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ABSTRACT
Critical illness leads to millions of deaths worldwide each year, with a significant surge due to 
the COVID-19 pandemic. Patients with critical illness are frequently associated with systemic 
metabolic disorders and malnutrition. The idea of intervention for critically ill patients through 
enteral and parenteral nutrition has been paid more and more attention gradually. However, 
current nutritional therapies focus on evidence-based practice, and there have been lacking 
holistic approaches for nutritional support assessment. Metabolomics is a well-established omics 
technique in system biology that enables comprehensive profiling of metabolites in a biological 
system and thus provides the underlying information expressed and modulated by all other omics 
layers. In recent years, with the development of high-resolution and accurate mass spectrometry, 
metabolomics entered a new “generation”, promoting its broader applications in critical care 
nutrition. In this review, we first described the technological development and milestones of 
next-generation metabolomics in the past 20 years. We then discussed the emerging roles of 
next-generation metabolomics in advancing our understanding of critical care nutrition, such as 
nutritional deficiency risk evaluation, metabolic mechanisms of nutritional therapies, and novel 
nutrition target identification.

GRAPHICAL ABSTRACT

Introduction

Critical illness is a life-threatening and severe condition that 
usually requires specialized medical and nursing care in an 
intensive care unit (ICU) such as severe burn, heart attack, 
kidney failure, sepsis, and severe COVID-19. It has become 
a significant public health issue, and the annual ICU admis-
sions from emergency departments are increasing as the 
population ages (Adhikari et  al. 2010; Vincent and Singer 
2010). Moreover, there was a dramatic surge of critically ill 

patients worldwide due to the COVID-19 pandemic (Tyrrell 
et  al. 2021). The presence of malnutrition in ICU patients 
is common because these patients are often in a state of 
excessive catabolism due to the inflammatory stress 
responses, sympathoexcitation, and endocrine system dis-
turbances (Cattani et  al. 2020). It was estimated that over 
30% of critically ill patients suffer from malnutrition (Lew 
et  al. 2017). Even the patients who do not have malnutrition 
upon admission are very prone to develop malnutrition later 
during their stay in ICU, which may eventually lead to 
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adverse clinical outcomes (Bistrian et  al. 1976; Braunschweig, 
Gomez, and Sheean 2000; Lew et  al. 2017). Both biological 
and observational studies support the association between 
nutrition status and adverse outcomes in the critically ill 
patients (Mogensen et  al. 2015). In addition, nutrient defi-
ciencies contribute to some of the clinical symptoms of 
critical illness, such as encephalopathy, muscle weakness, 
peripheral neuropathy, skin and mucosal lesions (Casaer 
and Bellomo 2019). Therefore, adequate nutritional support 
is particularly needed to ensure the basic functional oper-
ation of vital organs (Kondrup 2014), reduce the incidence 
of nutrition-related complications, and improve the prog-
nosis (Jolliet et  al. 1999). Although the significance of nutri-
tional therapy is noted, the current nutritional risk assessment 
tools for ICU patients have apparent limitations and have 
not been broadly validated in clinical studies yet (Zhang 
et  al. 2021). More work is still needed to develop reliable 
tools for assessing nutritional status in critical care, evalu-
ating the effects of nutritional therapy, and optimizing the 
personalized and precision intervention approaches.

Metabolomics is defined as the comprehensive character-
ization of the small molecules (<1500 Da) or metabolome 
in a biological system. Compared to the transcriptome and 
proteome, the metabolome is the “snapshot” of the current 
status of an organism and the direct readout of the cellular 
machinery in response to endogenous and exogenous factors, 
including nutrients and drugs (Nicholson and Lindon 2008; 
Zheng et  al. 2022). Classic metabolomic approaches with 
single quadrupole gas chromatography coupled with mass 
spectrometry (1 D GC-MS) and nuclear magnetic resonance 
(NMR) have disadvantages such as limited metabolome cov-
erage and co-eluting interferences (Fiehn 2016). In the last 

decade, with the development of high-resolution and accu-
rate mass spectrometry (HRAM), metabolomics came to the 
next generation, promoting its broader applications in 
nutrition-related fields.

