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Abstract

Critical illness is associated with dramatic changes in metabolism driven by
immune, endocrine, and adrenergic mediators. These changes involve early
activation of catabolic processes leading to increased energetic substrate avail-
ability; later on, they are followed by a hypometabolic phase characterized by
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deranged mitochondrial function. In sepsis and ARDS, these rapid clinical
changes are reflected in metabolomic profiles of plasma and other fluids,
suggesting that metabolomics could one day be used to assist in the diagnosis
and prognostication of these syndromes. Some metabolites, such as lactate, are
already in clinical use and define patients with septic shock, a high-mortality
subtype of sepsis. Larger-scale metabolomic profiling may ultimately offer a tool
to identify subgroups of critically ill patients who may respond to therapy, but
further work is needed before this type of precision medicine is readily employed
in the clinical setting.
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1 Introduction: A Potential Role for Metabolomics
in Understanding Critical lliness

Each year, over four million critically ill Americans are admitted into intensive care
units (ICUs) around the country, a number that has only increased since the start of
the COVID-19 pandemic (ICU Outcomes 2022). Despite advances in medicine, [CU
mortality remains high, ranging between 8 and 20%, with approximately 500,000
American deaths per year. In particular, sepsis — a systemic inflammatory illness
caused by infection with a dysregulated host immune response — and the acute
respiratory distress syndrome (ARDS) — a syndrome of respiratory failure with a
diverse range of etiologies — are particularly challenging illnesses in the ICU, with
mortality upward of 40% (Fleischmann et al. 2016; Gaieski et al. 2013; Rudd et al.
2020).

Part of the challenge in treating these syndromes lies in their significant biological
heterogeneity. The majority of clinical trials in sepsis and ARDS have been negative,
and available treatment remains largely supportive and directed at treating underly-
ing infections, while not specifically addressing the inflammatory state. Recent
re-analyses of a number of negative trials have revealed that subgroups of patients
appear to respond to the intended therapy (Calfee et al. 2014; Puskarich et al. 2021),
underscoring the heterogeneity of these syndromes and the need for better
diagnostics in identifying high-risk patients and matching them with potential
treatments.

Given the dramatic and rapid metabolic alterations that are observed during
critical illness, metabolomics offers a powerful potential tool for better identifying
subphenotypes of critically ill patients who may differentially respond to treatments
and also identifying novel treatment pathways.
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2 Metabolic Alterations in Critical lliness

In health, energetic needs are largely met by nutrient intake through food, rather than
catabolism of the body’s macromolecules. ATP, the main source of cellular energy,
is derived by aerobic metabolism, and anabolic and catabolic processes are in
balance.

In critical illness, however, dramatic changes in the endocrine and autonomic
nervous system alter these metabolic processes, shifting them toward a catabolic
state in which the body’s carbohydrates, lipids, and protein stores are used to meet
increased energetic needs. This imbalance is often further driven by reduced caloric
intake, as critically ill patients frequently suffer from symptoms like encephalopathy
and anorexia that curb eating. Clinically, such catabolism leads to skeletal muscle
wasting, weakness, and prolonged recovery (Casaer and Van den Berghe 2014).

3 Endocrine Drivers of Altered Metabolism

Initially, acute stress such as that caused by sepsis and other forms of critical illness
leads to an inflammatory cascade which includes the release of cytokines, including
IL-1, IL-2, and IL-6 that can activate the hypothalamic-pituitary-adrenal axis. This
can occur through direct cytokine production by glial cells in the brain (Khardori and
Castillo 2012; Englert and Rogers 2016), and through free diffusion into the pitui-
tary, which is outside the blood brain barrier. This cytokine-derived activation
results in the release of corticotropin (ACTH) from the pituitary, which stimulates
production and secretion of cortisol from the adrenal glands (Englert and Rogers
2016; Cooper 2003). In addition to its increased production by the adrenal gland,
decreases in corticosteroid binding globulin during critical illness and impaired
hepatic metabolism of the hormone contribute to increased levels of free, biologi-
cally active cortisol (Wasyluk et al. 2021; Marik et al. 2008).

