and
recent trends of severe sepsis in Spain: a nationwide population-based analysis (2006-2011).
BMC Infect Dis. 2014;14:3863.

11.  Wilhelms SB, Huss FR, Granath G, Sjoberg F. Assessment of incidence of severe
sepsis in Sweden using different ways of abstracting International Classification of Diseases
codes: difficulties with methods and interpretation of results. Crit Care Med.
2010;38(6):1442-9.

12. Esper AM, Moss M, Lewis CA, Nisbet R, Mannino DM, Martin GS. The role of
infection and comorbidity: Factors that influence disparities in sepsis. Crit Care Med.
2006;34(10):2576-82.

13. Kumar G, Kumar N, Taneja A, Kaleekal T, Tarima S, McGinley E, et al. Nationwide
trends of severe sepsis in the 21st century (2000-2007). Chest. 2011;140(5):1223-31.

14. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, et al. Surviving
Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock:
2016. Crit Care Med. 2017;45(3):486-552.

15. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, et al. Surviving
Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock:
2016. Intensive Care Med. 2017;43(3):304-77.

16. Iwashita Y, Yamashita K, Ikai H, Sanui M, Imai H, Imanaka Y. Epidemiology of
mechanically ventilated patients treated in ICU and non-ICU settings in Japan: a retrospective
database study. Crit Care. 2018;22(1):329.

17.  Deutschman CS, Tracey KJ. Sepsis: current dogma and new perspectives. Immunity.
2014;40(4):463-75.

18.  Cohen J. The immunopathogenesis of sepsis. Nature. 2002;420(6917):885-91.

91



19.  Dombrovskiy VY, Martin AA, Sunderram J, Paz HL. Rapid increase in hospitalization
and mortality rates for severe sepsis in the United States: a trend analysis from 1993 to 2003.
Crit Care Med. 2007;35(5):1244-50.

20.  Martin GS. Sepsis, severe sepsis and septic shock: changes in incidence, pathogens
and outcomes. Expert Rev Anti Infect Ther. 2012;10(6):701-6.

21. SepNet Critical Care Trials G. Incidence of severe sepsis and septic shock in German
intensive care units: the prospective, multicentre INSEP study. Intensive Care Med.
2016;42(12):1980-9.

22.  Paoli CJ, Reynolds MA, Sinha M, Gitlin M, Crouser E. Epidemiology and Costs of
Sepsis in the United States-An Analysis Based on Timing of Diagnosis and Severity Level.
Crit Care Med. 2018;46(12):1889-97.

23.  Torio CM, Moore BJ. National Inpatient Hospital Costs: The Most Expensive
Conditions by Payer, 2013: Statistical Brief #204. Healthcare Cost and Utilization Project
(HCUP) Statistical Briefs. Rockville (MD)2006.

24.  Geroulanos S, Douka ET. Historical perspective of the word "sepsis". Intensive Care
Med. 2006;32(12):2077.

25.  Majno G. The ancient riddle of sigma eta psi iota sigma (sepsis). J Infect Dis.
1991;163(5):937-45.

26.  Marshall JC. Sepsis: rethinking the approach to clinical research. J Leukoc Biol.
2008;83(3):471-82.

27.  Vincent JL, Opal SM, Marshall JC, Tracey KJ. Sepsis definitions: time for change.
Lancet. 2013;381(9868):774-5.

28. Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al. Definitions
for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. The
ACCP/SCCM Consensus Conference Committee. American College of Chest
Physicians/Society of Critical Care Medicine. Chest. 1992;101(6):1644-55.

29.  Thomas L. Germs. N Engl J Med. 1972;287(11):553-5.

30. Cohen J, Vincent JL, Adhikari NK, Machado FR, Angus DC, Calandra T, et al.
Sepsis: a roadmap for future research. Lancet Infect Dis. 2015;15(5):581-614.

31. Rhee C, Jones TM, Hamad Y, Pande A, Varon J, O'Brien C, et al. Prevalence,
Underlying Causes, and Preventability of Sepsis-Associated Mortality in US Acute Care
Hospitals. JAMA Netw Open. 2019;2(2):e187571.

32.  Linde-Zwirble WT, Angus DC. Severe sepsis epidemiology: sampling, selection, and
society. Crit Care. 2004;8(4):222-6.

33.  Deptula A, Trejnowska E, Dubiel G, Wanke-Rytt M, Deptula M, Hryniewicz W.
Healthcare associated bloodstream infections in Polish hospitals: prevalence, epidemiology
and microbiology-summary data from the ECDC Point Prevalence Survey of Healthcare
Associated Infections 2012-2015. Eur J Clin Microbiol Infect Dis. 2018;37(3):565-70.

34, Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR.
Epidemiology of severe sepsis in the United States: analysis of incidence, outcome, and
associated costs of care. Crit Care Med. 2001;29(7):1303-10.

35.  Lagu T, Rothberg MB, Shieh MS, Pekow PS, Steingrub JS, Lindenauer PK.
Hospitalizations, costs, and outcomes of severe sepsis in the United States 2003 to 2007. Crit
Care Med. 2012;40(3):754-61.

36.  Harrison DA, Welch CA, Eddleston JM. The epidemiology of severe sepsis in
England, Wales and Northern Ireland, 1996 to 2004: secondary analysis of a high quality
clinical database, the ICNARC Case Mix Programme Database. Crit Care. 2006;10(2):R42.

92



37.  Finfer S, Bellomo R, Lipman J, French C, Dobb G, Myburgh J. Adult-population
incidence of severe sepsis in Australian and New Zealand intensive care units. Intensive Care
Med. 2004;30(4):589-96.

38. Gaieski DF, Edwards JM, Kallan MJ, Carr BG. Benchmarking the incidence and
mortality of severe sepsis in the United States. Crit Care Med. 2013;41(5):1167-74.

39.  Cheng AC, West TE, Limmathurotsakul D, Peacock SJ. Strategies to reduce mortality
from bacterial sepsis in adults in developing countries. PLoS Med. 2008;5(8):e175.

40.  Adhikari NK, Fowler RA, Bhagwanjee S, Rubenfeld GD. Critical care and the global
burden of critical illness in adults. Lancet. 2010;376(9749):1339-46.

41. Vincent JL, Rello J, Marshall J, Silva E, Anzueto A, Martin CD, et al. International
study of the prevalence and outcomes of infection in intensive care units. JAMA.
2009;302(21):2323-9.

42.  Walkey AJ, Wiener RS. Hospital case volume and outcomes among patients
hospitalized with severe sepsis. Am J Respir Crit Care Med. 2014;189(5):548-55.

43, Vincent JL, Sakr Y, Sprung CL, Ranieri VM, Reinhart K, Gerlach H, et al. Sepsis in
European intensive care units: results of the SOAP study. Crit Care Med. 2006;34(2):344-53.
44, Silva E, Pedro Mde A, Sogayar AC, Mohovic T, Silva CL, Janiszewski M, et al.
Brazilian Sepsis Epidemiological Study (BASES study). Crit Care. 2004;8(4):R251-60.

45. Jones SL, Ashton CM, Kiehne LB, Nicolas JC, Rose AL, Shirkey BA, et al. Outcomes
and Resource Use of Sepsis-associated Stays by Presence on Admission, Severity, and
Hospital Type. Med Care. 2016;54(3):303-10.

46. Driessen RGH, van de Poll MCG, Mol MF, van Mook W, Schnabel RM. The
influence of a change in septic shock definitions on intensive care epidemiology and outcome:
comparison of sepsis-2 and sepsis-3 definitions. Infect Dis (Lond). 2018;50(3):207-13.

47.  Flaatten H. Epidemiology of sepsis in Norway in 1999. Crit Care. 2004;8(4):R180-4.
48. Stevenson EK, Rubenstein AR, Radin GT, Wiener RS, Walkey AJ. Two decades of
mortality trends among patients with severe sepsis: a comparative meta-analysis*. Crit Care
Med. 2014;42(3):625-31.

49. Levy MM, Artigas A, Phillips GS, Rhodes A, Beale R, Osborn T, et al. Outcomes of
the Surviving Sepsis Campaign in intensive care units in the USA and Europe: a prospective
cohort study. Lancet Infect Dis. 2012;12(12):919-24.

50. Vincent JL, Jones G, David S, Olariu E, Cadwell KK. Frequency and mortality of
septic shock in Europe and North America: a systematic review and meta-analysis. Crit Care.
2019;23(1):196.