In this review, we presented the technological develop-
ment and milestones of metabolomics in the past 20 years 
and performed a scientometric analysis of the literature 
regarding the use of next-generation metabolomics in critical 
care nutrition. We then described the common malnutrition 
and nutritional therapy for critically ill patients. Finally, we 
discussed the emerging roles of next-generation metabolo-
mics in screening ICU patients with nutritional deficiency 
risks, elucidating the molecular mechanisms of nutritional 
therapies, identifying novel nutrition targets, and highlight-
ing the metabolic differences between different types of 
nutritional support. Overall, our review provides the impli-
cations of next-generation metabolomics toward precision 
and personalized nutritional support in critical care.

Next-generation metabolomics

As an emerging and evolving omics technology, metabolo-
mics has been practiced for over 20 years and has undergone 
three primary stages (Figure 1). The term metabolomics 
was coined in the late ‘90s, and the traditional metabolomics 
was mainly performed using single quadrupole gas chroma-
tography coupled with mass spectrometry (GC-MS) and 
nuclear magnetic resonance (NMR) (Fiehn 2016; Nicholson, 
Lindon, and Holmes 1999; Alseekh and Fernie 2018; Li, 
Pidatala, et  al. 2014). In the last decade, metabolomics 
entered into a next-generation represented by the widely 

Figure 1. T he main development stages of metabolomics technologies.Abbreviations: GC-MS: Gas chromatography coupled with mass spectrometry; NMR: 
Nuclear magnetic resonance; TOF: Time-of-flight; QTOF: Quadrupole Time-of-flight; FT-ICR: Fourier-transform ion cyclotron resonance; LC: liquid chromatography, 
CE: Capillary electrophoresis; MALDI: Matrix-assisted laser desorption/ionization; DESI: Desorption electrospray ionization; LAESI: Laser ablation electrospray 
ionization; GCIB-SIMS: gas cluster ion beam secondary ion mass spectrometry.



Critical Reviews in Food Science and Nutrition 1215

used high-resolution accurate-mass instruments (HRAM) in 
the field, such as time of flight mass spectrometry (TOF 
MS), Fourier-transform ion cyclotron resonance MS (FT-ICR 
MS), and Orbitrap (Orbital ion-trap) MS (Dettmer, Aronov, 
and Hammock 2007; Li et al. 2021; Han et al. 2018; Makarov 
2019). The metabolome coverage and mass identification 
accuracy are dramatically expanded in the next generation 
metabolomic platforms. Additionally, linear ion-trap (LIT) 
is often added in combination with other mass analyzers 
such as TOF and FT-ICR in metabolomics to further 
improve the sensitivity of HRAM (Fu et  al. 2019). At the 
same time, to overcome the challenges of compound iden-
tification with HRAM, our team and a few other groups 
have developed several broad-spectrum targeted metabolo-
mics platforms using triple quadrupole MS (QQQ), which 
also become important toolkits in next-generation metabo-
lomics. The advanced QQQ MS with high scan speed, 
ultra-sensitivity and fast polarity switch enables the simul-
taneous quantification of hundreds of metabolites in a single 
run (Li et  al. 2020; Li et  al. 2017; Li, Wang, et  al. 2014; 
Yuan et  al. 2012).

Chromatography-based metabolomics methods using GC, 
liquid chromatography (LC), and capillary electrophoresis 
(CE) separate the analytes based on their physical properties 
and fail to preserve the spatial distribution of metabolites. 
Recently, spatially resolved metabolomics approaches have 
been developed to quantify hundreds of metabolites while 
simultaneously providing their spatial information, which is 
valuable for understanding complex biological systems and 
physiological processes, particularly in heterogeneous tissues 
(Wang et  al. 2022). Common MS imaging (MSI) tools used 
to explore the spatial information include matrix-assisted 
laser desorption ionization (MALDI) (Neumann et  al. 2020), 
desorption electrospray ionization (DESI) (Huo et  al. 2021), 
and laser ablation electrospray ionization (LAESI) mass spec-
trometry (Taylor, Lukowski, et  al. 2021). In addition, to 
characterize the chemical heterogeneity between cells, an 
array of new techniques named single-cell metabolomics 
was developed using gas cluster ion beam secondary-ion 
mass spectrometry (GCIB-SIMS) (Taylor, Lukowski, et  al. 
2021), nanospray ionization mass spectrometry, and MALDI 
(Rappez et  al. 2021; Seydel 2021; Castro et  al. 2021). 
Single-cell metabolomics allows researchers to analyze the 
chemical contents of a single cell or even a single organelle 
(Castro et  al. 2021).