Cortisol acts as the primary endocrine mediator in sepsis, leading to a variety of
changes in metabolism, immune function, and cardiovascular function critical to
maintaining homeostasis (Fig. 1). Metabolically, it leads to increased blood glucose
through a variety of mechanisms: by activation of enzymes involved in gluconeo-
genesis, increasing insulin resistance, and decreasing glucose uptake by skeletal
muscle (Marik et al. 2008). It activates lipolysis in adipose tissue, leading the release
of free fatty acids (Marik et al. 2008).

In addition to increasing energy availability by increasing glucose and fatty acid
concentrations, cortisol has a major role in increasing blood pressure. In vascular
smooth muscle, it increases transcription of surface receptors for catecholamines and
angiotensin II, resulting in increased sensitivity to these vasoactive hormones.
Cortisol also plays a complex role in regulating and abrogating the immune
response, acting in a negative feedback loop that both reduces the number of
circulating immune cells and decreases their production of cytokines.
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Fig. 1 Direct metabolic effects of cortisol. Figure created with biorender.com

While increased cortisol synthesis and secretion is part of the body’s typical
response to stress, this response can be attenuated or halted in a variety of conditions
in the setting of critical illness. Head injuries, central nervous system depressants,
and pituitary infarction can inhibit the CRH and corticotropin driven portion of the
hypothalamic-pituitary-adrenal axis (Cooper 2003). At the level of the adrenal
glands, drugs such as the induction agent etomidate — frequently used during
intubation — can impair cortisol synthesis, and adrenal hemorrhage, though rare,
can occur in septic patients with coagulopathies (Cooper 2003). More commonly,
chronic intake of exogenous corticosteroids — e.g., in patients with rheumatologic
disease — can lead to adrenal atrophy and a sluggish or absent response to
corticotropin.

While absolute adrenal insufficiency is rare in critically ill patients, studies have
shown that relative adrenal insufficiency — as defined by inadequate increase in
cortisol level in response to a corticotropin challenge — is common in patients with
septic shock (Annane et al. 2002). In 2007, a consensus statement between the
Society of Critical Care Medicine and the European Society of Intensive Care
Medicine first coined the term “CIRCI” (critical illness-related corticosteroid insuf-
ficiency) to recognize that many critically ill patients have an impaired
hypothalamic-pituitary-adrenal response.

Despite this, it is unclear whether such patients benefit from hormone replace-
ment (Annane et al. 2002; Sprung et al. 2008), as a number of large randomized
controlled trials studying the use of steroids in sepsis have had conflicting results
(Annane et al. 2002, 2018; Sprung et al. 2008; Venkatesh et al. 2018). At the
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minimum, however, these studies suggest that steroid administration in critically ill
patients is safe and should be considered, particularly for patients with refractory
shock. As in the sepsis literature, the benefits of steroids are unclear in ARDS, but
recent high-quality studies (Villar et al. 2020) — as well as the evidence in severe
COVID-19 (RECOVERY Collaborative Group et al. 2021; Tomazini et al. 2020) —
suggest that they may be beneficial.

4 Adrenergic Mediators and Their Changes in Critical lliness

The sympathetic nervous system is rapidly activated in the setting of critical illness.
These stress signals can occur at the level of the peripheral nerves (e.g., in the case of
trauma), by chemoreceptors (in the case of hypoxemia or hypercapnia), or by
baroreceptors (in the setting of shock). These events all result in the release of
norepinephrine from post-ganglionic neurons, and secretion of epinephrine and
norepinephrine from chromaffin cells in the adrenal medulla (Preiser et al. 2014).

Along with exogenously delivered catecholamines that may be administered
therapeutically, endogenous dopamine, norepinephrine, and epinephrine play
major roles in activating catabolic pathways and increasing nutrient availability.
Like cortisol, these hormones work to increase plasma glucose concentrations by
upregulating hepatic gluconeogenesis and glycogenolysis and increasing insulin
resistance.

