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Abstract: Acute respiratory distress syndrome (ARDS) is a severe and life-threatening pulmonary condition characterized by intense
inflammation and disrupted oxygen exchange, which can lead to multiorgan failure. Recent findings have established ARDS as
a systemic inflammatory disorder involving complex interactions between lung injury, systemic inflammation, and oxidative stress.
This review examines the pivotal role of metabolic disturbances in the pathogenesis of ARDS, emphasizing their influence on
inflammatory responses and oxidative stress. Common metabolic abnormalities in ARDS patients, including disruptions in carbohy-
drate, amino acid, and lipid metabolism, contribute significantly to the disease’s severity. These metabolic dysfunctions interplay with
systemic inflammation and oxidative stress, further exacerbating lung injury and worsening patient outcomes. By analyzing the
regulatory mechanisms of various metabolites implicated in ARDS, we underscore the potential of targeting metabolic pathways as
a therapeutic approach. Such interventions could help attenuate inflammation and oxidative stress, presenting a promising strategy for
ARDS treatment. Additionally, we review potential drugs that modulate metabolic pathways, providing valuable insights into the
etiology of ARDS and potential therapeutic directions. This comprehensive analysis enhances our understanding of ARDS and
highlights the importance of metabolic regulation in the development of effective treatment strategies. Key findings from this review
demonstrate that metabolic disturbances, particularly those affecting carbohydrate, amino acid, and lipid metabolism, play critical roles
in amplifying inflammation and oxidative stress, underscoring the potential of metabolic-targeted therapies to improve patient
outcomes.
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Introduction
Acute Respiratory Distress Syndrome (ARDS) is an intense lung disease that typically occurs in patients hospitalized
with other illnesses or major injuries, resulting in reduced oxygen in the bloodstream, affecting the normal functioning of
organs." Symptoms primarily include severe shortness of breath, usually within hours to days of infection or injury.”
ARDS patients are often associated with pulmonary hypertension risk,> high mortality,* and lack of effective treatment.’
Based on the definition of Berlin, the diagnosis of ARDS depends on a PaO2/FiO2 ratio below 300 and unproven
cardiogenic pulmonary edema.® The occurrence of ARDS in the United States is assessed to be 64.2 to 78.9 cases /
100,000 person-years,” and the mortality rate corresponds with the disease severity: 27%, 32%, and 45% for mild,
moderate, and severe cases, appropriately.® The occurrence of ARDS in intensive care units (ICUs) in mainland China is
low, but the high mortality rate and withdrawal rate of life-saving treatment in patients with moderate-to-severe ARDS
are concerning.’ The pathogenic mechanism underlying ARDS remains largely unclear and there are currently no specific
drugs available for its effective treatment in clinical practice.’

There is an urgent need to comprehensively elucidate the pathogenic mechanisms underlying ARDS to identify
potential targets for novel therapeutic interventions. Recent research has shed light on the intricate interactions among

systemic inflammation, oxidative stress, and metabolic disturbances that drive disease progression. Emphasizing these
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emerging insights and contextualizing them within current literature is essential for advancing the understanding of
ARDS and fostering the development of effective treatment strategies. Glucocorticoid (GC) therapy for ARDS,
particularly during the COVID-19 pandemic, remains debated despite growing insights into its mechanisms and clinical
use. Effective GC treatment hinges on key pharmacological principles, including the choice of agent (eg, hydrocortisone,
methylprednisolone, dexamethasone), dosing, timing, and treatment duration. Recent studies emphasize early interven-
tion, an initial bolus for optimal GR saturation, and continuous infusion to sustain therapeutic levels. Variability in patient
response due to differing plasma concentrations necessitates dose adjustments tailored to clinical progress, followed by
careful tapering to restore HPA axis function. The heterogeneity of ARDS and inconsistent GC regimens complicate
outcomes, underscoring the need for standardized approaches informed by current pharmacological knowledge.'*"

In recent years, research on ARDS has gradually increased, and understanding of ARDS has deepened. As a systemic
inflammatory disease, it involves the interaction between the lungs and other organ systems, resulting in not only lung
damage but also a significant elevation of numerous inflammatory cytokines.'® Regulation of metabolism in inflamma-
tion and oxidative stress takes place a major function before and during the onset of ARDS.!" Metabolic disturbances are
common in patients with ARDS. Alveolar epithelial cells and endothelial cells in ARDS patients are damaged, leading to
cell metabolism disorders, such as mitochondrial dysfunction,12 amino acid metabolism,13 and lipid metabolism
abnormalities,"* among others. These metabolic disturbances interact with inflammatory responses to further aggravate
the condition of ARDS patients.'> For example, it was found that energy metabolism disturbance caused by mitochon-
drial dysfunction can lead to increased apoptosis and worsened inflammatory response in patients with ARDS.'® In terms
of amino acid metabolism, a study found that phenylalanine metabolism was the major significantly altered pathway
among non-survivors and survivors of ARDS patients, and increased phenylalanine levels may be related to more severe
lung injury and high rate of mortality in ARDS.'” In addition, abnormal lipid metabolism, such as phosphatidic acid
choline metabolism disorder'® and decreased desaturase activity,'” may lead to a decrease in alveolar surfactant, which in
turn aggravates lung damage in ARDS patients.