51. Shah RU, Henry TD, Rutten-Ramos S, Garberich RF, Tighiouart M, Bairey Merz CN.
Increasing percutaneous coronary interventions for ST-segment elevation myocardial
infarction in the United States: progress and opportunity. JACC Cardiovasc Interv. 2015;8(1
Pt B):139-46.

52.  Balk RA, Bone RC. The septic syndrome. Definition and clinical implications. Crit
Care Clin. 1989;5(1):1-8.

53. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Intensive Care
Med. 2003;29(4):530-8.

54. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Crit Care Med.
2003;31(4):1250-6.

55.  Balk RA. Systemic inflammatory response syndrome (SIRS): where did it come from
and is it still relevant today? Virulence. 2014;5(1):20-6.

93



56. Churpek MM, Zadravecz FJ, Winslow C, Howell MD, Edelson DP. Incidence and
Prognostic Value of the Systemic Inflammatory Response Syndrome and Organ Dysfunctions
in Ward Patients. Am J Respir Crit Care Med. 2015;192(8):958-64.

57. Sprung CL, Sakr Y, Vincent JL, Le Gall JR, Reinhart K, Ranieri VM, et al. An
evaluation of systemic inflammatory response syndrome signs in the Sepsis Occurrence In
Acutely Il Patients (SOAP) study. Intensive Care Med. 2006;32(3):421-7.

58.  Kaukonen KM, Bailey M, Pilcher D, Cooper DJ, Bellomo R. Systemic inflammatory
response syndrome criteria in defining severe sepsis. N Engl J Med. 2015;372(17):1629-38.
59.  Alberti C, Brun-Buisson C, Goodman SV, Guidici D, Granton J, Moreno R, et al.
Influence of systemic inflammatory response syndrome and sepsis on outcome of critically ill
infected patients. Am J Respir Crit Care Med. 2003;168(1):77-84.

60. Sprung CL, Schein RM, Balk RA. To SIRS With Love-An Open Letter. Crit Care
Med. 2017;45(4):736-8.

61. Shankar-Hari M, Phillips GS, Levy ML, Seymour CW, Liu VX, Deutschman CS, et
al. Developing a New Definition and Assessing New Clinical Criteria for Septic Shock: For
the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA.
2016;315(8):775-87.

62. Seymour CW, Liu VX, Iwashyna TJ, Brunkhorst FM, Rea TD, Scherag A, et al.
Assessment of Clinical Criteria for Sepsis: For the Third International Consensus Definitions
for Sepsis and Septic Shock (Sepsis-3). JAMA. 2016;315(8):762-74.

63. Perner A, Gordon AC, De Backer D, Dimopoulos G, Russell JA, Lipman J, et al.
Sepsis: frontiers in diagnosis, resuscitation and antibiotic therapy. Intensive Care Med.
2016;42(12):1958-69.

64. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H, et al. The
SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure.
On behalf of the Working Group on Sepsis-Related Problems of the European Society of
Intensive Care Medicine. Intensive Care Med. 1996;22(7):707-10.

65.  Sprung CL, Trahtemberg U. What Definition Should We Use for Sepsis and Septic
Shock? Crit Care Med. 2017;45(9):1564-7.

66.  Rudd KE, Delaney A, Finfer S. Counting Sepsis, an Imprecise but Improving Science.
JAMA. 2017;318(13):1228-9.

67.  Poeze M, Ramsay G, Gerlach H, Rubulotta F, Levy M. An international sepsis survey:
a study of doctors' knowledge and perception about sepsis. Crit Care. 2004;8(6):R409-13.

68. Cheng B, Xie G, Yao S, Wu X, Guo Q, Gu M, et al. Epidemiology of severe sepsis in
critically ill surgical patients in ten university hospitals in China. Crit Care Med.
2007;35(11):2538-46.

69. Martinez ML, Ferrer R, Torrents E, Guillamat-Prats R, Goma G, Suarez D, et al.
Impact of Source Control in Patients With Severe Sepsis and Septic Shock. Crit Care Med.
2017;45(1):11-9.

70. Bloos F, Thomas-Ruddel D, Ruddel H, Engel C, Schwarzkopf D, Marshall JC, et al.
Impact of compliance with infection management guidelines on outcome in patients with
severe sepsis: a prospective observational multi-center study. Crit Care. 2014;18(2):R42.

71. Azuhata T, Kinoshita K, Kawano D, Komatsu T, Sakurai A, Chiba Y, et al. Time from
admission to initiation of surgery for source control is a critical determinant of survival in
patients with gastrointestinal perforation with associated septic shock. Crit Care.
2014;18(3):R87.

94



72. Rivers E, Nguyen B, Havstad S, Ressler J, Muzzin A, Knoblich B, et al. Early goal-
directed therapy in the treatment of severe sepsis and septic shock. N Engl J Med.
2001;345(19):1368-77.

73. Pro CI, Yealy DM, Kellum JA, Huang DT, Barnato AE, Weissfeld LA, et al. A
randomized trial of protocol-based care for early septic shock. N Engl J Med.
2014;370(18):1683-93.

74. Mouncey PR, Osborn TM, Power GS, Harrison DA, Sadique MZ, Grieve RD, et al.
Trial of early, goal-directed resuscitation for septic shock. N Engl J Med. 2015;372(14):1301-
11.

75. Investigators A, Group ACT, Peake SL, Delaney A, Bailey M, Bellomo R, et al. Goal-
directed resuscitation for patients with early septic shock. N Engl J Med. 2014;371(16):1496-
506.

76. Bloos F, Ruddel H, Thomas-Ruddel D, Schwarzkopf D, Pausch C, Harbarth S, et al.
Effect of a multifaceted educational intervention for anti-infectious measures on sepsis
mortality: a cluster randomized trial. Intensive Care Med. 2017;43(11):1602-12.

77. Puskarich MA, Trzeciak S, Shapiro NI, Arnold RC, Horton JM, Studnek JR, et al.
Association between timing of antibiotic administration and mortality from septic shock in
patients treated with a quantitative resuscitation protocol. Crit Care Med. 2011;39(9):2066-71.
78. Kumar A, Roberts D, Wood KE, Light B, Parrillo JE, Sharma S, et al. Duration of
hypotension before initiation of effective antimicrobial therapy is the critical determinant of
survival in human septic shock. Crit Care Med. 2006;34(6):1589-96.

79. Bernard GR, Vincent JL, Laterre PF, LaRosa SP, Dhainaut JF, Lopez-Rodriguez A, et
al. Efficacy and safety of recombinant human activated protein C for severe sepsis. N Engl J
Med. 2001;344(10):699-709.

80. Ferrer R, Artigas A, Suarez D, Palencia E, Levy MM, Arenzana A, et al. Effectiveness
of treatments for severe sepsis: a prospective, multicenter, observational study. Am J Respir
Crit Care Med. 2009;180(9):861-6.

81. Abraham E, Laterre PF, Garg R, Levy H, Talwar D, Trzaskoma BL, et al. Drotrecogin
alfa (activated) for adults with severe sepsis and a low risk of death. N Engl J Med.
2005;353(13):1332-41.

82. Ranieri VM, Thompson BT, Barie PS, Dhainaut JF, Douglas IS, Finfer S, et al.
Drotrecogin alfa (activated) in adults with septic shock. N Engl J Med. 2012;366(22):2055-
64.

83.  Wiersinga WJ, Leopold SJ, Cranendonk DR, van der Poll T. Host innate immune
responses to sepsis. Virulence. 2014;5(1):36-44.

84. Opal SM, Laterre PF, Francois B, LaRosa SP, Angus DC, Mira JP, et al. Effect of
eritoran, an antagonist of MD2-TLR4, on mortality in patients with severe sepsis: the
ACCESS randomized trial. JAMA. 2013;309(11):1154-62.

85. Supady A, Weber E, Rieder M, Lother A, Niklaus T, Zahn T, et al. Cytokine
adsorption in patients with severe COVID-19 pneumonia requiring extracorporeal membrane
oxygenation (CYCOYV): a single centre, open-label, randomised, controlled trial. Lancet
Respir Med. 2021;9(7):755-62.

86.  Wendel Garcia PD, Hilty MP, Held U, Kleinert EM, Maggiorini M. Cytokine
adsorption in severe, refractory septic shock. Intensive Care Med. 2021.