5 Inflammatory Mediators (Cytokines) and Their
Contribution to Metabolism

In addition to the endocrine and sympathetic nervous systems, cytokines produced
by immune cells play important roles in mediating metabolic changes during critical
illness. Most heavily implicated are tumor necrosis factor o — previously known in
the cancer literature as “cachectin” for its upregulation of lipolysis — interleukin-1
(IL-1pB), and interleukin-6 (Il-6). TNFa is a potent inducer of the other two, and
together, they work to increase insulin resistance, proteolysis, and lipolysis.

6 Metabolic Phases During Critical lliness

Sepsis and other forms of critical illness are characterized by an early stress response,
as described above, associated with increased catabolism and energy availability.
This early phase is often followed by a period of decreased metabolic activity and
organ dysfunction (Singer et al. 2004; Pool et al. 2018). Initially, the organ dysfunc-
tion and elevations in lactate that are frequently seen in sepsis were thought to result
from impaired tissue perfusion, but studies have since shown that although
malperfusion may play a role in the early phase of critical illness, tissue oxygen
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delivery is adequate in the later phases of sepsis (Sair et al. 2001). Instead, cellular
changes in metabolism — decreased oxidative phosphorylation and greater reliance
on glycolytic pathways — termed cytopathic hypoxia — likely underly this organ
dysfunction. These changes are hypothesized to be adaptive mechanisms to preserve
energy for critical functions, prevent DNA damage, and limit additional injury.

In the heart, for example, sepsis and critical illness can result in reduced cardiac
myocyte contractility through a process called myocardial hibernation, which
preserves myocyte ATP levels at the cost of reduced function. In animal models,
this change in contractility has been linked to inhibition of the oxidative phosphory-
lation enzyme cytochrome oxygenase, and this phenotype can be rescued by deliv-
ery of exogenous cytochrome c (Piel et al. 2007). Similar mitochondrial changes
have also been implicated in animal models of sepsis-induced dysfunction of the
lung, kidney, and liver (Pool et al. 2018). In the kidney, the presence of
pro-inflammatory cytokines or lipopolysaccharide from bacteria leads to
downregulation of energy-intensive sodium and chloride channels (Schmidt et al.
2007). Despite these observations, the full spectrum of metabolic changes during the
phases of critical illness is not known. Metabolomics provides a potential avenue
through which changes in multiple metabolic pathways can be better described.

7 Autophagy and Mitophagy

The mitochondrial dysfunction and electron transport chain inhibition described
above likely result in increased autophagy, a cellular housekeeping mechanism
that results in the lysosomal degradation of damaged and dysfunctional organelles
and proteins. In brief, autophagy is upregulated by cellular/organelle damage — e.g.,
the mitochondrial membrane depolarization that might occur due to uncoupled
respiration from an impaired electron transport chain — and inhibited by increased
nutrients (Vanhorebeek et al. 2011).

Despite being a mechanism for intracellular protein catabolism, autophagy has
been shown to play an important role in maintaining the health of myocytes in
skeletal muscle, and inhibition of autophagy has been linked to accelerated muscle
loss during fasting and muscle denervation (Masiero et al. 2009). For critically ill
patients, who are in a persistent catabolic state and are at very high risk of muscle
wasting and prolonged weakness (termed critical illness myopathy), the relationship
between fasting and autophagy has been of increasing interest. In the 4,600+ patient
EPaNIC trial (Early Parenteral Nutrition Completing Enteral Nutrition in Adult
Critically Ill Patients), the effect of initiating parenteral nutrition (PN) on an early
time scale (within 48 h of ICU admission) versus a late one (within 8 days) was
compared. Late parenteral nutrition initiation was associated with faster recovery
(as measured by ICU and hospital discharge) and fewer complications (Casaer et al.
2011). Significantly, in a prospectively planned subanalysis of the EPaNIC trial, in
which a subset of patients underwent skeletal muscle biopsies 8 days after randomi-
zation and sequential strength testing through 100 days, patients randomized to the
late PN group were found to have faster recovery of weakness and greater evidence
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of autophagosome formation (Hermans et al. 2013). Taken together, this finding
suggests that a tempered approach to early nutrition in the critically ill patient may
allow for more autophagy and faster recovery of skeletal muscle strength.