Second, oxidative stress takes place a vital role in the pathophysiology of ARDS. Oxidative stress refers to the
imbalance between oxidants and antioxidants in organisms, which leads to the accumulation of oxidants in organisms and
induces cell damage.”® Oxidative stress in ARDS patients is mainly manifested as increased oxygen free radicals
production and decreased antioxidant system capacity.”' Oxygen free radicals can directly lead to the peroxidation of
cell membrane phosphatidic acid, destroy cell structure, and aggravate lung damage.*>** At the same time, oxygen free
radicals can also indirectly trigger the deterioration of the inflammatory response in ARDS patients by inducing the
stimulation of inflammatory cells and promoting the inflammatory cytokines production.”* Studies have found that
antioxidants like vitamin E** and N-acetylcysteine®® have a certain therapeutic effect on ARDS patients, which may be
associated with the reduction of oxidative stress. The decrease in antioxidant system capacity weakens the antioxidant
defense of ARDS patients and makes them more susceptible to oxidative stress damage. For example, the activities of
antioxidant enzymes like superoxide dismutase (SOD)?’ and glutathione peroxidase (GPx)*® are reduced in patients with
ARDS, which cannot effectively scavenge oxygen free radicals, resulting in exacerbated oxidative stress damage. It can
be seen that the regulation of metabolism on oxidative stress takes place a major part in the pathophysiological process of
ARDS.

Cell metabolism disorder is nearly associated with the inflammatory response and oxidative stress, which further
aggravate the patient’s condition. Therefore, improving the inflammatory response and oxidative stress in patients with
ARDS through metabolic regulation, such as improving mitochondrial function, regulating lipid metabolism, and
enhancing the ability of the antioxidant system, may become an important direction for future ARDS treatment strategies.
In conclusion, it is required to contemplate the alterations in metabolite levels and their regulatory effects on ARDS,
which will help monitor and control the development of the disease, improve patients’ prognosis, and even save their
lives. Therefore, this review aims to summarize the regulation of metabolism on inflammatory response and oxidative
stress in the pathogenesis of ARDS, explain the regulatory effects of various metabolites and the mechanisms involved,
and finally introduce the current potential therapeutic drugs for metabolic regulation in ARDS. This will help provide

more evidence support for the etiology and pathophysiology of ARDS.
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Metabolic Dysfunction and ARDS

In healthy individuals, metabolism takes place an important part in maintaining homeostasis by controlling energy
production,®” nutrient breakdown,’® and waste removal.>' However, in ARDS patients, metabolic dysregulation occurs,
affecting inflammatory responses and oxidative stress.”* This dysregulation involves disruptions in carbohydrate, amino
acid, and lipid metabolism, among others,* thereby leading to aggravate lung damage in ARDS patients. The findings
from these studies are summarized in Table 1.

Carbohydrate Metabolism in ARDS

Carbohydrate metabolism is essential in maintaining energy homeostasis within the body. This process involves the
breakdown of carbohydrates, such as glucose, into smaller molecules to generate ATP, which serves as a primary energy
source for various cellular functions. Essential for the maintenance of blood glucose, there are other pathways including
gluconeogenesis, the synthesis and breakdown of glycogen that takes place the blood glucose homeostasis regulation. In
addition, in carbohydrate metabolism, the metabolites intersect with signaling pathways, and regulate the activities of
cells through post-translational modification of key proteins in the pathways. Moreover, carbohydrate metabolism takes
place an important part in the control of immune responses, cellular growth and repair processes, along with inflamma-
tory responses and oxidative stress.**

In ARDS patients, abnormalities in carbohydrate metabolism can have detrimental effects on their condition. It has
been established that elevated blood glucose levels can negatively impact the survival and prognosis of patients with
ARDS (Figure 1). Hyperglycemia is frequently observed in critically ill patients and is closely correlated with high rate
of mortality and morbidity, and it has been shown to worsen inflammation and oxidative stress in ARDS animal
models.”” A study evaluating the effect of blood glucose on cognitive effects in ARDS patients one year after hospital
discharge demonstrated a significant association between blood glucose concentrations and cognitive sequelae, as
evidenced by a longer duration of mechanical ventilation.*® Mechanistic studies have shown that increased glucose
levels can stimulate reactive oxygen species (ROS) production through protein kinase C (PKC)-dependent stimulation of
NAD(P)H oxidase. NAD(P)H oxidase-dependent ROS generation may damage DNA in tissues, that causes various
complications®’(Figure 1). Additionally, glucose-6-phosphate dehydrogenase (G6PD) takes place a crucial part in both
ROS generation and removal by supplying NADPH (Figure 1). G6PD activation has been associated with enhanced
oxidative inflammation during acute lung injury (ALI). ALI is defined by high inflammatory response, which, if left