Like other omics techniques, next-generation metabolo-
mics produces information-rich and complex big data. 
Metabolomics data analysis is co-evolving to match the pace 
of the rapid development of analytical instrumentation. The 
metabolomic data analysis tools, databases, and resources 
developed before 2020 were reviewed (Misra 2021). From 
then on (2020 − 2022), several new tools have been reported 
primarily for multi-omics integration, network analysis and 
the application of machine learning and deep learning tech-
niques. For example, MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca/) was recently built for LC-HRMS spectra 
processing and multi-omics integration (Pang et  al. 2022). 
In addition, MetaboAnalyst 5.0 is also able to analyze the 

metabolomics data using the machine learning tools such 
as random forest, and support vector machines (SVM). A 
cloud-based knowledge database named foodMASST was 
recently created to support precision nutrition in many fields 
including critical care (West et  al. 2022). Other useful data-
bases for critical care nutrition include Human Metabolome 
Database (https://hmdb.ca/), foodDB (https://foodb.ca/), and 
PhytoHub (https://phytohub.eu/about).

Overview of the literature for the use of next-
generation metabolomics in critical care nutrition

There is a rising trend toward the use of next-generation 
metabolomics in assessing nutrition support in critical care 
(Figure 2A). By April 1, 2022, 26 research articles were 
published and found in PubMed, and more than half of 
them were reported in the last 2 years. The top 12 journals 
are displayed in Figure 2B, and Clinical Nutrition is the 
most relevant journal. Keywords analysis showed that 
next-generation metabolomics plays an important role in 
personalized and precision nutrition support for critical 
illness. These include but are not limited to evaluating nutri-
tional deficiency risks, elucidating the metabolic mechanisms 
of nutritional therapies, comparing enteral and parenteral 
nutrition, and identifying new nutrition targets (Figure 2C).

Malnutrition caused by metabolic dysregulation in 
critically ill patients and common nutritional 
support

Previous metabolomic studies revealed the presence of per-
sistent metabolic abnormalities and inflammatory catabolic 
syndrome (PICS) in intensive care patients resulted in mild 
to severe malnutrition such as protein hydrolysis, electrolyte 
and minerals deficiency, vitamin deficiency, and fatty acids 
accumulation (Figure 3) (Wang et  al. 2020; Langley et  al. 
2013; Chen et  al. 2022). Adequate nutritional support is 
thus essential for these patients to meet their energy require-
ments during and after the ICU stay, protect against severe 
catabolism and prevent significant deconditioning (Singer 
2019). The common nutritional therapies for ICU patients 
with malnutrition are summarized in Table 1.

Protein hydrolysis

Protein, the most important substance for human growth 
and development, has become the main energy source 
during critical illness (Sharma, Mogensen, and Robinson 
2019). Since all proteins in the human body have specific 
functions, there is no reserve protein in the body to cope 
with the high metabolic state. Amino acids can only be 
transferred from peripheral tissues such as skeletal muscle 
to vital organs for gluconeogenesis and immune material 
synthesis, resulting in protein hydrolysis and related muscle 
loss (Figure 3). The increased degradation of endogenous 
proteins is common in critically ill patients (Sharma, 
Mogensen, and Robinson 2019; Thiessen, Gunst, and Van 
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den Berghe 2018; Hsu et  al. 2021), and it was estimated 
that more than 40% of ICU patients had low plasma pre-
albumin levels in the acute stage of critical illness (Hsu 
et  al. 2021; Bouharras El Idrissi et  al. 2015). Therefore, 
protein supplementation has become an important part of 
nutritional intervention in critical care, and adequate protein 
supplementation might improve the clinical outcomes of 

critically ill patients (Hsu et  al. 2021). Recent clinical trials 
reported that a high dose of protein (0.7 g/per kg body 
weight/day) could significantly reduce the 60-day mortality 
and the time course of ventilator utilization for critically ill 
patients with sepsis and pneumonia (Elke et  al. 2014; Nicolo 
et  al. 2016). The European Society of Parenteral and Enteral 
Nutrition (ESPEN) recommends 1.5 − 2.0 gram/kg body 

Figure 3.  Malnutrition caused by metabolic dysregulation in critically ill patients. Downward arrows in the text boxes and “-” sign indicate the decrease in 
concentration or activity. Upward arrows in the text boxes and “+” indicate the increase in concentration or activity.