87. Joannes-Boyau O, Honore PM, Perez P, Bagshaw SM, Grand H, Canivet JL, et al.
High-volume versus standard-volume haemofiltration for septic shock patients with acute
kidney injury (IVOIRE study): a multicentre randomized controlled trial. Intensive Care Med.
2013;39(9):1535-46.

95



88. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, et al.
Surviving sepsis campaign: international guidelines for management of sepsis and septic
shock 2021. Intensive Care Med. 2021.

89. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, et al.
Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and Septic
Shock 2021. Crit Care Med. 2021;49(11):e1063-e143.

90. Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, et al. Diagnosis
and Treatment of Adults with Community-acquired Pneumonia. An Official Clinical Practice
Guideline of the American Thoracic Society and Infectious Diseases Society of America. Am
J Respir Crit Care Med. 2019;200(7):e45-e67.

91. Black S, Kushner I, Samols D. C-reactive Protein. The Journal of biological
chemistry. 2004;279(47):48487-90.

92.  Tillett WS, Francis T. Serological Reactions in Pneumonia with a Non-Protein
Somatic Fraction of Pneumococcus. J Exp Med. 1930;52(4):561-71.

93.  Pepys MB, Hirschfield GM. C-reactive protein: a critical update. The Journal of
clinical investigation. 2003;111(12):1805-12.

94. Morgenthaler NG, Struck J, Chancerelle Y, Weglohner W, Agay D, Bohuon C, et al.
Production of procalcitonin (PCT) in non-thyroidal tissue after LPS injection. Horm Metab
Res. 2003;35(5):290-5.

95. Christ-Crain M, Muller B. Procalcitonin in bacterial infections--hype, hope, more or
less? Swiss Med Wkly. 2005;135(31-32):451-60.

96. Wacker C, Prkno A, Brunkhorst FM, Schlattmann P. Procalcitonin as a diagnostic
marker for sepsis: a systematic review and meta-analysis. Lancet Infect Dis. 2013;13(5):426-
35.

97. Jensen JU, Hein L, Lundgren B, Bestle MH, Mohr TT, Andersen MH, et al.
Procalcitonin-guided interventions against infections to increase early appropriate antibiotics
and improve survival in the intensive care unit: a randomized trial. Crit Care Med.
2011;39(9):2048-58.

98. Layios N, Lambermont B, Canivet JL, Morimont P, Preiser JC, Garweg C, et al.
Procalcitonin usefulness for the initiation of antibiotic treatment in intensive care unit
patients. Crit Care Med. 2012;40(8):2304-9.

99. Bouadma L, Luyt CE, Tubach F, Cracco C, Alvarez A, Schwebel C, et al. Use of
procalcitonin to reduce patients' exposure to antibiotics in intensive care units (PRORATA
trial): a multicentre randomised controlled trial. Lancet. 2010;375(9713):463-74.

100. Engel H, Ben Hamouda N, Portmann K, Delodder F, Suys T, Feihl F, et al. Serum
procalcitonin as a marker of post-cardiac arrest syndrome and long-term neurological
recovery, but not of early-onset infections, in comatose post-anoxic patients treated with
therapeutic hypothermia. Resuscitation. 2013;84(6):776-81.

101. Latour-Perez J, Alcala-Lopez A, Garcia-Garcia MA, Sanchez-Hernandez JF, Abad-
Terrado C, Viedma-Contreras JA, et al. Diagnostic accuracy of sSTREM-1 to identify infection
in critically ill patients with systemic inflammatory response syndrome. Clin Biochem.
2010;43(9):720-4.

102. Dimoula A, Pradier O, Kassengera Z, Dalcomune D, Turkan H, Vincent JL. Serial
determinations of neutrophil CD64 expression for the diagnosis and monitoring of sepsis in
critically ill patients. Clin Infect Dis. 2014;58(6):820-9.

103. Gibot S, Bene MC, Noel R, Massin F, Guy J, Cravoisy A, et al. Combination
biomarkers to diagnose sepsis in the critically ill patient. Am J Respir Crit Care Med.
2012;186(1):65-71.

96



104. Pierrakos C, Vincent JL. Sepsis biomarkers: a review. Crit Care. 2010;14(1):R15.
105. Cockerill GW, Reed S. High-density lipoprotein: multipotent effects on cells of the
vasculature. Int Rev Cytol. 1999;188:257-97.

106. Murch O, Collin M, Hinds CJ, Thiemermann C. Lipoproteins in inflammation and
sepsis. L. Basic science. Intensive Care Med. 2007;33(1):13-24.

107. Lappegard KT, Kjellmo CA, Hovland A. High-Density Lipoprotein Subfractions:
Much Ado about Nothing or Clinically Important? Biomedicines. 2021;9(7).

108. Sniderman AD, Thanassoulis G, Glavinovic T, Navar AM, Pencina M, Catapano A, et
al. Apolipoprotein B Particles and Cardiovascular Disease: A Narrative Review. JAMA
Cardiol. 2019;4(12):1287-95.

109. Barker G, Leeuwenburgh C, Brusko T, Moldawer L, Reddy ST, Guirgis FW. Lipid
and Lipoprotein Dysregulation in Sepsis: Clinical and Mechanistic Insights into Chronic
Critical Illness. J Clin Med. 2021;10(8).

110. Chiesa G, Sirtori CR. Apolipoprotein A-I(Milano): current perspectives. Curr Opin
Lipidol. 2003;14(2):159-63.

111.  Morin EE, Guo L, Schwendeman A, Li XA. HDL in sepsis - risk factor and
therapeutic approach. Front Pharmacol. 2015;6:244.

112.  Sorci-Thomas MG, Thomas MJ. The effects of altered apolipoprotein A-I structure on
plasma HDL concentration. Trends Cardiovasc Med. 2002;12(3):121-8.

113. Eisenberg S. High density lipoprotein metabolism. J Lipid Res. 1984;25(10):1017-58.
114. Zannis VI, Chroni A, Krieger M. Role of apoA-I, ABCA1, LCAT, and SR-BI in the
biogenesis of HDL. J Mol Med (Berl). 2006;84(4):276-94.

115. Daniil G, Phedonos AA, Holleboom AG, Motazacker MM, Argyri L, Kuivenhoven
JA, et al. Characterization of antioxidant/anti-inflammatory properties and apoA-I-containing
subpopulations of HDL from family subjects with monogenic low HDL disorders. Clin Chim
Acta. 2011;412(13-14):1213-20.

116. Ji A, Wroblewski JM, Cai L, de Beer MC, Webb NR, van der Westhuyzen DR.
Nascent HDL formation in hepatocytes and role of ABCA1, ABCG1, and SR-BI. J Lipid Res.
2012;53(3):446-55.

117. Rye KA, Clay MA, Barter PJ. Remodelling of high density lipoproteins by plasma
factors. Atherosclerosis. 1999;145(2):227-38.

118.  Wang X, Collins HL, Ranalletta M, Fuki IV, Billheimer JT, Rothblat GH, et al.
Macrophage ABCA1 and ABCG1, but not SR-BI, promote macrophage reverse cholesterol
transport in vivo. The Journal of clinical investigation. 2007;117(8):2216-24.

119. Charles MA, Kane JP. New molecular insights into CETP structure and function: a
review. J Lipid Res. 2012;53(8):1451-8.

120. Chajek T, Fielding CJ. Isolation and characterization of a human serum cholesteryl
ester transfer protein. Proceedings of the National Academy of Sciences of the United States
of America. 1978;75(7):3445-9.

121. Rothblat GH, Phillips MC. High-density lipoprotein heterogeneity and function in
reverse cholesterol transport. Curr Opin Lipidol. 2010;21(3):229-38.

122.  Masson D, Jiang XC, Lagrost L, Tall AR. The role of plasma lipid transfer proteins in
lipoprotein metabolism and atherogenesis. J Lipid Res. 2009;50 Suppl:S201-6.

123. Jaye M, Lynch KJ, Krawiec J, Marchadier D, Maugeais C, Doan K, et al. A novel
endothelial-derived lipase that modulates HDL metabolism. Nat Genet. 1999;21(4):424-8.
124.  Schilcher I, Stadler JT, Lechleitner M, Hrzenjak A, Berghold A, Pregartner G, et al.
Endothelial Lipase Modulates Paraoxonase 1 Content and Arylesterase Activity of HDL. Int J
Mol Sci. 2021;22(2).

97



125. Badellino KO, Wolfe ML, Reilly MP, Rader DJ. Endothelial lipase is increased in
vivo by inflammation in humans. Circulation. 2008;117(5):678-85.