Table | Summary of Key Findings on Metabolism and Health

Authors Title Key Findings Reference
Galgani, ). and Energy metabolism, fuel selection and Explores energy metabolism and how the body balances fuel [29]
E. Ravussin body weight regulation sources to maintain energy homeostasis, with implications for
obesity management.
Carneiro, L. and Nutritional Impact on Metabolic Discusses the link between diet and brain function, emphasizing | [30]
L. Pellerin Homeostasis and Brain Health how nutrient availability influences brain health and its role in
preventing neurodegenerative diseases.
Onopiuk, A, Chapter Two - Cystatin C: A Kidney Reviews cystatin C as a reliable biomarker for kidney function, | [31]
Tokarzewicz, A, and | Function Biomarker highlighting its importance in early detection and monitoring of
Gorodkiewicz, E. kidney disease.
Forcados, G.E, et al | Metabolic Implications of Oxidative Stress | Examines the role of oxidative stress and inflammation in [32]
and Inflammatory Process in SARS-CoV-2 | COVID-19 pathogenesis, suggesting natural antioxidants as
Pathogenesis potential therapeutic agents.
Zhu, ). and C.B. Metabolic regulation of cell growth and Focuses on the metabolic regulation of cellular functions and [33]
Thompson proliferation growth, highlighting its significance for developing therapies for
diseases like cancer.
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Figure | A schematic representation showing the alterations in carbohydrate metabolites’ metabolic pathways amid ARDS. During ARDS, the metabolic pathways
encompassing carbohydrates, such as glucose and lactate, undergo transformative changes. This diagram tentatively demonstrates that perturbations in glucose and lactate
concentrations instigate a cascade of intermediate receptor regulation, notably GPCR and PKC, affecting downstream signaling molecules. Concurrently, the disruption in
energy metabolism precipitates ROS generation and free radicals, which consequently inflict DNA damage and instigate inflammation. For further information, refer to the
main text.

Abbreviations: PKC, Protein kinase C; GPCR, G-protein-coupled receptors; NF-kB, Nuclear factor kappa B; HIF-1, Hypoxia-Inducible Factor; G6PD, Glucose-6-phosphate
dehydrogenase; ROS, Reactive oxygen species.

untreated, can progress to ARDS. However, disturbances in blood sugar levels can exacerbate inflammation and
contribute to ARDS development. A case report documented the onset of diabetic ketoacidosis (DKA) inducing
a cytokine storm, which led to the development of ARDS. Inhibiting G6PD may be a potential strategy to limit oxidative
damage and improve airway function during ALI, as glucose metabolism is involved in ROS regulation and inflammation
activation, thereby inducing ARDS.*® It seems like that tight glycemic control has been related to high outcomes in some
clinical trials.>® Hence, other studies have reported conflicting results,*® highlighting the complexity of glucose metabo-
lism in ARDS.

Lactate is also implicated in the pathophysiology of ARDS patients (Figure 1). A study involving samples from 194
critically ill patients with various diagnoses and 306 dogs found that patients with respiratory failure due to ARDS can
exhibit increased pulmonary lactate production, which is proportional to disease severity.*' In recent years, research on
the differential genes expression and associated pathways in ARDS patient phenotypes has revealed that elevated plasma
lactate levels are associated with oxidative phosphorylation and increased gene expression, potentially caused by
mitochondrial dysfunction and alterations in energy metabolism** (Figure 1). Lactate’s effects on inflammatory processes
can vary depending on the metabolic state, cell type, and pathological process analyzed, as well as its interactions with
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various targets, such as G-protein-coupled receptors, post-translational modifications and transcription factors like NF-«xB
and HIF-1.*® These interactions enable lactate to regulate cytokines, chemokines, adhesion molecules, and signaling
pathways (Figure 1) for the expression of several enzymes taking part in immune response and metabolism, elucidating
its differential effects on inflammatory processes beyond its role as a well-known metabolic waste product.

Moreover, impaired carbohydrate metabolism can affect immune responses, contributing to a pro-inflammatory state
and exacerbating lung injury. A study modeling ARDS caused by the COVID-19 novel coronavirus, it was found that
elevated glucose provides optimum conditions for the virus to avoid and weakening the lungs first-level immune defense
system. Because of the presence of glucose, it assists the progression of virus-induced ARDS in patients, further
promotes cell death, and induces an inflammatory response in the lungs, which can overwhelm the already weakened
innate immune system, triggering systemic infection, inflammation, etc.** (Figure 1). Additionally, glycolysis, the
process of breaking down glucose to produce energy is elevated in the immune cells of ARDS patients,* such as
metabolic changes in leukocytes, which takes place a vital part in the immune response, have been linked to immune
paralysis in sepsis, a condition that shares similarities with ARDS. Consequently, addressing these metabolic distur-
bances through interventions, such as proper nutritional support, may improve outcomes in ARDS patients.