8 Nutrient Changes During Critical lliness

Critical illness leads to significant changes in the metabolism of carbohydrates,
protein, and lipids. Most notably, increased glycogenolysis, gluconeogenesis, and
reduced sensitivity to insulin lead to increased plasma glucose concentrations
through the endocrine, adrenergic, and inflammatory mechanisms described above
(Table 1).

Catabolism of proteins and lipids is also upregulated, particularly in early sepsis.
Amino acids generated in proteolytic processes are shuttled to the liver for synthesis
of acute phase reactants. Protein breakdown and a net negative nitrogen balance lead
to the wasting of skeletal muscles, which will contribute to deconditioning and
prolong patients’ recoveries. In adipose tissue, increased lipolysis leads to increased
serum triglycerides and free fatty acids and decreased circulating lipoproteins.

Micronutrient levels also fluctuate during critical illness. Of these, changes in
selenium and zinc levels in sepsis have been particularly well-described. Selenium
and zinc are both trace elements with important anti-inflammatory and antioxidant
properties, and levels of both minerals have been found to be lower in septic patients
than in healthy controls (Allingstrup and Afshari 2015; Besecker et al. 2011).
Supplementation of these micronutrients in the critically ill has been investigated
with promising initial results (Manzanares et al. 2012), but due to small study sizes,
further work is needed before their use in the ICU becomes widespread.

Table 1 Summary of metabolic changes in sepsis

Physiologic change in sepsis Metabolic impact

T Gluconeogenesis, glycolysis, Hyperglycemia

glycogenolysis

T Protein catabolism Altered circulating amino acids

T Lipolysis T Triglycerides, | lipoproteins

| Micronutrients 1 Oxidative stress

T Neuroendocrine activation T Catecholamines, T counterregulatory
hormones

T Cortisol Hyperglycemia

T Catecholamine release 1 Gluconeogenesis, T glycolysis

T Cytokine release Hyperglycemia, insulin resistance

Impaired oxygen utilization T Reactive oxygen species

Adapted from Englert and Rogers (Englert and Rogers 2016) with their permission
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8.1 Lactate: The Original Metabolomic Biomarker

Plasma lactate is one of the most validated and frequently used biomarkers in the
intensive care unit. Lactate is a by-product of anerobic metabolic pathways, in which
glucose is broken down into two pyruvate molecules and then fermented to 2 lactate
molecules in a net reaction that produces 2 molecules of adenosine triphosphate
(ATP) and regenerates the NAD+ cofactor used in glycolysis (Fig. 2). Accordingly,
rising blood lactate levels can indicate inadequate tissue perfusion and oxygenation
or a perfusion-independent shift toward anerobic pathways as can occur in malig-
nancy (the Warburg effect) or in the later phases of sepsis.

In the ICU, lactate can be used for prognostication and also to guide resuscitation
during critical illness. From a risk stratification perspective, hospitalized patients
with infection-related admissions had a significantly higher risk of death if their
serum lactate was >4 mmol/L (as compared to those with normal concentrations),
and even modestly elevated lactates of 2.5-4 mmol were associated with increased
mortality (Shapiro et al. 2005). Similarly, in a study of septic patients in the
emergency department, intermediate and high lactate levels (2.5-3.9 mmol/L and
>4 mmol/L) were associated with increased mortality even in patients with initially
normal blood pressures and without evidence of organ dysfunction (Mikkelsen et al.
2009).

Lactate levels have also been applied to the goal-directed paradigm of sepsis
management and have been used to guide resuscitation, though its role in this
context has been less well-established. In the EMShockNet trial which compared
the use of ScvO2 to serial lactates in the goal-directed resuscitation of patients

Fig. 2 Glycolysis and lactate
fermentation. Adapted from
“Warburg Effect,” from
Biorender.com (2022).
Retrieved from https://app.
biorender.com/biorender-
templates and created in
biorender.com
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(in which both groups also had MAP and CVP goals), there was a trend toward
reduced mortality in the lactate group, but this difference was not statistically
significant (Jones et al. 2010). Similarly, in another trial comparing serial lactate-
guided therapy to traditional early goal-directed therapy as described by Rivers et al.,
mortality trended lower in the lactate group, but was just outside of the predefined
alpha for statistical significance (p = 0.067) (Jansen et al. 2010).