126. Castelli WP. Cardiovascular disease and multifactorial risk: challenge of the 1980s.
Am Heart J. 1983;106(5 Pt 2):1191-200.

127. Emerging Risk Factors C, Di Angelantonio E, Sarwar N, Perry P, Kaptoge S, Ray KK,
et al. Major lipids, apolipoproteins, and risk of vascular disease. JAMA. 2009;302(18):1993-
2000.

128.  Gordon DJ, Ritkind BM. High-density lipoprotein--the clinical implications of recent
studies. N Engl J Med. 1989;321(19):1311-6.

129. Schwartz GG, Olsson AG, Abt M, Ballantyne CM, Barter PJ, Brumm J, et al. Effects
of dalcetrapib in patients with a recent acute coronary syndrome. N Engl J Med.
2012;367(22):2089-99.

130. Barter PJ, Caulfield M, Eriksson M, Grundy SM, Kastelein JJ, Komajda M, et al.
Effects of torcetrapib in patients at high risk for coronary events. N Engl J Med.
2007;357(21):2109-22.

131. Lincoff AM, Nicholls SJ, Riesmeyer JS, Barter PJ, Brewer HB, Fox KAA, et al.
Evacetrapib and Cardiovascular Outcomes in High-Risk Vascular Disease. N Engl J Med.
2017;376(20):1933-42.

132. Briel M, Ferreira-Gonzalez I, You JJ, Karanicolas PJ, Akl EA, Wu P, et al.
Association between change in high density lipoprotein cholesterol and cardiovascular disease
morbidity and mortality: systematic review and meta-regression analysis. BMJ.
2009;338:b92.

133.  Voight BF, Peloso GM, Orho-Melander M, Frikke-Schmidt R, Barbalic M, Jensen
MK, et al. Plasma HDL cholesterol and risk of myocardial infarction: a mendelian
randomisation study. Lancet. 2012;380(9841):572-80.

134. Haase CL, Tybjaerg-Hansen A, Qayyum AA, Schou J, Nordestgaard BG, Frikke-
Schmidt R. LCAT, HDL cholesterol and ischemic cardiovascular disease: a Mendelian
randomization study of HDL cholesterol in 54,500 individuals. J Clin Endocrinol Metab.
2012;97(2):E248-56.

135. Zanoni P, Khetarpal SA, Larach DB, Hancock-Cerutti WF, Millar JS, Cuchel M, et al.
Rare variant in scavenger receptor BI raises HDL cholesterol and increases risk of coronary
heart disease. Science (New York, NY). 2016;351(6278):1166-71.

136. Rubins HB, Robins SJ, Collins D, Fye CL, Anderson JW, Elam MB, et al.
Gemfibrozil for the secondary prevention of coronary heart disease in men with low levels of
high-density lipoprotein cholesterol. Veterans Affairs High-Density Lipoprotein Cholesterol
Intervention Trial Study Group. N Engl J Med. 1999;341(6):410-8.

137.  Brown BG, Zhao XQ, Chait A, Fisher LD, Cheung MC, Morse JS, et al. Simvastatin
and niacin, antioxidant vitamins, or the combination for the prevention of coronary disease. N
Engl J Med. 2001;345(22):1583-92.

138.  Otvos JD, Jeyarajah EJ, Cromwell WC. Measurement issues related to lipoprotein
heterogeneity. Am J Cardiol. 2002;90(8A):22i-9i.

139. Investigators A-H, Boden WE, Probstfield JL, Anderson T, Chaitman BR, Desvignes-
Nickens P, et al. Niacin in patients with low HDL cholesterol levels receiving intensive statin
therapy. N Engl J Med. 2011;365(24):2255-67.

140. Group HTC, Landray MJ, Haynes R, Hopewell JC, Parish S, Aung T, et al. Effects of
extended-release niacin with laropiprant in high-risk patients. N Engl J Med.
2014;371(3):203-12.

98



141. Bowe B, Xie Y, Xian H, Balasubramanian S, Zayed MA, Al-Aly Z. High Density
Lipoprotein Cholesterol and the Risk of All-Cause Mortality among U.S. Veterans. Clin J] Am
Soc Nephrol. 2016;11(10):1784-93.

142. Ko DT, Alter DA, Guo H, Koh M, Lau G, Austin PC, et al. High-Density Lipoprotein
Cholesterol and Cause-Specific Mortality in Individuals Without Previous Cardiovascular
Conditions: The CANHEART Study. J Am Coll Cardiol. 2016;68(19):2073-83.

143. Madsen CM, Varbo A, Nordestgaard BG. Extreme high high-density lipoprotein
cholesterol is paradoxically associated with high mortality in men and women: two
prospective cohort studies. Eur Heart J. 2017;38(32):2478-86.

144. Khera AV, Cuchel M, de la Llera-Moya M, Rodrigues A, Burke MF, Jaftri K, et al.
Cholesterol efflux capacity, high-density lipoprotein function, and atherosclerosis. N Engl J
Med. 2011;364(2):127-35.

145. Rohatgi A, Khera A, Berry JD, Givens EG, Ayers CR, Wedin KE, et al. HDL
cholesterol efflux capacity and incident cardiovascular events. N Engl J Med.
2014;371(25):2383-93.

146. Blauw LL, Wang Y, Willems van Dijk K, Rensen PCN. A Novel Role for CETP as
Immunological Gatekeeper: Raising HDL to Cure Sepsis? Trends Endocrinol Metab.
2020;31(5):334-43.

147. Davidson WS. HDL-C vs HDL-P: how changing one letter could make a difference in
understanding the role of high-density lipoprotein in disease. Clin Chem. 2014;60(11):e1-3.
148. Hutchins PM, Ronsein GE, Monette JS, Pamir N, Wimberger J, He Y, et al.
Quantification of HDL particle concentration by calibrated ion mobility analysis. Clin Chem.
2014;60(11):1393-401.

149. Kontush A. HDL particle number and size as predictors of cardiovascular disease.
Front Pharmacol. 2015;6:218.

150. Mackey RH, Greenland P, Goff DC, Jr., Lloyd-Jones D, Sibley CT, Mora S. High-
density lipoprotein cholesterol and particle concentrations, carotid atherosclerosis, and
coronary events: MESA (multi-ethnic study of atherosclerosis). J Am Coll Cardiol.
2012;60(6):508-16.

151. Reuben DB, Ix JH, Greendale GA, Seeman TE. The predictive value of combined
hypoalbuminemia and hypocholesterolemia in high functioning community-dwelling older
persons: MacArthur Studies of Successful Aging. J] Am Geriatr Soc. 1999;47(4):402-6.

152. Iribarren C, Jacobs DR, Jr., Sidney S, Claxton AJ, Feingold KR. Cohort study of
serum total cholesterol and in-hospital incidence of infectious diseases. Epidemiol Infect.
1998;121(2):335-47.

153. Delgado-Rodriguez M, Medina-Cuadros M, Gomez-Ortega A, Martinez-Gallego G,
Mariscal-Ortiz M, Martinez-Gonzalez MA, et al. Cholesterol and serum albumin levels as
predictors of cross infection, death, and length of hospital stay. Arch Surg. 2002;137(7):805-
12.

154. Grion CM, Cardoso LT, Perazolo TF, Garcia AS, Barbosa DS, Morimoto HK, et al.
Lipoproteins and CETP levels as risk factors for severe sepsis in hospitalized patients. Eur J
Clin Invest. 2010;40(4):330-8.

155. Shor R, Wainstein J, Oz D, Boaz M, Matas Z, Fux A, et al. Low HDL levels and the
risk of death, sepsis and malignancy. Clin Res Cardiol. 2008;97(4):227-33.

156. Madsen CM, Varbo A, Tybjaerg-Hansen A, Frikke-Schmidt R, Nordestgaard BG. U-
shaped relationship of HDL and risk of infectious disease: two prospective population-based
cohort studies. Eur Heart J. 2018;39(14):1181-90.

99



157. Tanaka S, Diallo D, Delbosc S, Geneve C, Zappella N, Yong-Sang J, et al. High-
density lipoprotein (HDL) particle size and concentration changes in septic shock patients.
Ann Intensive Care. 2019;9(1):68.

158. Sammalkorpi K, Valtonen V, Kerttula Y, Nikkila E, Taskinen MR. Changes in serum
lipoprotein pattern induced by acute infections. Metabolism: clinical and experimental.
1988;37(9):859-65.