Lipid Metabolism in ARDS

Lipid metabolism refers to the biological processes accountable for the synthesis, storage, and breakdown of lipids,
which are the main components of cell membranes and serve as energy sources for the body.*® Lipid mediators, such as
prostaglandins and leukotrienes,*’ play crucial roles in modulating inflammation by regulating the recruitment and
stimulation of immune cells.*® Additionally, certain lipids, like plasmalogens, can act as antioxidants, neutralizing ROS
and preventing oxidative damage to cellular structures.*’

In patients with ARDS, dysregulation of lipid metabolism contributes to the inflammatory response and regulation of
ROS, promoting inflammation and lung injury (Figure 2). Moreover, disrupted lipid metabolism can affect the production
and clearance of ROS, leading to oxidative stress that damages cellular components and exacerbates ARDS severity.
A study demonstrated that alterations in phosphatidylcholine (PC) metabolism in ARDS patients correlated with
increased inflammation and oxidative stress,’® resulting in more severe lung injury and lower levels of surfactant PC
species, which contribute to alveolar collapse and heightened inflammation®' (Figure 2). Some studies have employed
mass spectrometry (MS) to analyze differences in lipid metabolites between ARDS patients and healthy individuals. In
comparison to healthy controls, ARDS patients exhibited significantly different plasma PC compositions, with an overall
increase in methyl-D9-PC enrichment but considerably lower enrichment of methyl-D3-PC and methyl-D6-PC, indicat-
ing significant changes in the PC synthesis pathway in ARDS patients.>*> Research has confirmed that PCs produced via
different pathways yield distinct effects (Figure 2). Importantly, PCs can synthesize precursors of inflammation-inducing
substances™> that are released and subsequently produce modulatory oxidative metabolites implicated in the pathogenesis
of ARDS.** In compared with, DHA (sn-2 22:6), synthesized by PC, can reduce inflammation.’® Additionally, ARDS
patients are characterized by reduced plasma PUFA concentrations;’’ however, these mechanisms remain unelucidated.
The lipid metabolism pathway is also related to ROS regulation. Phospholipids (PL) are converted into lipid biomarkers
under the action of phospholipases and ROS, which are activated or released under specific physiological and patho-
physiological conditions, potentially implicating them in ARDS regulation. Notably, during tissue repair in later
inflammation stages, the inflammatory cells produce excess ROS accumulation, it can cause irreversible DNA damage
in new cells, such as deletions, point mutations and rearrangements>® (Figure 2). Additionally, excess intracellular and
extracellular oxygen free radicals can initiate various destructive reactions. Oxygen free radicals can binds with lipids on
the plasma membrane surface, resulting in peroxidation of lipid and the new free radicals formation, that are highly
unreliable and readily decompose into carbonyls, malondialdehyde and volatile hydrocarbons like ethane and

pentane””-®°

(Figure 2). The lipid peroxidation process disrupts the cell membrane structure, results in alterations in
the phospholipid bilayer’s physical properties, and oxygen free radicals inflict significant damage on lung cells through
these processes. These detrimental effects compromise cellular integrity and function, ultimately contributing to the

aggravation of pulmonary injury in diseases like ARDS.
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Figure 2 A schematic representation elucidating the transformations in the metabolic pathways of lipid metabolites amid ARDS. The metabolic pathways of lipidic
substances, including eicosanoids, phospholipids, and phospholipidic cells, are notably transformed during ARDS. This diagram broadly illustrates that lipid constituents of the
cellular membrane are compromised by various provocateurs, including oxygen-free radicals, leading to a perturbation and decomposition of lipid metabolism. This results in
the generation of pro-inflammatory and ROS-inducing lipid secondary metabolites, in turn exacerbating DNA damage and cellular membrane detriment. Refer the main text
for additional information.

One of the lipids that play an essential role in ARDS is eicosanoids, derived from arachidonic acid. These lipid
mediators significantly regulate inflammation (Figure 2). An imbalance in eicosanoid production, such as increased pro-
inflammatory leukotrienes and decreased anti-inflammatory prostaglandins levels, has been implicated in ARDS patho-
genesis. Excessive pro-inflammatory eicosanoids production contributes to sustained inflammation and increased ROS
generation in ARDS patients (Figure 2). According to a lipidomic analysis, bronchoalveolar lavage fluid (BALs) of
patients with COVID-19-induced ARDS is categorized by high levels of fatty acids and inflammatory lipid mediators,
with thromboxanes and prostaglandins predominating. There is also an increased level of Leukotrienes, especially LTE4,
LTB4 and eoxin E4. Additionally, monohydroxylated 15-lipoxygenase metabolites of linoleic acid, arachidic acid,
eicosapentaenoic acid, and docosahexaenoic acid were increased. Notably, however, lysis-promoting mediators, speci-
fically lipotoxin A4 and D-series lysins also increased, emphasizing the lipid mediator storm occurring in severe COVID-
19 involving pro-inflammatory and anti-inflammatory lipids balance. Eicosanoids exert complex regulation on many
physiological systems in inflammatory and immune responses and act as messengers in the central nervous system.
Eicosanoic acid controls pro-inflammatory and anti-inflammatory effectors closely related to inflammation, forming one
of the human body’s most complex regulatory networks. Many studies have suggested that arachidonic acid metabolites
takes place a major role in acute lung injury/ARDS development. Normally, arachidonic acid is bound to cell membrane
phospholipids. After injury, under various mediators’ action and phospholipase, arachidonic acid is released from

membrane phospholipids. The lung is an essential organ in the cascade of arachidonic acid due to its enzymatic capacity

378 https: International Journal of Chronic Obstructive Pulmonary Disease 2025:20



Yue and Yan

to synthesize all arachidonic acid derivatives while being largely responsible for the selective breakdown of circulating
eicosanes. This might explain why Eicosanoids levels increased after lung injury in ARDS patients.®’

Moreover, lipid metabolism is involved in immune regulation in ARDS patients. For instance, dysregulated sphingo-
lipid metabolism, including elevated ceramide levels, can promote immune cell apoptosis, thus weakening the immune
response. Furthermore, alterations in surfactants’ lipid composition, such as PC described earlier, can compromise innate
immune defense mechanisms in the lung, resulting in increased susceptibility to infections. Overall, lipid metabolism
dysregulation in ARDS patients takes place a significant part in modulating immune function and influencing disease
outcomes.