Figure 2. S cientometric analysis of next-generation metabolomics on nutritional therapy in critical care. (A) The number of publications by year (Last accessed: 
May 2022); (B) The number of publications by the journal; (C) The number of publications by the research area.
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weight/day of protein for critically ill patients, including 
severe patients with COVID-19 (Singer et  al. 2019). Overall, 
the amount of protein given to the patients should be 
dynamically adjusted based on the severity of the diseases.

Electrolytes and trace minerals disturbances

Electrolytes and trace elements play crucial roles in bio-
chemical and physiological processes in the human body. 
Disturbances in electrolytes and trace minerals are among 
the most common clinical problems in the setting of critical 
care, such as hypomagnesemia and hypozincaemia (Limaye 
et  al. 2011; Casaer and Van den Berghe 2014). 
Hypomagnesemia in ICU patients caused by insufficient 
intake and excessive loss of magnesium may lead to poten-
tially fatal complications such as sepsis, respiratory failure, 
cardiac failure, lactic acidosis, and arrhythmia (Hansen and 
Bruserud 2018). Zinc, a cofactor for a wide range of 
enzymes, can enhance the catalytic activity of various 
enzymes and proteins (Jurowski et  al. 2014), which in turn 
promote the normal function of mitochondria and oxidative 
phosphorylation, carbohydrate metabolism, as well as fatty 
acid metabolism (Yang et  al. 2017). Zinc is also crucial for 
innate immunity by affecting the proliferation, differentia-
tion, and maturation of leukocytes and lymphocytes (Hasan, 
Rink, and Haase 2013; Skalny et  al. 2020). A previous study 
reported that plasma zinc concentration was below normal 
in critically ill patients and further reduced in the septic 
cohort (Besecker et  al. 2011). In addition, lower zinc con-
centration in the plasma and serum of ICU patients was 
correlated with increased severity of illness, including car-
diovascular dysfunction (Cander et  al. 2011). As a result, 
the administration of zinc may be beneficial for critically 
ill patients (Casaer and Van den Berghe 2014; Al Sulaiman 
et  al. 2021). However, electrolyte supplementation has been 
largely ignored in nutritional practice in the ICU (Hambidge 

2000), and so far, there is inadequate evidence from clinical 
trials to recommend the routine administration of high-dose 
electrolytes in the critically ill (Heyland et  al. 2008; Pieracci 
et  al. 2014; Collie et  al. 2017).

Vitamin depletion

Observational and clinical trial data indicate that vitamin 
depletion is common among critically ill patients, among 
which vitamin B1 (Thiamin), vitamin C, and vitamin D 
deficiencies are the most extensively studied (Casaer and 
Bellomo 2019; National Heart, Lung, Petal Clinical Trials 
Network Blood Institute et  al. 2019).

Thiamin is a cofactor for multiple key enzymes, including 
pyruvate dehydrogenase, α-ketoglutarate dehydrogenase, and 
transketolase, which act at key junctures for the TCA cycle, 
pentose-phosphate shuttle, and NAPDH production (Frank, 
Leeper, and Luisi 2007; Donnino et  al. 2016). Thus, severe 
thiamin deficiency may lead to impaired oxidative metabolic 
function in energy-dependent organs such as the heart or 
the brain, resulting in increased lactate and death 
(Manzanares and Hardy 2011; Campbell 1984). New data 
indicate that thiamin deficiency occurs in up to 35% of 
septic shock patients. The use of diuretics, continuous renal 
replacement therapy (CRRT), and insufficient intake are the 
potential risk factors for thiamin deficiency in these patients 
(Donnino et  al. 2016). Vitamin C is a water-soluble vitamin 
that plays important roles as an electron donor, antioxidant, 
and enzyme cofactor. Serum vitamin C level is shown to 
be significantly lower than the normal range during critical 
illness, leading to free radical excess and, consequently, 
severe clinical symptoms such as organ failure (Gundogan 
et  al. 2022; McNamara et  al. 2018). The efficacy of thiamin 
and vitamin C supplementation in critical care has been 
studied in multiple clinical trials, and two recent 
meta-analyses showed that the use of thiamin alone or in 

Table 1.  Common nutritional therapy, metabolic pathways, and their clinical functions for critically ill patients.