159. Alvarez C, Ramos A. Lipids, lipoproteins, and apoproteins in serum during infection.
Clin Chem. 1986;32(1 Pt 1):142-5.

160. Cappi SB, Noritomi DT, Velasco IT, Curi R, Loureiro TC, Soriano FG. Dyslipidemia:
a prospective controlled randomized trial of intensive glycemic control in sepsis. Intensive
Care Med. 2012;38(4):634-41.

161. van Leeuwen HJ, Heezius EC, Dallinga GM, van Strijp JA, Verhoef J, van Kessel KP.
Lipoprotein metabolism in patients with severe sepsis. Crit Care Med. 2003;31(5):1359-66.
162. ChienJY, Jerng JS, Yu CJ, Yang PC. Low serum level of high-density lipoprotein
cholesterol is a poor prognostic factor for severe sepsis. Crit Care Med. 2005;33(8):1688-93.
163. Cirstea M, Walley KR, Russell JA, Brunham LR, Genga KR, Boyd JH. Decreased
high-density lipoprotein cholesterol level is an early prognostic marker for organ dysfunction
and death in patients with suspected sepsis. J Crit Care. 2017;38:289-94.

164. Tanaka S, Labreuche J, Drumez E, Harrois A, Hamada S, Vigue B, et al. Low HDL
levels in sepsis versus trauma patients in intensive care unit. Ann Intensive Care.
2017;7(1):60.

165. Lee SH, Park MS, Park BH, Jung WJ, Lee IS, Kim SY, et al. Prognostic Implications
of Serum Lipid Metabolism over Time during Sepsis. Biomed Res Int. 2015;2015:789298.
166. Tsai MH, Peng YS, Chen YC, Lien JM, Tian YC, Fang JT, et al. Low serum
concentration of apolipoprotein A-I is an indicator of poor prognosis in cirrhotic patients with
severe sepsis. J Hepatol. 2009;50(5):906-15.

167. Rohrer L, Hersberger M, von Eckardstein A. High density lipoproteins in the
intersection of diabetes mellitus, inflammation and cardiovascular disease. Curr Opin Lipidol.
2004;15(3):269-78.

168. Artl A, Marsche G, Lestavel S, Sattler W, Malle E. Role of serum amyloid A during
metabolism of acute-phase HDL by macrophages. Arteriosclerosis, thrombosis, and vascular
biology. 2000;20(3):763-72.

169. Holzer M, Birner-Gruenberger R, Stojakovic T, El-Gamal D, Binder V, Wadsack C, et
al. Uremia alters HDL composition and function. J Am Soc Nephrol. 2011;22(9):1631-41.
170. Anastasius M, Kockx M, Jessup W, Sullivan D, Rye KA, Kritharides L. Cholesterol
efflux capacity: An introduction for clinicians. Am Heart J. 2016;180:54-63.

171. Levels JH, Abraham PR, van den Ende A, van Deventer SJ. Distribution and kinetics
of lipoprotein-bound endotoxin. Infect Immun. 2001;69(5):2821-8.

172.  Berbee JF, Havekes LM, Rensen PC. Apolipoproteins modulate the inflammatory
response to lipopolysaccharide. J Endotoxin Res. 2005;11(2):97-103.

173.  Birjmohun RS, van Leuven SI, Levels JH, van 't Veer C, Kuivenhoven JA, Meijers JC,
et al. High-density lipoprotein attenuates inflammation and coagulation response on
endotoxin challenge in humans. Arteriosclerosis, thrombosis, and vascular biology.
2007;27(5):1153-8.

174.  Levine DM, Parker TS, Donnelly TM, Walsh A, Rubin AL. In vivo protection against
endotoxin by plasma high density lipoprotein. Proceedings of the National Academy of
Sciences of the United States of America. 1993;90(24):12040-4.

100



175. Levels JH, Abraham PR, van Barreveld EP, Meijers JC, van Deventer SJ. Distribution
and kinetics of lipoprotein-bound lipoteichoic acid. Infect Immun. 2003;71(6):3280-4.

176. Mineo C, Deguchi H, Griffin JH, Shaul PW. Endothelial and antithrombotic actions of
HDL. Circ Res. 2006;98(11):1352-64.

177.  Lerch PG, Spycher MO, Doran JE. Reconstituted high density lipoprotein (tHDL)
modulates platelet activity in vitro and ex vivo. Thromb Haemost. 1998;80(2):316-20.

178.  Yuhanna IS, Zhu Y, Cox BE, Hahner LD, Osborne-Lawrence S, Lu P, et al. High-
density lipoprotein binding to scavenger receptor-BI activates endothelial nitric oxide
synthase. Nat Med. 2001;7(7):853-7.

179. Florentin M, Liberopoulos EN, Wierzbicki AS, Mikhailidis DP. Multiple actions of
high-density lipoprotein. Curr Opin Cardiol. 2008;23(4):370-8.

180. Bursill CA, Castro ML, Beattie DT, Nakhla S, van der Vorst E, Heather AK, et al.
High-density lipoproteins suppress chemokines and chemokine receptors in vitro and in vivo.
Arteriosclerosis, thrombosis, and vascular biology. 2010;30(9):1773-8.

181. Shih DM, Gu L, Xia YR, Navab M, Li WF, Hama S, et al. Mice lacking serum
paraoxonase are susceptible to organophosphate toxicity and atherosclerosis. Nature.
1998;394(6690):284-7.

182. Wu A, Hinds CJ, Thiemermann C. High-density lipoproteins in sepsis and septic
shock: metabolism, actions, and therapeutic applications. Shock. 2004;21(3):210-21.

183.  Soran H, Schofield JD, Liu Y, Durrington PN. How HDL protects LDL against
atherogenic modification: paraoxonase 1 and other dramatis personae. Curr Opin Lipidol.
2015;26(4):247-56.

184. Watson AD, Berliner JA, Hama SY, La Du BN, Faull KF, Fogelman AM, et al.
Protective effect of high density lipoprotein associated paraoxonase. Inhibition of the
biological activity of minimally oxidized low density lipoprotein. The Journal of clinical
investigation. 1995;96(6):2882-91.

185. Acton S, Rigotti A, Landschulz KT, Xu S, Hobbs HH, Krieger M. Identification of
scavenger receptor SR-BI as a high density lipoprotein receptor. Science (New York, NY).
1996;271(5248):518-20.

186. Kraemer FB. Adrenal cholesterol utilization. Mol Cell Endocrinol. 2007;265-266:42-
5.

187. LiuJ, Heikkila P, Meng QH, Kahri Al, Tikkanen MJ, Voutilainen R. Expression of
low and high density lipoprotein receptor genes in human adrenals. Eur J Endocrinol.
2000;142(6):677-82.

188. Everett JR. Pharmacometabonomics in humans: a new tool for personalized medicine.
Pharmacogenomics. 2015;16(7):737-54.

189. Pohmann R. Physical basics of NMR. Methods Mol Biol. 2011;771:3-21.

190. Vignoli A, Ghini V, Meoni G, Licari C, Takis PG, Tenori L, et al. High-Throughput
Metabolomics by 1D NMR. Angew Chem Int Ed Engl. 2019;58(4):968-94.

191. Lee J, Banerjee D. Metabolomics and the Microbiome as Biomarkers in Sepsis. Crit
Care Clin. 2020;36(1):105-13.

192. Untersteller K, Meissl S, Trieb M, Emrich IE, Zawada AM, Holzer M, et al. HDL
functionality and cardiovascular outcome among nondialysis chronic kidney disease patients.
J Lipid Res. 2018;59(7):1256-65.

193. dela Llera-Moya M, Drazul-Schrader D, Asztalos BF, Cuchel M, Rader DJ, Rothblat
GH. The ability to promote efflux via ABCA1 determines the capacity of serum specimens
with similar high-density lipoprotein cholesterol to remove cholesterol from macrophages.
Arteriosclerosis, thrombosis, and vascular biology. 2010;30(4):796-801.

101



194. Alkan HF, Walter KE, Luengo A, Madreiter-Sokolowski CT, Stryeck S, Lau AN, et
al. Cytosolic Aspartate Availability Determines Cell Survival When Glutamine Is Limiting.
Cell Metab. 2018;28(5):706-20 e6.

195. ChongJ, Soufan O, Li C, Caraus I, Li S, Bourque G, et al. MetaboAnalyst 4.0:
towards more transparent and integrative metabolomics analysis. Nucleic Acids Res.
2018;46(W1):W486-W94.