Amino Acid Metabolism in ARDS

Amino acid metabolism encompasses the series of biochemical reactions responsible for the synthesis, degradation and
utilization of amino acids, which are the fundamental components of proteins.®* These metabolic processes are essential
for protein production, energy generation, and the creation of various biologically significant molecules such as
hormones and neurotransmitters.*® By participating in the maintenance of cellular balance and the regulation of multiple
physiological processes, amino acid metabolism serves a crucial role in immune function,®* inflammation,®®> and
oxidative stress management.®®

In the context of ARDS, abnormalities in the metabolism of amino acid can influence the development of the disease
and aggravate the inflammatory response and ROS generation (Figure 3). Altered concentrations of specific amino acids,
like glutamine and arginine, have been associated with immune dysfunction and increased inflammation in ARDS
patients.®”*® Glutamine is necessary for growth of immune cell and activation and helps maintain the intestinal mucosa
integrity, which acts as a barrier against pathogens.®” A study assessing the glutamine treatment effects on leukocyte
numbers in bronchoalveolar lavage fluid (BALF), inflammatory status in lung tissue and lung morphology and function
in an endotoxin-induced pulmonary ARDS mouse model suggested that glutamine treatment reduced functional and
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Figure 3 A schematic representation showing the changes in metabolic pathways of amino acid metabolites amid ARDS. During ARDS, there exist aberrations in the levels
of certain amino acids like glutamine and arginine. The metabolism of these amino acids is regulated by other amino acids or signaling molecules, acting to either stimulate or
curtail the mitochondrial oxygen free radicals production. However, these free radicals possess the potential to damage DNA and cellular membranes. For further
information, refer to the main body of the text.
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morphological damage, inflammation and ROS release. This has also been supported by animal experiments, such as in
C57BL/6 mice, where glutamine was pre-supplemented in the diet before ARDS induction. Researchers observed
activation of anti-inflammatory pathways in alveolar macrophages despite increased early inflammatory cytokines and
neutrophil recruitment.”®"?Arginine also plays a role in lung injury, specifically involving endothelial nitric oxide
synthase (eNOS) activity.”> Arginine deficiency causes eNOS to produce superoxide, which subsequently generates
cytotoxic peroxynitrite. This leads to alterations in protein structure and function, such as PKC’* (Figure 3). Arginine’s
involvement in the regulation of lung injury has been corroborated by other studies that demonstrated its effect on
ARDS.” A clinical trial supplementing L-arginine twice daily in patients with COVID-19-induced ARDS determined
that it reduced the length of hospital stays and respiratory support compared to the placebo group, without increasing
serious adverse events, indicating a beneficial effect.”® Many other amino acids have similar effects. For instance,
a metabolic analysis revealed that at the onset of ARDS, non-survivors had remarkably higher rates of tryptophan
degradation and concentrations of metabolites downstream of the kynurenine pathway than survivors. A regression
analysis identified that kynurenine pathway stimulation is related to mortality in ARDS patients.”’

Amino acid metabolism is disrupted in ARDS patients, and the availability of these amino acids may be reduced,
compromising immune function and increasing vulnerability to infections. In addition to the amino acids described
above, some substances can improve the immune function of ARDS patients by regulating inflammation and ROS. For
example, taurine is a sulfur-containing non-essential amino acid with antioxidant, cell membrane-stabilizing, and anti-
inflammatory effects (Figure 3). An animal study demonstrated that taurine improves lung injury by suppressing the
inflammatory response and oxidative stress through the p38/MAPK signaling pathway’® (Figure 3). In patients with
COVID-19-induced ARDS, taurine can reduce oxidative stress levels and inflammatory damage, effectively improving
immune function.”” N-acetylcysteine (NAC) is a cysteine derivative with antioxidant and anti-inflammatory properties.
NAC can increase the body’s glutathione (GSH) levels, thereby enhancing antioxidant capacity (Figure 3). It has also
been effective in treating ARDS patients in ICUs.*°

Collectively, abnormal amino acid metabolism can lead to excessive ROS production, causing oxidative stress and
cellular damage, which ultimately exacerbates lung injury and worsens ARDS severity. Investigating and targeting amino
acid metabolism in ARDS patients may offer innovative therapeutic approaches for modulating inflammation, oxidative
stress, and disease progression.

Other Metabolism Pathways

ARDS is intricately connected to metabolism. In addition to the traditional pathways of carbohydrate, lipid, and amino
acid metabolism, other metabolic pathways such as purine metabolism,'> heme metabolism,*” etc. also provide the
regulation of inflammation and oxidative stress, subsequently influencing ARDS.