Nutritional therapy Metabolic pathways Clinical functions References

Branched-chain amino 
acids mixture

Enhances ammonia detoxification in skeletal 
muscle and promotes liver regeneration

Prevents progressive hepatic failure and 
decreases the frequency of 
complications of cirrhosis

(Hsu et  al. 2021)

Arginine Participates in the synthesis of nitrogen oxide and 
polyamines and stimulates the secretion of 
growth hormones, glucagon, insulin, prolactin, 
and somatostatin

Promotes protein biosynthesis and 
wound healing

(Wijnands et  al. 2015)

Glutamine Serves as a precursor of nucleotide synthesis and 
liver gluconeogenic substrate

Improves survival and boosts the 
immune system

(Gostyńska et  al. 2019)

Zinc Affects the proliferation, differentiation, and 
maturation of leukocytes and lymphocytes and 
inhibits viral replication

Reduces mortality and 
ventilator-associated pneumonia

(Skalny et  al. 2020; 
Stachowska et  al. 2020; 
Kiabi et  al. 2017)

Thiamin Essential coenzymes of decarboxylases required 
for glucose metabolism, TCA cycle, ATP 
production, pentose phosphate pathway, and 
NADPH production

Reduces lactate level and mortality (Amrein, Oudemans-van 
Straaten, and Berger 2018)

Vitamin D Stimulates DNA synthesis and affects RNA 
transcription

Improves prognosis and reduces 
mortality

(Lasky-Su et  al. 2017)

Vitamin C Inhibits the activation of NADPH oxidase and 
xanthine oxidase and the expression of iNOS

Reduces oxidative stress and accelerates 
the recovery of organ failure, and 
reduces mortality

(Oudemans-van Straaten, 
Spoelstra-de Man, and de 
Waard 2014)

omega-3 fatty acids Lowers triglyceride concentrations, inflammatory 
markers, and liver function enzymes

Reduces oxidative stress, morbidity, and 
mortality

(Honeywell, Zelig, and Radler 
2019)

Abbreviations: TCA cycle: Tricarboxylic acid cycle.
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combination with vitamin C had a significant reduction in 
the sequential organ failure assessment (SOFA) score and 
the length of ICU stays in critically ill patients 
(Shokri-Mashhadi et  al. 2022; Shrestha et  al. 2021).

Vitamin D deficiency is also a common risk factor asso-
ciated with greater morbidity and mortality among criti-
cally ill patients (Rech, Hunsaker, and Rodriguez 2014). 
Given the essential roles of vitamin D, vitamin D supple-
mentation was proposed for ICU patients. So far, several 
randomized controlled trials (RCTs) have been conducted, 
and a recent meta-analysis of previous trials suggested that 
the administration of vitamin D did not provide additional 
advantages over the placebo for critically ill patients (Lan 
et  al. 2020). Further studies are needed to investigate the 
potential benefits of vitamin D supplementation in acute 
critical illness.

Lipids and fatty acids

Fatty acids can influence the inflammatory and immune 
processes via regulating the structure and function of cell 
membranes, modulating the inflammatory mediator pro-
files, and altering gene expression (Singer et  al. 2009; 
Patkova et  al. 2017). Specifically, ω-3 polyunsaturated fatty 
acids (PUFAs) displace arachidonic acid from cell mem-
branes, antagonize pro-inflammatory eicosanoids (e.g., 
Prostaglandin E2 and leukotriene B4), promote the pro-
duction of less inflammatory eicosanoids (e.g., thrombox-
ane and prostaglandin E3), and inhibit inflammatory 
mediators (e.g., inducible NO synthase) (Todd et  al. 2008). 
A previous meta-analysis reported a 60% reduction in 
60-day mortality through the continuous administration 
of omega-3 fatty acids and full enteral nutrition to ICU 
patients (Preiser et  al. 2015). Lorenzo et  al. (Pradelli, 
Mayer, et  al. 2020) performed a meta-analysis of 49 RCTs 
and found that ω‐3 fatty‐acid enriched parenteral nutrition 
(PN) significantly reduces the risk of infections and length 
of both ICU and hospital stays compared with standard 
PN (Pradelli, Klek, et  al. 2020). Proper use of fish fat 
mixture can also reduce the occurrence of oxidative stress, 
acute respiratory distress syndrome (ARDS), and sepsis 
(Stachowska et  al. 2020).