9 Metabolomics in Sepsis

Sepsis, or life-threatening organ dysfunction in response to infection (Singer et al.
2016), is one of the leading causes of death worldwide, accounting for an estimated
five million deaths each year and many more hospitalizations (Fleischmann et al.
2016). The current treatment strategy is based on the delivery of early, broad-
spectrum antibiotics and is otherwise supportive. Because of the disease’s heteroge-
neity and the limited treatments available, precision medicine approaches — in which
subgroups of patients with different mechanistic drivers are identified, leading to
different treatment approaches — are appealing; these strategies have been effectively
applied to a range of diseases, from cancer to asthma. While broader plasma
metabolomic profiling studies have yet to impact care of septic patients to date, we
will discuss overarching trends in the field with selected examples from larger
studies and their clinical implications below.

9.1 Diagnosis of Sepsis

Noninfectious inflammatory responses — as might occur in pancreatitis or trauma —
can resemble sepsis, delaying the diagnosis until culture data are finalized and
potentially contributing to the administration of unnecessary antibiotics and increas-
ing the development of drug-resistant bacteria. Metabolomics has been used to
differentiate sepsis from sterile inflammation (Mickiewicz et al. 2013, 2014; Langley
et al. 2014). In these studies, plasma samples from septic patients (or in one study,
infected primates) were compared to those of critically ill uninfected controls with
evidence of systemic inflammation, key metabolic differences were identified, then
validated in an independent cohort of critically ill patients.

In one such study, Mickiewicz et al. (2013) used supervised analysis to investi-
gate 58 metabolites in the serum of 60 children with early septic shock and compared
profiles to those of 40 noninfected pediatric ICU patients with systemic inflamma-
tory response syndrome (SIRS) and 40 healthy children. They used principal
component analysis and partial least squares-discriminant analysis to identify
18 metabolites that differed in those who survived from those who did not. Interest-
ingly, the responses of infants and toddlers differed from those of school-aged
children, suggesting that the metabolic changes associated with sepsis may differ
depending on life stage. Three metabolites (2-hydroxybutyrate,
2-hydroxyisovalerate, and lactate) involved in fat breakdown and anerobic
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metabolism were elevated in septic patients as compared to controls regardless of
age. Other studies reinforced these differences in lipid metabolism (Langley et al.
2013; Rogers et al. 2021) and also found differences in amino acid metabolism,
mitochondrial metabolism, and the citric acid cycle and pentose phosphate pathway
in septic patients versus noninfected inflamed controls (Eckerle et al. 2017).

More recently, Rydzak et al. used a metabolomic approach for rapid identification
of blood stream infection pathogens and their antimicrobial susceptibility patterns
(Rydzak et al. 2022), a highly valuable tool in sepsis, where blood stream infections
contribute to significant morbidity and mortality. They used a metabolic preference
assay that used the patterns of consumed and excreted metabolites of ex vivo
microbial cultures to identify pathogens and their antibiotic susceptibilities, monitor-
ing for changes in metabolite production in the presence of toxic antibiotics. They
found that just seven metabolites were sufficient to differentiate between the seven
most prevalent pathogens responsible for blood stream infections and identify their
antimicrobial susceptibilities in half the time of traditional microbial identification
and antimicrobial susceptibility testing protocols.

9.2 Prognostication in Sepsis

Sepsis has a wide range of outcomes, from full recovery to long-term disability or
death (Singer et al. 2016). As such, it is not surprising that many studies in critical
care metabolomics are focused on prognostication. In these studies, septic patients
with worse outcomes (death or multiorgan failure) are compared to survivors or
individuals with less organ failure.