Purine metabolism takes place a significant part in maintaining cellular energy balance and nucleic acid synthesis,
while being closely linked to inflammation regulation and oxidative stress.®' Studies have revealed that abnormal purine
metabolism may exacerbate the inflammatory response in ARDS patients (Figure 4). Purine metabolism has long been
associated with ARDS.* One research focused to examining the function of serum uric acid levels in predicting ARDS
patients’ outcomes. The study included 33 ARDS patients and determined that serum uric acid levels could predict the
mortality rate of these patients. This observation may be attributed to uric acid, a final product of purine degradation,
which increases in a sensitive but nonspecific manner during lung tissue injury and inflammation.*> Another study
reached a consistent conclusion. Researchers included 237 ARDS patients and compared the survival rates of patients
with varying uric acid levels through survival analysis. They discovered that ARDS patients with low serum uric acid
levels had a reduced risk of in-hospital death.*® Indeed, these findings are corroborated by a study demonstrating that
during hypoxia, the end product of purine degradation, serum uric acid, is markedly increased,® a characteristic feature
in patients with ARDS. Impaired lung function diminishes oxygen intake, leading to tissue hypoxia, which becomes more
pronounced during chronic obstructive pulmonary disease (COPD) exacerbations, potentially causing elevated levels of
circulating uric acid resulting from damage to the lungs and surrounding tissues. Elevated uric acid levels are related to
high levels of inflammatory markers namely C-reactive protein (CRP) and interleukin-6,¢ which are also elevated in
patients with ARDS. In the purine pathway, in addition to uric acid, studies have also identified inosine, an endogenous
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Figure 4 A schematic representation illustrating the perturbations in metabolic pathways of miscellaneous metabolites during ARDS. During ARDS, the metabolism of
purine and heme is disrupted, which further instigates the generation of secondary metabolites promoting inflammation and ROS production. Generally, the byproducts
resulting from the metabolic pathway of heme exhibit protective effects on pulmonary cells. For additional information, refer to the main text.

purine, as capable of downregulating the TNF-a, IL-1B, IL-6, and Macrophage inflammatory protein-2 (MIP-2) expres-
sion induced by LPS, and reducing MIP-1a (Figure 4). Moreover, in ARDS of inbred BALB/c mice challenged with
intratracheal LPS, it can increase the production of IL-4.%”*% [L-4 is a potent inducer of M2-specific protein expression,
accelerating ALI resolution and lung repair by reprogramming endogenous inflammatory macrophages.®” Consequently,
intervention strategies targeting purine metabolism may hold potential for the treatment of ARDS patients.

The heme molecule is an essential cofactor for the activities of transport of oxygen and storage proteins, as well as
cellular metabolic enzymes, namely those involved in xenobiotic metabolism, mitochondrial respiration and antioxidant
responses.’” Disorders of heme metabolism may also exacerbate the condition of ARDS patients’’ (Figure 4). In one
study, the relationship between ARDS and heme was investigated by quantifying the concentration of inducible heme
oxygenase (HO)-1 in the lungs of patients with ARDS and assessing its function as a source of ferrous iron and an iron-
regulated signaling agent. The results revealed that, compared to patients who underwent lung resection in the control
group, the hemoglobin concentration in the lung tissue and BALF fluid of ARDS patients increased significantly, and
heme oxygenase protein levels were increased in the lungs of ARDS patients. This finding suggests that hemoglobin and
heme oxygenase proteins provide alterations in iron signaling, mobilization and regulation that are prognostic in
ARDS.”> The HO system degrades heme to carbon monoxide (CO), iron, and biliverdin-iXo, which is converted to
bilirubin-iXa by biliverdin reductase (Figure 4). This degradation is cytoprotective,* activating anti-inflammatory, anti-
oxidative, and anti-apoptotic defense mechanisms, while stimulating mitochondrial quality control programs and
biogenesis. Pharmacological stimulation of the HO-1/CO system by inhalation of low doses of CO produces protective
effects against inflammation, oxidative stress, sepsis, lung inflammation, ischemia/reperfusion injury, ALI and other
pathological conditions. To date, pilot clinical trials of inhaled CO (iCO) therapy, including those for ARDS,” have
initially demonstrated good tolerance, and many clinical trials are still ongoing.”*

Heightened inflammation and oxidative stress levels are observed in patients with ARDS and these responses are
metabolically regulated. In addition to the aforementioned metabolism, numerous metabolic pathway substances are
involved in the regulation of ARDS.'*%*%¢ Disruption of metabolic pathways exacerbates inflammatory responses and
oxidative stress. Intervention strategies targeting these metabolic pathways hold promise for providing new treatments for

ARDS patients. However, current research on the role of these metabolic pathways in ARDS is limited, and further basic
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and clinical research is required to gain a better understanding of their involvement in the pathogenesis of ARDS and to
develop more effective treatments for patients.