Roles of next-generation nutritional metabolomics 
in critical illness

Next-generation metabolomics provides a 
comprehensive approach in assessing the nutritional 
status of critically ill patients

The nutritional status of critically ill patients should be 
screened regularly due to their high risk for malnutrition, 
which impairs patients quality of life. Several screening tools 
have been developed, such as the Malnutrition Universal 
Screening Tool (MUST), Short Nutritional Assessment 
Questionnaire (SNAQ), and the Nutritional Risk 
Screening-2002 (NRS-2002) for hospitalized patients (Zhou 
et  al. 2022). However, these screening approaches are not 

designed to be used in ICU and have apparent limitations 
for critically ill patients who are often unable to report their 
food intake history. Recently, a modified nutrition risk in 
the critically ill (mNUTRIC) score was developed but has 
not been fully validated (Wang et  al. 2021).

Next-generation metabolomics provides an objective and 
comprehensive strategy for evaluating the nutrition status 
of critically ill patients. Metabolomic analysis revealed sig-
nificant differences in the plasma or serum metabolic pat-
terns between critically ill patients with and without 
malnutrition (Mogensen et  al. 2017; Lasky-Su et  al. 2017; 
McMillan et  al. 2017). For example, amino acids and the 
associated metabolites such as arginine, glutamine, 
kynurenine, phosphoserine, tryptophan, betaine, tyrosine, 
and valine were dramatically decreased in the plasma or 
serum of malnourished ICU patients (Figure 4) (Wen et  al. 
2022). The plasma or serum levels of metabolites from the 
tricarboxylic acid (TCA) cycle, such as citric acid and 
2-oxoglutarate, were also observed to be decreased in 
patients with malnutrition (Alvarez et  al. 2017). In contrast, 
acylcarnitines, n-6 polyunsaturated fatty acids, and arachi-
donic acid were increased in the plasma or serum of crit-
ically ill patients with malnutrition (Figure 4). Additionally, 
serum vitamin D status was found to be correlated with 
plasma glutathione and glucuronidation-related metabolites 
(Lasky-Su et  al. 2017).

Next-generation metabolomics elucidates the metabolic 
mechanisms of nutritional therapies

Conventional assessment of nutritional therapy is primarily 
based on the clinical outcomes for patients during the crit-
ical illness, such as the mortality, and length of ICU stay. 
However, it remains largely unclear why patients benefit 
from nutritional support. Next-generation metabolomics is 
now used to elucidate the metabolic changes in response to 
nutritional therapy, and global metabolomic profiling can 
reflect the desired treatment effects and mechanisms to 
restore homeostasis (Figure 5). For example, metabolomic 
analysis of plasma samples from critically ill trauma patients 
revealed that peripheral amino acid infusions modulate 
many beneficial aspects of amino acid metabolism and may 
both decrease the inflammatory stimulus and lower the 
stress responses (Stolarski et  al. 2022). An increase in 
25-hydroxyvitamin D following high-dose vitamin D3 inter-
vention resulted in favorable metabolomic changes involved 
in endothelial protection, enhanced innate immunity, and 
improved mitochondrial function (Amrein et  al. 2021). In 
addition, the next-generation metabolomic analysis revealed 
sex-specific metabolic differences following vitamin D3 
intervention, which represents an important move toward 
the understanding of personalized medicine (Chary et  al. 
2022). β-hydroxy-β-methylbutyrate (HMB), a metabolite of 
the essential amino acid leucine, is known to prevent or 
slow damage to muscle cells that occurs in critical illness. 
A recent RCT showed that daily HMB supplementation is 
associated with improved amino acid metabolism and 
reduced net protein breakdown (Viana et  al. 2021).
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Figure 4. I dentification of metabolic biomarkers for nutritional deficiency risks in critically ill patients using the next-generation metabolomic technologies. 
Blue color indicates the trend of decrease in malnourished critically ill patients, and dark orange color indicates that the metabolites increase in the biological 
fluids of malnourished critically ill patients.