Using targeted metabolomic profiling of more than 300 metabolites, Langley
et al. evaluated the plasma metabolomes and proteomes in two independent cohorts
(Langley et al. 2014). The group used 150 adult patients from the Community
Acquired Pneumonia and Sepsis Outcome Diagnostics (CAPSOD) study, which
enrolled patients who presented to the emergency department of three US hospitals
with symptoms of sepsis (Langley et al. 2013) as a discovery cohort, and used
patients with sepsis from the Brigham and Women’s Hospital Registry of Critical
Illness (RoCI) cohort as a validation set. They found that the metabolic signatures of
survivors differed markedly from those that died. In particular, levels of proteins
involved in fatty acid transport and p-oxidation, gluconeogenesis, and the citric acid
cycle were significantly higher in those that died. The group used Support Vector
Machine analysis to create an algorithm using two clinical features and five metabo-
lite levels to predict survival in sepsis, using the RoCI data as a validation set.
Though the RoCI cohort had higher mortality and more cancer as compared to the
discovery cohort, the metabolic changes identified and the sepsis prognostication
model were validated in the independent cohort.

Rogers et al. also used the CAPSOD and RoCI cohorts to perform targeted
metabolic profiling on sepsis survivors and nonsurvivors (Rogers et al. 2014).
Although the Langley and Rogers groups identified many of the same metabolites
that differed in survivors and nonsurvivors, the Bayesian model developed by the
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Rogers group using RoClI as the training cohort was very different, using seven
completely different metabolites than those used in the Langley algorithm. This may
reflect a redundancy of metabolites found in the same metabolic pathways, but also
illustrates the evolving nature of analytic methodology in the field, in which the
optimal statistical methods for dealing with highly correlated data are not yet known.

9.3 Future Directions: Using Metabolomics to Guide Treatment

One of the most promising applications for the use of metabolomics in critical care is
in the identification of patients who might differentially respond to therapies. Sepsis
treatment is currently focused on early antimicrobial administration and is otherwise
supportive, as no mechanism-targeted therapies are approved for use in the syn-
drome. The failure of many studies to identify effective, mechanism-based
treatments has been attributed to sepsis’s significant heterogeneity, which may
mask individual or subgroup responses to therapies in clinical trials.

Along these lines, Puskarich et al. used metabolomics to further phenotype
patients in a reanalysis of a phase II study of L-carnitine infusion for the treatment
of septic shock (Puskarich et al. 2015). The group performed metabolomics on
existing serum samples from septic patients in the study and found that three
metabolites involved in the synthesis and depredation of ketones differed in the
pre-intervention samples of L-carnitine-treated survivors and nonsurvivors. In later
work, they went on to identify acetylcarnitine as a particularly powerful biomarker
for predicting L-carnitine mortality benefit (Puskarich et al. 2021). While the
findings of retrospective reanalysis of a randomized controlled trials are likely
insufficient to change clinical practice, the hope is that metabolomics can be used
in the future to identify potential drug responders prior to their inclusion into
prospective clinical trials.

10 Metabolomics Studies in ARDS

Like sepsis, ARDS is a highly heterogeneous and clinically important disease,
defined by acute respiratory failure in the setting of a risk factor (such as sepsis,
pneumonia, trauma, aspiration), bilateral infiltrates on imaging and low levels of
blood oxygen (Ferguson et al. 2012; Thompson et al. 2017). It is estimated to affect
>100,000 Americans per year with a mortality rate over 25% despite clinical
improvements in recent decades (Bellani et al. 2016; Rubenfeld et al. 2005); those
numbers predate the COVID epidemic, with ARDS and hypoxemic respiratory
failure leading to the deaths of millions worldwide.

The heterogeneity of ARDS has no doubt contributed to a lack of effective
therapies. ARDS mortality has fallen because of improvements in approaches to
mechanical ventilation which decrease the pressure and volumes delivered to the
lung, preventing further lung injury. But despite more than 50 years of research and
substantial improvements in our understanding of the pathogenic underpinnings of
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lung injury and inflammation, not a single drug had been approved to treat ARDS
prior to COVID-19 (Matthay et al. 2019). In COVID-19, numerous drug trials have
proved effective for the syndrome, likely because of increased homogeneity in the
patient population: all cases share an underlying etiology of SARS-CoV2 infection,
a typical time course of disease, and a substantial inflammatory component. Multiple
anti-inflammatory drug therapies are now available for COVID ARDS patients
(RECOVERY Collaborative Group et al. 2021; Investigators et al. 2021; Kalil
et al. 2021).