Therapeutic Implications for ARDS

Understanding the regulation of different metabolic pathways in ARDS is of great significance for drug development and
application. As mentioned above, the occurrence and development of ARDS involve various metabolic pathways, namely
lipid metabolism, glucose metabolism, amino acid metabolism, purine metabolism, and heme metabolism. In-depth
investigation of the mechanisms of action of these metabolic pathways in ARDS can uncover new therapeutic targets and
provide individualized treatment options for ARDS patients. Imbalances in metabolic pathways in ARDS patients may
exacerbate inflammatory responses and oxidative stress, thereby affecting disease severity and prognosis. Consequently,
drug interventions targeting these metabolic pathways are crucial for improving the rate of survival and ARDS patient
life’s quality. In experimental and clinical studies, some drugs targeting metabolic pathways have demonstrated promis-
ing therapeutic effects, such as anti-inflammatory, anti-oxidative, and tissue repair promotion. A wide understanding of
the regulatory mechanisms of different metabolic pathways in ARDS will aid the development and application of drugs,
offering more effective treatments for ARDS patients. The information on medication with potential effects on different
metabolic pathways is summarized in Table 2.

Several drugs are currently being tested to modulate metabolism to improve prognosis and survival in patients with
ARDS. For example, metformin is well-known for its diverse effects, including recently reported anti-inflammatory
activity. One study enrolled patient with type 2 diabetes mellitus (T2D) diagnosed with ARDS and treated them with
metformin. It found no difference in ARDS severity index and reduced mortality compared to non-users.'°® The
protective effect of metformin on lung injury has been studied and confirmed in animal models, possibly by maintaining
alveolar capillary permeability and thus reducing lung injury severity.”” Another drug, sodium-glucose cotransporter 2
inhibitors (SGLT2i), primarily acts on the carbohydrate metabolism pathway. A recent study on the relationship between
the SGLT2i use and the adverse respiratory events risk in real-world settings found that patients with T2D had a lesser
risk of adverse respiratory events with SGLT2s using propensity score matching, indicating that it does not cause damage
to the respiratory tract.'®” This finding is compatible with the conclusion of another study: a meta-analysis of SGLT2i’s
large randomized controlled trials (RCTs) for drug risk assessment found that SGLT?2 inhibitors remarkably decrease the
incidence of acute asthma, pulmonary edema and sleep apnea syndrome and decrease the risk of COPD and pulmonary
hypertension. The possible mechanism is that SGLT2i inhibits glucose reabsorption by the proximal convoluted tubule,
leading to a decrease in serum glucose levels, which reduces the glucose available for metabolism, thereby reducing

Table 2 Medication with Potential Effects on ARDS Based on Different Metabolic Pathways

Metabolism Pharmaceutical Potential Effect on ARDS Reference

Pathway Agent

Carbohydrate Metformin Maintain alveolar capillary permeability and reduce the severity of lung injury [98]

metabolism SGLT2i Inhibit glucose reabsorption by the proximal convoluted tubule [99]
Reduce the incidence of acute pulmonary edema, asthma, and sleep apnea syndrome, and [99]

decrease the risk of COPD and pulmonary hypertension

Lipid SIP Preserve the alveolar-capillary barrier, thereby reducing pulmonary edema [100]
metabolism Enhance sputum transport by airway cilia [100]
Fenofibrate Reduce viral infection, modulate immunity [101]
Regulate metabolism, fatty acid synthesis, and other cellular processes disrupted by viral [102]
infections
Amino acid Doxycycline Inhibit matrix MMPs, antioxidant, immunomodulatory, antiproliferative, and antiapoptotic [103]
metabolism activities
Increase blood levels of specific amino acids such as lysine and arginine [104]
Apremilast Activate PKA enzyme activity and inhibit PDE activity [105,106]

Abbreviations: ARDS, Acute respiratory distress syndrome; COP, Chronic obstructive pulmonary disease; SGLT2i, Sodium/glucose cotransporter-2 inhibitors; SIP,
Sphingosine-1-phosphate; MMPs, Matrix metalloproteinases; PKA, Protein kinase A; PDE, Phosphodiesterase.
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endogenously produced carbon dioxide and relieving carbon dioxide retention, ultimately providing potentially beneficial
effects.”® These drugs have the potential to treat ARDS, so in-depth research on carbohydrate metabolism pathways is of
great significance for clinical drug use.