196. Dieterle F, Ross A, Schlotterbeck G, Senn H. Probabilistic quotient normalization as
robust method to account for dilution of complex biological mixtures. Application in 1H
NMR metabonomics. Analytical chemistry. 2006;78(13):4281-90.

197. Huber K, Hofer DC, Trefely S, Pelzmann HJ, Madreiter-Sokolowski C, Duta-Mare M,
et al. N-acetylaspartate pathway is nutrient responsive and coordinates lipid and energy
metabolism in brown adipocytes. Biochim Biophys Acta Mol Cell Res. 2019;1866(3):337-48.
198. Maher AD, Crockford D, Toft H, Malmodin D, Faber JH, McCarthy MI, et al.
Optimization of human plasma 1H NMR spectroscopic data processing for high-throughput
metabolic phenotyping studies and detection of insulin resistance related to type 2 diabetes.
Analytical chemistry. 2008;80(19):7354-62.

199. van Gestel A, Bakker J, Veraart CP, van Hout BA. Prevalence and incidence of severe
sepsis in Dutch intensive care units. Crit Care. 2004;8(4):R153-62.

200. Martin CM, Priestap F, Fisher H, Fowler RA, Heyland DK, Keenan SP, et al. A
prospective, observational registry of patients with severe sepsis: the Canadian Sepsis
Treatment and Response Registry. Crit Care Med. 2009;37(1):81-8.

201. Jawad I, Luksic I, Rafnsson SB. Assessing available information on the burden of
sepsis: global estimates of incidence, prevalence and mortality. J Glob Health.
2012;2(1):010404.

202. Caironi P, Tognoni G, Masson S, Fumagalli R, Pesenti A, Romero M, et al. Albumin
replacement in patients with severe sepsis or septic shock. N Engl J Med. 2014;370(15):1412-
21.

203. Semler MW, Self WH, Wanderer JP, Ehrenfeld JM, Wang L, Byrne DW, et al.
Balanced Crystalloids versus Saline in Critically 11l Adults. N Engl J Med. 2018;378(9):829-
39.

204. Scheeren TWL, Bakker J, De Backer D, Annane D, Asfar P, Boerma EC, et al.
Current use of vasopressors in septic shock. Ann Intensive Care. 2019;9(1):20.

205. De Backer D, Aldecoa C, Njimi H, Vincent JL. Dopamine versus norepinephrine in
the treatment of septic shock: a meta-analysis*. Crit Care Med. 2012;40(3):725-30.

206. Russell JA, Walley KR, Singer J, Gordon AC, Hebert PC, Cooper DJ, et al.
Vasopressin versus norepinephrine infusion in patients with septic shock. N Engl J Med.
2008;358(9):877-87.

207. Rosenson RS, Brewer HB, Jr., Davidson WS, Fayad ZA, Fuster V, Goldstein J, et al.
Cholesterol efflux and atheroprotection: advancing the concept of reverse cholesterol
transport. Circulation. 2012;125(15):1905-19.

208. Mardones P, Quinones V, Amigo L, Moreno M, Miquel JF, Schwarz M, et al. Hepatic
cholesterol and bile acid metabolism and intestinal cholesterol absorption in scavenger
receptor class B type I-deficient mice. J Lipid Res. 2001;42(2):170-80.

209. Barlage S, Gnewuch C, Liebisch G, Wolf Z, Audebert FX, Gluck T, et al. Changes in
HDL-associated apolipoproteins relate to mortality in human sepsis and correlate to monocyte
and platelet activation. Intensive Care Med. 2009;35(11):1877-85.

210. Levi M, van der Poll T. Endothelial injury in sepsis. Intensive Care Med.
2013;39(10):1839-42.

102



211. Sharma NK, Ferreira BL, Tashima AK, Brunialti MKC, Torquato RJS, Bafi A, et al.
Lipid metabolism impairment in patients with sepsis secondary to hospital acquired
pneumonia, a proteomic analysis. Clin Proteomics. 2019;16:29.

212.  dela Llera Moya M, McGillicuddy FC, Hinkle CC, Byrne M, Joshi MR, Nguyen V, et
al. Inflammation modulates human HDL composition and function in vivo. Atherosclerosis.
2012;222(2):390-4.

213.  Guirgis FW, Donnelly JP, Dodani S, Howard G, Safford MM, Levitan EB, et al.
Cholesterol levels and long-term rates of community-acquired sepsis. Crit Care.
2016;20(1):408.

214.  Fraunberger P, Pilz G, Cremer P, Werdan K, Walli AK. Association of serum tumor
necrosis factor levels with decrease of cholesterol during septic shock. Shock.
1998;10(5):359-63.

215. Ettinger WH, Varma VK, Sorci-Thomas M, Parks JS, Sigmon RC, Smith TK, et al.
Cytokines decrease apolipoprotein accumulation in medium from Hep G2 cells. Arterioscler
Thromb. 1994;14(1):8-13.

216. Elmehdawi R. Hypolipidemia: a word of caution. Libyan J Med. 2008;3(2):84-90.
217. Lekkou A, Mouzaki A, Siagris D, Ravani I, Gogos CA. Serum lipid profile, cytokine
production, and clinical outcome in patients with severe sepsis. J Crit Care. 2014;29(5):723-7.
218. Le Gall JR, Lemeshow S, Saulnier F. A new Simplified Acute Physiology Score
(SAPS II) based on a European/North American multicenter study. JAMA.
1993;270(24):2957-63.

219. Guo L, AiJ, Zheng Z, Howatt DA, Daugherty A, Huang B, et al. High density
lipoprotein protects against polymicrobe-induced sepsis in mice. The Journal of biological
chemistry. 2013;288(25):17947-53.

220. Opal SM, Dellinger RP, Vincent JL, Masur H, Angus DC. The next generation of
sepsis clinical trial designs: what is next after the demise of recombinant human activated
protein C?*. Crit Care Med. 2014;42(7):1714-21.

221. Etogo-Asse FE, Vincent RP, Hughes SA, Auzinger G, Le Roux CW, Wendon J, et al.
High density lipoprotein in patients with liver failure; relation to sepsis, adrenal function and
outcome of illness. Liver Int. 2012;32(1):128-36.

222.  Guirgis FW, Dodani S, Moldawer L, Leeuwenburgh C, Bowman J, Kalynych C, et al.
Exploring the Predictive Ability of Dysfunctional High-Density Lipoprotein for Adverse
Outcomes in Emergency Department Patients with Sepsis: A Preliminary Investigation.
Shock. 2017;48(5):539-44.

223.  Guirgis FW, Leeuwenburgh C, Grijalva V, Bowman J, Kalynych C, Moldawer L, et
al. HDL Cholesterol Efflux is Impaired in Older Patients with Early Sepsis: A Subanalysis of
a Prospective Pilot Study. Shock. 2018;50(1):66-70.

224. Holzer M, Schilcher G, Curcic S, Trieb M, Ljubojevic S, Stojakovic T, et al. Dialysis
Modalities and HDL Composition and Function. J Am Soc Nephrol. 2015;26(9):2267-76.
225. Bauer L, Kern S, Rogacev KS, Emrich IE, Zawada A, Fliser D, et al. HDL Cholesterol
Efflux Capacity and Cardiovascular Events in Patients With Chronic Kidney Disease. ] Am
Coll Cardiol. 2017;69(2):246-7.

226. Saleheen D, Scott R, Javad S, Zhao W, Rodrigues A, Picataggi A, et al. Association of
HDL cholesterol efflux capacity with incident coronary heart disease events: a prospective
case-control study. Lancet Diabetes Endocrinol. 2015;3(7):507-13.

227. Novak F, Vavrova L, Kodydkova J, Novak F, Sr., Hynkova M, Zak A, et al.
Decreased paraoxonase activity in critically ill patients with sepsis. Clin Exp Med.
2010;10(1):21-5.

103



228. Ayar G, Atmaca YM, Alisik M, Erel O. Effects of paraoxonase, arylesterase,
ceruloplasmin, catalase, and myeloperoxidase activities on prognosis in pediatric patients with
sepsis. Clin Biochem. 2017;50(7-8):414-7.

229. Sans T, Rull A, Luna J, Mackness B, Mackness M, Joven J, et al. Monocyte
chemoattractant protein-1 and paraoxonase-1 and 3 levels in patients with sepsis treated in an
intensive care unit: a preliminary report. Clin Chem Lab Med. 2012;50(8):1409-15.