Metabolomics studies in ARDS are compelling because of the dynamic
metabolomic changes in the blood and lungs, with the potential for providing a
real-time snapshot of disease and identifying high-risk subjects who could be
targeted for trials (Millet, “Prospective metabolomic studies in precision medicine.
The AKRIBEA project.”; Turano, “NMR-based metabolomics to evaluate individ-
ual response to treatments”). Multiple studies have examined metabolomics of
ARDS; major studies are summarized below and in a thorough recent review
(Metwaly and Winston 2020).

10.1 Blood Metabolomics of ARDS

Several groups have performed metabolomic profiling of blood in ARDS patients
and controls. As noted, there is substantial variability between studies, including
(1) size of cohort, (2) how the control cohort is defined (healthy vs critically ill but
without ARDS), and (3) the metabolomic profiling methodology used. Given these
disparate methodologies and relatively small cohort sample sizes, it is perhaps
unsurprising that the metabolites and potential pathways identified vary
substantially.

Metwaly et al. examined 108 patients with ARDS, matched by age and gender
with 27 mechanically ventilated controls (Metwaly and Winston 2020). They
identified numerous pathways that differed in ARDS vs controls that were significant
in both a training and testing cohort, with a particular focus on serine-glycine
metabolism. As in prior studies, the mechanically ventilated controls were systemi-
cally much less sick than subjects with ARDS (e.g., less frequently required
vasopressors, less kidney dysfunction, and markedly lower mortality).

Rogers et al. examined a large cohort of 78 ARDS cases and compared them to
75 critically ill controls with sepsis (Rogers et al. 2021). While there were numerous
individual metabolites that differed, partial least squares-discriminant analysis
(PLS-DA) could not separate ARDS from critically ill controls, who frequently
had concomitant organ dysfunction (e.g., renal failure, liver failure, or GI
malperfusion). In fact, in this cohort, many of the previously identified “ARDS
metabolites” were associated with the Simplified Acute Physiology (SAPS) score,
which is predictive of general ICU mortality, and were not ARDS-specific. This
work suggests that many of the metabolic changes previously identified in ARDS
may reflect systemic illness and inflammation rather than ARDS per se. As these
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studies demonstrate, how to adjust for concomitant systemic organ dysfunction is an
active area of investigation in the metabolomics of ARDS.

10.2 Using Blood Metabolomics to Identify High-Risk Subsets
of ARDS Cohorts

Some of the most high-profile advances in ARDS pathogenesis in the past decade
have involved identifying high-risk subsets of patients who are at increased risk of
bad outcomes. Most of these risk markers have involved cytokines and proteins, for
example angiopoietin 2 (Calfee et al. 2012; Zinter et al. 2016), IL-18 (Rogers et al.
2019; Dolinay et al. 2012), and a hypoinflammatory/hyperinflammatory latent class
analysis (LCA) designation which can be assigned using a parsimonious model of
3 blood biomarkers (IL-6, TNF receptor alpha, and bicarbonate) (Calfee et al. 2014;
Sinha et al. 2020). The latent class hyperinflammatory subset has been particularly
well-studied and shown to be present in more than six ARDS populations (both
clinical trials and clinical cohorts) and associated with differential treatment
response in numerous ARDS clinical trials, including approach to positive
end-expiratory pressure (PEEP) level, fluid management, and statin therapy (Calfee
et al. 2014, 2018; Famous et al. 2017).

Fewer studies have focused on using metabolomics to identify high-risk subsets
of ARDS. Metwaly et al. tested whether orthogonal projections to latent structures
discriminant analysis (OPLS-DA) could differentiate previously identified subsets of
ARDS, including direct pulmonary risk factor for developing ARDS (e.g., pneumo-
nia) vs indirect risk factors (e.g., pancreatitis or non-pulmonary sepsis), and
hyperinflammatory subphenotype using latent class (Metwaly et al. 2021). Indeed,
using metabolites identified via high-VIP score for OPLS-DA, these subsets could
be separated in both testing and training sets; metabolomics outperformed protein
analyses in separating the direct and indirect classes.