Recent studies have also shown potential benefits of drugs that regulate lipid metabolism in ARDS patients, such as
surfactants previously used to treat infant respiratory distress syndrome (IRDS), and sphingosine-1-phosphate (S1P),
which has been found to have a protective effect in improving symptoms in ALI patients, although it did not improve
survival. In a neonatal piglet-based ARDS model, it was found that experimental supplementation with phosphatidyl-
glycerol reduced interleukin-6 (IL-6) and alveolar apoptosis while preserving the alveolar-capillary barrier, thereby
reducing pulmonary edema. Mechanistically, lipopolysaccharide (LPS)-induced lung injury was less severe and had less
neutrophil infiltration and endothelial exudation in sphingosine kinase (SPK)1-/- mice compared to wild type (WT) mice,
with decreased numbers of inflammatory cells in theBAL. Clinical trials using surfactants to treat chronic bronchitis have
demonstrated improvements in lung function through enhanced sputum transport by airway cilia.”” However, the efficacy
of surfactants in treating ARDS remains less clear.'”® Recently, another drug targeting lipid metabolism pathways has
garnered interest. Fenofibrate, a peroxisome proliferator-activated receptor alpha (PPAR-a) agonist, is a widely available,
low-cost generic drug approved by the FDA and various other regulatory agencies worldwide for the treatment of
dyslipidemia. In cellular experiments, fenofibrate was found to reduce viral infection, modulate immunity, and inhibit the
replication of the COVID-19 virus.'” Consequently, researchers have become interested in whether fenofibrate could
improve ARDS caused by COVID-19. A double-blind clinical trial compared the clinical benefits of fenofibrate in
patients with COVID-19-induced ARDS to a control group of ARDS patients receiving a placebo. Although no
remarkable variations were observed in the outcomes, no additional adverse events were induced. Prior studies have
reported that active metabolites of fenofibrate can regulate metabolism, fatty acid synthesis, and other cellular processes
disrupted by viral infections. These findings suggest that the metabolic regulation of fenofibrate can be safely employed
in patients diagnosed with ARDS and dyslipidemia, potentially reducing disease burden.'®!

There are also related studies on drugs for treating ARDS by regulating amino acid metabolism. Doxycycline,
a tetracycline antibiotic, interferes with bacterial protein synthesis by interacting with the 30S subunit of the bacterial
ribosome, inhibiting bacterial growth, and is thought to possess anti-inflammatory effects. Additionally, it has been
shown to reduce serum levels of branched-chain amino acids (BCAAs), essential amino acids involved in protein
synthesis and energy metabolism. This effect may be attributable to doxycycline’s ability to decrease the activity of
enzymes responsible for BCAA catabolism. Moreover, some research suggests that doxycycline might increase blood
levels of specific amino acids, such as lysine and arginine. The development of second-generation tetracyclines, including
doxycycline and minocycline, has revealed non-antibiotic properties, such as inhibition of matrix metalloproteinases
(MMPs), antioxidant, immunomodulatory, antiproliferative, and antiapoptotic activities.'>'*> These properties have
prompted their evaluation in various noninfectious diseases, including neurological disorders, cancer and complex
inflammatory conditions like ARDS and tissue damage. Animal studies have demonstrated doxycycline’s role in various
lung diseases, such as LPS-induced lung inflammation,'® lung injury,"'® COPD'"" and ARDS.''? The effects may be
mediated through the inhibition of inflammatory factors, NO production, and other mechanisms.'"* Some clinical studies
have also shown potential therapeutic effects on ARDS.''* Another drug, apremilast, is a cAMP-specific phosphodies-
terase (PDE4) inhibitor with anti-inflammatory properties commonly used to treat psoriasis. Recent studies have
indicated potential roles in modulating oxidative stress in neutrophils and treating ARDS. One study evaluated the
effectiveness of apremilast for treating ARDS using an animal model and found that, in addition to reducing ROS
generation and activating neutrophil adhesion, it could also activate protein kinase A (PKA) enzyme activity and inhibit
PDE activity. Notably, the cAMP/PKA pathway plays a significant part in controlling amino acid metabolism in immune
cells, potentially involving the downregulation of gene and protein expression of BCAAs.'**!'% These drugs have
demonstrated potential therapeutic effects on ARDS and warrant further investigation.

Conclusion
ARDS, a severe respiratory disease, poses a significant threat to patients’ lives and well-being, making its study
imperative. In ARDS development, ROS and inflammatory responses serve as key contributors, with metabolic processes
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influencing ARDS progression by modulating these aspects. Firstly, imbalanced carbohydrate metabolism may result in
elevated blood glucose levels, subsequently exacerbating inflammatory responses and ROS production in ARDS patients.
Secondly, a disturbance in lipid metabolism might augment the inflammatory response while concurrently increasing the
production of free radicals, ultimately causing further lung cell damage. Lastly, amino acid metabolism plays essential
roles in ARDS, such as modulating immune cell function and ROS generation. Pharmaceutical interventions influence
ARDS development by targeting these metabolic pathways. In conclusion, a thorough investigation of the metabolic
mechanisms in ARDS is expected to offer novel insights and approaches for its treatment, ultimately providing a crucial
foundation for enhancing patient prognosis.

Targeting metabolic pathways offers significant promise for ARDS treatment, as these pathways play a central role in
modulating inflammation and oxidative stress, which are key contributors to disease progression. Drug interventions
aimed at regulating metabolic processes, such as glucose, lipid, and amino acid metabolism, can potentially reduce lung
injury, improve patient prognosis, and enhance survival rates. Continued research in this area is essential to develop
effective therapeutic strategies that leverage these metabolic mechanisms. ARDS, a severe respiratory disease, poses
a significant threat to patients’ lives and well-being, underscoring the importance of advancing its study. This review
highlights the novel understanding that metabolic processes are not just secondary consequences but active modulators of
ARDS progression, primarily through their impact on ROS and inflammatory responses. By exploring the intricate links
between metabolism, inflammation, and oxidative stress, this study offers a fresh perspective that could pave the way for
targeted metabolic interventions as a new strategy for ARDS treatment.
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