Figure 5. T he metabolomic changes in response to nutritional therapy in critically ill patients. +++ and red color indicate the increase after nutritional therapy, 
and – and blue color indicate decrease after nutritional therapy. Abbreviations: ROS: Reactive oxygen species; GSH: Reduced glutathione. TCA cycle: Tricarboxylic 
acid cycle; FAO: Fatty acid oxidation.
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Next-generation metabolomics highlights metabolic 
differences between patients with enteral and 
parenteral nutrition

Enteral nutrition (EN) and parenteral nutrition (PN) are 
two common types of artificial nutritional therapy in ICU. 
Next-generation metabolomic profiling across various feed-
ing approaches and biological fluids mechanistically pres-
ents a strategy to link the therapy actions to global 
metabolome changes. Metabolomic patterns differ between 
patients who received EN and PN, and the amount of 
energy supplied by EN or PN modulates metabolism 
(Gonzalez-Granda et  al. 2021). In detail, the metabolic 
responses to EN were associated with the increase of amino 
acids, urea cycle upregulation, restoration of antioxidants, 
and the increase of RNA synthetic metabolites (Parent 
et  al. 2017). In contrast, PN is less effective than those 
given enterally. It was reported that PN appears to only 
upregulates amino acid metabolism without influencing 
protein metabolism and antioxidant rebalance due to the 
bypass of the hepatic “first-pass” effect as EN (Parent et  al. 
2017). An energy deficit with the downregulation of the 
TCA cycle was reported in preterm newborns fed PN 
(Esturau-Escofet et  al. 2022). The combination of EN and 
PN was shown to adequately cover the energy requirements 
for critically ill patients (Singer et  al. 2021).

Next-generation metabolomics provides novel nutrition 
targets in critically injured patients

Critical illness induces metabolic changes that alter macro 
and micro-nutrient metabolism, while simultaneously, nutri-
ent intake alters our physiologic responses to critical illness. 
MS-based next-generation metabolomics uniquely contrib-
utes to the direct analysis of small molecules as the potential 
new nutrition targets. For example, a recent metabolomic 
analysis revealed impaired nucleotide synthesis in critically 
ill trauma patients for the first 7 days after trauma compared 
to the healthy controls (Parent et  al. 2016). Therefore, nucle-
otide supplementation is likely essential for these patients 
since the de novo nucleotide synthesis may not be sufficient 
in these critical periods. In addition, sulfur-containing amino 
acids (SAA), especially taurine and cysteine, were reported 
to decrease significantly with the progress of sepsis, which 
suggested that SAA supplementation may improve the prog-
nosis of septic patients (Su et  al. 2015). Previous metabo-
lomic studies have highlighted the links between 
lysophosphatidylcholines (LPC) and their roles in sepsis 
pathology (Wang et  al. 2020; Amunugama, Pike, and Ford 
2021). They found that the major LPC molecular species 
(16:0 LPC, 18:0 LPC, 18:1 LPC, and 18:2 LPC) are signifi-
cantly lower in serum and plasma of patients with sepsis 
(Park et  al. 2019). Exogenous administration of LPC inhibits 
the production of the pro-inflammatory cytokines (IL-1β 
and TNF-α), reduces organ damage, and improves survival 
rates in septic mice and rats (Parra Millan et  al. 2016; Yan 
et  al. 2004).

Conclusions and future prospective

Critical care nutrition is still a young science, and the best 
practices are evolving. Proper timing, doses, nutrition 
routes, and duration of the nutritional support remain 
largely unknown (McKeever et  al. 2021). In addition, cur-
rent nutritional therapy has treated all patients as a homog-
enous group throughout the course of their ICU stay and 
has not accounted for heterogeneity in treatment effects 
(Stoppe et  al. 2020). This array of clinical nutritional deci-
sions will likely require further development in precision 
nutrition technologies, including next-generation metabo-
lomics (O’Sullivan et  al. 2018).

Despite the many applications described in this review, 
the impact of metabolomic profiling on critical care nutri-
tion is still limited by access to MS technology owing to 
cost and the required expertise. We believe that this sit-
uation is changing as MS-based next-generation metab-
olomics is increasingly recognized as a powerful and 
versatile tool to elucidate mechanisms underlying nutri-
tional interventions and monitor malnutrition. Nutritional 
metabolomics has also been hindered by the challenges 
of data integration with other -omics and clinical phe-
notypes and the lack of diet-related metabolite informa-
tion in the databases, which limit our ability to extract 
meaningful conclusions from clinical trials. Therefore, 
there is a pressing need for multidisciplinary collaboration 
and standardized tools for comprehensive metabolomic 
measurements and big data analysis in critical care 
nutrition.

Anticipated further advancements in next-generation 
metabolomics, including MS-based instrumentation, soft-
ware, and workflows, will enable the development of more 
personalized and predictive nutritional interventions for 
critically ill patients and eventually improve patient 
care in ICU.
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