The Rogers et al. study of 197 patients included 75 patients with ARDS (Rogers
et al. 2021). As discussed above, PLS-DA was not able to differentiate patients with
sepsis from ARDS. However, unbiased metabolic clustering of the entire cohort did
reveal three subsets of patients, with differential metabolites marked by lipid classes
driving the subclasses, with markedly different risks of mortality, regardless of
ARDS status.

10.3 Pulmonary Specific Samples for Metabolomic Profiling

Perhaps one of the most promising aspects of metabolomic profiling is the ability to
examine trace amounts of a lung-specific sample which could be captured without
need for a tissue biopsy to use for metabolic profiling (e.g., bronchoalveolar lavage
fluid, expired breath, or free-flowing pulmonary edema fluid). Such non-blood
samples may overcome the non-specific metabolic changes that occur with critical
illness and allow for a more lung injury-specific signature to emerge.
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To date, lung-specific metabolomics studies have been limited by similar
challenges that have been seen in blood cohorts: (1) fairly small sample size,
particularly given the inherent heterogeneity of ARDS, (2) varying control popula-
tion, and (3) differing lung sample fluids. Not surprisingly, given such disparities in
sampling, there are no common metabolites emerging that consistently differentiate
ARDS from non-ARDS fluid.

Only two studies to date examined the unbiased identification of high-risk subsets
within ARDS using non-blood samples. In a very small study by Rogers et al.
investigating the metabolome of pulmonary edema fluid in ARDS versus congestive
heart failure, ARDS edema could not be reliably distinguished from cardiogenic
edema via PLS-DA, but hierarchical clustering did separate a metabolically distinct
subset of one-third of the sample which was at markedly increased risk of mortality
(Rogers et al. 2017).

Viswan and colleagues performed a large study, examining both blood and BAL
fluid in >150 ARDS patients to examine metabolites associated with three
definitions of high-risk subsets of ARDS: those defined by (1) ARDS severity by
Pa0O2:FIO2 ratio, (2) direct vs indirect ARDS, and (3) survivors and nonsurvivors
(Viswan et al. 2019). They did identify numerous associations between subsets,
including overlap between the BAL and blood metabolites identified in high-risk
subsets, though some methodology is unclear (Rogers et al. 2021; Investigators et al.
2021).

ARDS is a clinically-defined syndrome which carries substantial risk of mortality.
It is marked by both clinical and temporal heterogeneity, suggesting that a focus on
metabolomics of blood and lung biomarkers could be fruitful. Though numerous
metabolomics studies have been published in the last 2 decades, more work in large
cohorts is needed to identify reproducible signatures that provide targetable meta-
bolic subgroups of ARDS. Similarly, to what extent readily available plasma
samples provide an adequate metabolic sample for lung biology, versus reflect
systemic illness regardless of ARDS status requires ongoing study.

11 Metabolomics of Critical lliness: Future Directions

Both sepsis and ARDS are heterogenous and life-threatening clinical syndromes in
which a dysregulated immune response triggers dramatic changes in metabolism.
Identifying targeted and effective treatments for these syndromes remains a chal-
lenge. The current therapeutic paradigm hinges on treating underlying infections and
otherwise providing supportive care; no effective therapies have been found to treat
the metabolic and inflammatory derangements that drive these syndromes.
Metabolomics offers a potential tool for better identifying the biological
mechanisms underlying these syndromes and has already shown promise in prog-
nostication of both sepsis and ARDS. Further work will be needed to more cleanly
differentiate the lung-specific injury that occurs in ARDS from the frequently
overlapping changes seen in sepsis. Ultimately, metabolomics offers the opportunity
to uncover important biologic pathways that may serve as therapeutic targets and
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identify subgroups of patients in both sepsis and ARDS who may respond differen-
tially to current and future therapeutics.
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