230. Shih DM, Xia YR, Wang XP, Miller E, Castellani LW, Subbanagounder G, et al.
Combined serum paraoxonase knockout/apolipoprotein E knockout mice exhibit increased
lipoprotein oxidation and atherosclerosis. The Journal of biological chemistry.
2000;275(23):17527-35.

231. Camps J, Iftimie S, Garcia-Heredia A, Castro A, Joven J. Paraoxonases and infectious
diseases. Clin Biochem. 2017;50(13-14):804-11.

232. Teiber JF, Horke S, Haines DC, Chowdhary PK, Xiao J, Kramer GL, et al. Dominant
role of paraoxonases in inactivation of the Pseudomonas aeruginosa quorum-sensing signal
N-(3-oxododecanoyl)-L-homoserine lactone. Infect Immun. 2008;76(6):2512-9.

233.  Camps J, Marsillach J, Joven J. The paraoxonases: role in human diseases and
methodological difficulties in measurement. Crit Rev Clin Lab Sci. 2009;46(2):83-106.

234. Kontush A, Chantepie S, Chapman MJ. Small, dense HDL particles exert potent
protection of atherogenic LDL against oxidative stress. Arteriosclerosis, thrombosis, and
vascular biology. 2003;23(10):1881-8.

235. Draganov D, Teiber J, Watson C, Bisgaier C, Nemzek J, Remick D, et al. PON1 and
oxidative stress in human sepsis and an animal model of sepsis. Adv Exp Med Biol.
2010;660:89-97.

236. Bojic S, Kotur-Stevuljevic J, Kalezic N, Jelic-Ivanovic Z, Stefanovic A, Palibrk I, et
al. Low paraoxonase 1 activity predicts mortality in surgical patients with sepsis. Dis
Markers. 2014;2014:427378.

237.  Eckerson HW, Wyte CM, La Du BN. The human serum paraoxonase/arylesterase
polymorphism. Am J Hum Genet. 1983;35(6):1126-38.

238. LaDu BN, Billecke S, Hsu C, Haley RW, Broomfield CA. Serum paraoxonase
(PON1) isozymes: the quantitative analysis of 1sozymes affecting individual sensitivity to
environmental chemicals. Drug Metab Dispos. 2001;29(4 Pt 2):566-9.

239. Pirillo A, Catapano AL, Norata GD. Biological Consequences of Dysfunctional HDL.
Curr Med Chem. 2019;26(9):1644-64.

240. Gabay C, Kushner 1. Acute-phase proteins and other systemic responses to
inflammation. N Engl J Med. 1999;340(6):448-54.

241. Tanaka S, Couret D, Tran-Dinh A, Duranteau J, Montravers P, Schwendeman A, et al.
High-density lipoproteins during sepsis: from bench to bedside. Crit Care. 2020;24(1):134.
242. Navab M, Anantharamaiah GM, Reddy ST, Hama S, Hough G, Grijalva VR, et al.
Apolipoprotein A-I mimetic peptides. Arteriosclerosis, thrombosis, and vascular biology.
2005;25(7):1325-31.

243. Lerch PG, Fortsch V, Hodler G, Bolli R. Production and characterization of a
reconstituted high density lipoprotein for therapeutic applications. Vox Sang. 1996;71(3):155-
64.

244. Diditchenko S, Gille A, Pragst I, Stadler D, Waelchli M, Hamilton R, et al. Novel
formulation of a reconstituted high-density lipoprotein (CSL112) dramatically enhances
ABCA1-dependent cholesterol efflux. Arteriosclerosis, thrombosis, and vascular biology.
2013;33(9):2202-11.

104



245. Dai L, Datta G, Zhang Z, Gupta H, Patel R, Honavar J, et al. The apolipoprotein A-I
mimetic peptide 4F prevents defects in vascular function in endotoxemic rats. J Lipid Res.
2010;51(9):2695-705.

246. Hubsch AP, Powell FS, Lerch PG, Doran JE. A reconstituted, apolipoprotein A-I
containing lipoprotein reduces tumor necrosis factor release and attenuates shock in
endotoxemic rabbits. Circ Shock. 1993;40(1):14-23.

247. Tanaka S, Geneve C, Zappella N, Yong-Sang J, Planesse C, Louedec L, et al.
Reconstituted High-density Lipoprotein Therapy Improves Survival in Mouse Models of
Sepsis. Anesthesiology. 2020;132(4):825-38.

248. Bisoendial RJ, Hovingh GK, Levels JH, Lerch PG, Andresen I, Hayden MR, et al.
Restoration of endothelial function by increasing high-density lipoprotein in subjects with
isolated low high-density lipoprotein. Circulation. 2003;107(23):2944-8.

249. Pajkrt D, Doran JE, Koster F, Lerch PG, Arnet B, van der Poll T, et al.
Antiinflammatory effects of reconstituted high-density lipoprotein during human
endotoxemia. J Exp Med. 1996;184(5):1601-8.

250. Gordon BR, Parker TS, Levine DM, Feuerbach F, Saal SD, Sloan BJ, et al.
Neutralization of endotoxin by a phospholipid emulsion in healthy volunteers. J Infect Dis.
2005;191(9):1515-22.

251. Dellinger RP, Tomayko JF, Angus DC, Opal S, Cupo MA, McDermott S, et al.
Efficacy and safety of a phospholipid emulsion (GR270773) in Gram-negative severe sepsis:
results of a phase II multicenter, randomized, placebo-controlled, dose-finding clinical trial.
Crit Care Med. 2009;37(11):2929-38.

252. Parker TS, Levine DM, Gordon BR, Saal SD. Subgroup analysis of the lipid infusion
and patient outcomes in sepsis trial (LIPOS) reveals benefit in a subgroup not treated with
stress replacement doses of corticosteroids. Crit Care. 2014:62.

253. Tardif JC, Gregoire J, L'Allier PL, Ibrahim R, Lesperance J, Heinonen TM, et al.
Effects of reconstituted high-density lipoprotein infusions on coronary atherosclerosis: a
randomized controlled trial. JAMA. 2007;297(15):1675-82.

254. Evangelatos N, Bauer P, Reumann M, Satyamoorthy K, Lehrach H, Brand A.
Metabolomics in Sepsis and Its Impact on Public Health. Public Health Genomics.
2017;20(5):274-85.

255. Serkova NJ, Standiford TJ, Stringer KA. The emerging field of quantitative blood
metabolomics for biomarker discovery in critical illnesses. Am J Respir Crit Care Med.
2011;184(6):647-55.

256. Holecek M. Branched-chain amino acids in health and disease: metabolism, alterations
in blood plasma, and as supplements. Nutr Metab (Lond). 2018;15:33.

257. Sax HC, Talamini MA, Fischer JE. Clinical use of branched-chain amino acids in liver
disease, sepsis, trauma, and burns. Arch Surg. 1986;121(3):358-66.

258. Fontana L, Cummings NE, Arriola Apelo SI, Neuman JC, Kasza I, Schmidt BA, et al.
Decreased Consumption of Branched-Chain Amino Acids Improves Metabolic Health. Cell
Rep. 2016;16(2):520-30.

259. Investigators N-SS, Finfer S, Chittock DR, Su SY, Blair D, Foster D, et al. Intensive
versus conventional glucose control in critically ill patients. N Engl J Med.
2009;360(13):1283-97.

260. Rivas AM, Nugent K. Hyperglycemia, Insulin, and Insulin Resistance in Sepsis. Am J
Med Sci. 2021;361(3):297-302.

105



261. Schefold JC, Wollersheim T, Grunow JJ, Luedi MM, Z'Graggen WJ, Weber-Carstens
S. Muscular weakness and muscle wasting in the critically ill. J Cachexia Sarcopenia Muscle.
2020;11(6):1399-412.

262. Nicastro H, da Luz CR, Chaves DF, Bechara LR, Voltarelli VA, Rogero MM, et al.
Does Branched-Chain Amino Acids Supplementation Modulate Skeletal Muscle Remodeling
through Inflammation Modulation? Possible Mechanisms of Action. J Nutr Metab.
2012;2012:136937.

263. Bonvini A, Coqueiro AY, Tirapegui J, Calder PC, Rogero MM. Immunomodulatory
role of branched-chain amino acids. Nutr Rev. 2018;76(11):840-56.

264. Umberger R, Callen B, Brown ML. Severe sepsis in older adults. Crit Care Nurs Q.
2015;38(3):259-70.

265. Eccles R. Understanding the symptoms of the common cold and influenza. Lancet
Infect Dis. 2005;5(11):718-25.

266. Pepper DJ, Demirkale CY, Sun J, Rhee C, Fram D, Eichacker P, et al. Does Obesity
Protect Against Death in Sepsis? A Retrospective Cohort Study of 55,038 Adult Patients. Crit
Care Med. 2019;47(5):643-50.

267. Gardiner K, Barbul A. Intestinal amino acid absorption during sepsis. JPEN J Parenter
Enteral Nutr. 1993;17(3):277-83.

268. Asai Y, Bajotto G, Yoshizato H, Hamada K, Higuchi T, Shimomura Y. The effects of
endotoxin on plasma free amino acid concentrations in rats. J Nutr Sci Vitaminol (Tokyo).
2008;54(6):460-6.

269. Huang SS, Lin JY, Chen WS, Liu MH, Cheng CW, Cheng ML, et al. Phenylalanine-
and leucine-defined metabolic types identify high mortality risk in patients with severe
infection. Int J Infect Dis. 2019;85:143-9.

270. Druml W, Heinzel G, Kleinberger G. Amino acid kinetics in patients with sepsis. The
American journal of clinical nutrition. 2001;73(5):908-13.

271. SulL, LiH, Xie A, Liu D, Rao W, Lan L, et al. Dynamic changes in amino acid
concentration profiles in patients with sepsis. PLoS One. 2015;10(4):e0121933.

272. Mickiewicz B, Duggan GE, Winston BW, Doig C, Kubes P, Vogel HJ, et al.
Metabolic profiling of serum samples by 1H nuclear magnetic resonance spectroscopy as a
potential diagnostic approach for septic shock. Crit Care Med. 2014;42(5):1140-9.

273. Liu Z, Triba MN, Amathieu R, Lin X, Bouchemal N, Hantz E, et al. Nuclear magnetic
resonance-based serum metabolomic analysis reveals different disease evolution profiles
between septic shock survivors and non-survivors. Crit Care. 2019;23(1):169.

274.  Freund HR, Ryan JA, Jr., Fischer JE. Amino acid derangements in patients with
sepsis: treatment with branched chain amino acid rich infusions. Ann Surg. 1978;188(3):423-
30.

275. Puskarich MA, McHugh C, Flott TL, Karnovsky A, Jones AE, Stringer KA, et al.
Serum Levels of Branched Chain Amino Acids Predict Duration of Cardiovascular Organ
Failure in Septic Shock. Shock. 2021;56(1):65-72.

276. Hey P, Gow P, Testro AG, Apostolov R, Chapman B, Sinclair M. Nutraceuticals for
the treatment of sarcopenia in chronic liver disease. Clin Nutr ESPEN. 2021;41:13-22.

277. Vasques J, Guerreiro CS, Sousa J, Pinto M, Cortez-Pinto H. Nutritional support in
cirrhotic patients with sarcopenia. Clin Nutr ESPEN. 2019;33:12-7.

278. Gluud LL, Dam G, Les I, Marchesini G, Borre M, Aagaard NK, et al. Branched-chain
amino acids for people with hepatic encephalopathy. Cochrane Database Syst Rev.
2017;5:CD001939.

106



279. Dam G, Aamann L, Vistrup H, Gluud LL. The role of Branched Chain Amino Acids
in the treatment of hepatic Encephalopathy. J Clin Exp Hepatol. 2018;8(4):448-51.

280. Sprung CL, Cerra FB, Freund HR, Schein RM, Konstantinides FN, Marcial EH, et al.
Amino acid alterations and encephalopathy in the sepsis syndrome. Crit Care Med.
1991;19(6):753-7.

281. Fernstrom JD. Branched-chain amino acids and brain function. J Nutr. 2005;135(6
Suppl):1539S-46S.

282. Fischer JE, Rosen HM, Ebeid AM, James JH, Keane JM, Soeters PB. The effect of
normalization of plasma amino acids on hepatic encephalopathy in man. Surgery.
1976;80(1):77-91.

283. Basler T, Meier-Hellmann A, Bredle D, Reinhart K. Amino acid imbalance early in
septic encephalopathy. Intensive Care Med. 2002;28(3):293-8.

284. Fujita H, Hirose K, Miyazaki I. Effects of branched chain enriched amino acid
solutions on septic rats. Clinical nutrition (Edinburgh, Scotland). 1986;5(3):171-7.

285. Freysz M, Caillard B, Desgres J, Godbille C, Dupont G, Rombi H, et al. Are branched
chain amino-acids beneficial for nutrition of severe surgical patients with sepsis? Clinical
nutrition (Edinburgh, Scotland). 1989;8(2):61-7.

286. Mori E, Hasebe M, Kobayashi K. Effect of total parenteral nutrition enriched in
branched-chain amino acids on metabolite levels in septic rats. Metabolism: clinical and
experimental. 1988;37(9):824-30.

287. Jimenez Jimenez FJ, Ortiz Leyba C, Morales Menedez S, Barros Perez M, Munoz
Garcia J. Prospective study on the efficacy of branched-chain amino acids in septic patients.
JPEN J Parenter Enteral Nutr. 1991;15(3):252-61.

288. Garcia-de-Lorenzo A, Ortiz-Leyba C, Planas M, Montejo JC, Nunez R, Ordonez FJ, et
al. Parenteral administration of different amounts of branch-chain amino acids in septic
patients: clinical and metabolic aspects. Crit Care Med. 1997;25(3):418-24.

289. Shirabe K, Yoshimatsu M, Motomura T, Takeishi K, Toshima T, Muto J, et al.
Beneficial effects of supplementation with branched-chain amino acids on postoperative
bacteremia in living donor liver transplant recipients. Liver Transpl. 2011;17(9):1073-80.
290. von Meyenfeldt MF, Soeters PB, Vente JP, van Berlo CL, Rouflart MM, de Jong KP,
et al. Effect of branched chain amino acid enrichment of total parenteral nutrition on nitrogen
sparing and clinical outcome of sepsis and trauma: a prospective randomized double blind
trial. Br J Surg. 1990;77(8):924-9.

291. Ananieva EA, Powell JD, Hutson SM. Leucine Metabolism in T Cell Activation:
mTOR Signaling and Beyond. Adv Nutr. 2016;7(4):798S-805S.

292. Calder PC. Branched-chain amino acids and immunity. J Nutr. 2006;136(1
Suppl):288S-93S.

293. Nakamura I, Ochiai K, Imai Y, Moriyasu F, Imawari M. Restoration of innate host
defense responses by oral supplementation of branched-chain amino acids in decompensated
cirrhotic patients. Hepatol Res. 2007;37(12):1062-7.

294. Cerra FB, Mazuski JE, Chute E, Nuwer N, Teasley K, Lysne J, et al. Branched chain
metabolic support. A prospective, randomized, double-blind trial in surgical stress. Ann Surg.
1984;199(3):286-91.

295. Loosen SH, Schulze-Hagen M, Pungel T, Bundgens L, Wirtz T, Kather JN, et al.
Skeletal Muscle Composition Predicts Outcome in Critically Il Patients. Crit Care Explor.
2020;2(8):e0171.

296. JiY,Cheng B, XuZ, Ye H, Lu W, Luo X, et al. Impact of sarcopenic obesity on 30-
day mortality in critically ill patients with intra-abdominal sepsis. J Crit Care. 2018;46:50-4.

107



297. Hernandez-Conde M, Llop E, Gomez-Pimpollo L, Fernandez Carrillo C, Rodriguez L,
Van Den Brule E, et al. Adding Branched-Chain Amino Acids to an Enhanced Standard-of-
Care Treatment Improves Muscle Mass of Cirrhotic Patients With Sarcopenia: A Placebo-
Controlled Trial. Am J Gastroenterol. 2021.

298. Fedewa MV, Spencer SO, Williams TD, Becker ZE, Fuqua CA. Effect of branched-
Chain Amino Acid Supplementation on Muscle Soreness following Exercise: A Meta-
Analysis. Int J Vitam Nutr Res. 2019;89(5-6):348-56.

299. Park S, Chae M, Park H, Park K. Higher Branched-Chain Amino Acid Intake Is
Associated with Handgrip Strength among Korean Older Adults. Nutrients. 2021;13(5).

108



