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Abstract
Sepsis represents a deranged and exaggerated systemic inflammatory response to 
infection and is associated with vascular and metabolic abnormalities that trigger 
systemic organic dysfunction. Mitochondrial function has been shown to be 
severely impaired during the early phase of critical illness, with a reduction in 
biogenesis, increased generation of reactive oxygen species and a decrease in 
adenosine triphosphate synthesis of up to 50%. Mitochondrial dysfunction can be 
assessed using mitochondrial DNA concentration and respirometry assays, partic-
ularly in peripheral mononuclear cells. Isolation of monocytes and lymphocytes 
seems to be the most promising strategy for measuring mitochondrial activity in 
clinical settings because of the ease of collection, sample processing, and clinical 
relevance of the association between metabolic alterations and deficient immune 
responses in mononuclear cells. Studies have reported alterations in these 
variables in patients with sepsis compared with healthy controls and non-septic 
patients. However, few studies have explored the association between mito-
chondrial dysfunction in immune mononuclear cells and unfavorable clinical 
outcomes. An improvement in mitochondrial parameters in sepsis could theoret-
ically serve as a biomarker of clinical recovery and response to oxygen and 
vasopressor therapies as well as reveal unexplored pathophysiological 
mechanistic targets. These features highlight the need for further studies on 
mitochondrial metabolism in immune cells as a feasible tool to evaluate patients 
in intensive care settings. The evaluation of mitochondrial metabolism is a 
promising tool for the evaluation and management of critically ill patients, 
especially those with sepsis. In this article, we explore the pathophysiological 
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aspects, main methods of measurement, and the main studies in this field.
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Core Tip: The evaluation of mitochondrial metabolism is a promising tool for the evaluation and 
management of critically ill patients, particularly those with sepsis. In this article, we explore the 
pathophysiological aspects, main methods of measurement, and main studies in this field.
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INTRODUCTION
Sepsis is a major health problem worldwide and can be characterized by a dysregulated host response 
to infection[1-3]. Particularly, an imbalanced systemic inflammatory response to infection contribute to 
the clinical progress to multi-organ dysfunction[2,4]. There is a great effort in the recognition and 
prompt treatment of sepsis, especially with regard to early antibiotic administration, hemodynamic 
resuscitation, and evacuation of septic foci[1]. The ultimate cause of death in patients with sepsis, 
however, remains unclear. Infections usually are eradicated through an intense, but localized, inflam-
matory response. Nonetheless, fatal infections are characterized by an inability to resolve the inflam-
matory response because cytokines released into the systemic circulation, activates inflammatory cells in 
remote locations[5]. This response leads to organ injury and dysfunction, which cannot be completely 
explained by a decrease in tissue oxygenation due to an impairment of blood flow[2,4,5] but likely to 
problems in oxygen utilization.

Mitochondria is a highly specialized organelle that is considered the power plant of cells thus 
supporting energy in the form of adenosine triphosphate (ATP) according to functional demands[6]. In 
the blood, except for erythrocytes, all cell types possess mitochondria which imply they are dependent 
on oxidative metabolism. Remarkably, mitochondria tightly connect ATP biosynthesis with oxygen 
consumption, and even minor changes in mitochondrial functional integrity affect many aspects of 
cellular homeostasis. Although, the main proposed function of mitochondria is to generate ATP via 
oxidative phosphorylation (OXPHOS) of adenosine diphosphate (ADP), additional functions include 
generation and detoxification of reactive oxygen species (ROS), calcium homeostasis, involvement in 
apoptosis, synthesis and catabolism of metabolites, and transport of organelles within the cell[6,7]. Any 
alteration in one of these processes can be defined as mitochondrial dysfunction[8]. Actually, we know 
that impaired mitochondrial metabolism is an important mechanism that leads to organ dysfunction[2,
5]. In acute diseases, such as sepsis, the measurement of mitochondrial metabolism, through cellular 
respiration, has the potential to identify those patients at risk of progressing in their organ failures. In 
addition, it can potentially help in monitoring the therapeutic response of these patients[6,9].

Considering that mitochondria interact with various other pathways involved in inflammation, Ca2+ 
balance, redox signaling, and apoptosis, it can be assumed that mitochondria are fundamental in cell 
survival and death[10]. Mitochondrial metabolism has been shown to be severely impaired during the 
early phase of an acute disease, with a reduction in biogenesis, increased generation of ROS, and a 
decrease in ATP synthesis[11,12]. The presence of an impaired mitochondrial metabolism is associated 
with the presence of a multiple organ failure syndrome, highlighting mitochondrial components as 
potential targets for therapeutic strategies[4,11,13]. There has been an increased interest in this field, 
with new studies exploring mitochondrial impairment and organ dysfunction and their relationship 
with prognosis in sepsis[14-17].

The main objective of this review is analyze the current state of the art in this field, explore potential 
methods for assessing mitochondrial metabolism in intensive care settings, and explore future 
perspectives on mitochondrial metabolism as a biomarker of clinical outcomes in sepsis.
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PHYSIOPATHOLOGY
ATP is produced by mitochondria through OXPHOS by F1Fo-ATP synthase. ATP is generated to a 
greater extent by the oxidation of metabolic substrates in the tricarboxylic acid cycle leading to 
reduction of the electron acceptors NAD+ and FAD to nicotinamide adenine dinucleotide (NADH) and 
1,5-dihydroflavin adenine dinucleotide (FADH2)[18]. Both NADH and FADH2 are subsequently 
oxidized in the electron transport system of mitochondria. The electron transport chain is composed by 
enzyme complexes I to IV and the transporters ubiquinone and cytochrome c. With the electrons 
movement across the respiratory chain, protons are pumped across the inner mitochondrial membrane, 
generating an electrical potential. This proton-motive force provides the energy for F1Fo-ATP synthase, 
as known as Complex V, to phosphorylate ADP to ATP (Figure 1). This mechanism is favored by the 
electrochemical gradient produced by the proton motive force. Oxygen is the terminal electron acceptor 
of the chain in Complex IV and is reduced to water[19]. An incomplete reduction of oxygen increases 
superoxide radical production in Complex III and at Complex I. As part of this process, ROS are 
generated as by-products of the incomplete four-electron reduction of molecular oxygen to water[20,21].

Under physiological conditions, mitochondria consume approximately 90% of the cellular O2; 
however, 1%-4% of the respiratory chain reactions lead to a leak of electrons that directly react with O2 
to form O2(*-), which can oxidize lipids, DNA, or proteins[22]. To avoid self-damage, mitochondria have 
intrinsic defense mechanisms that protect against ROS-induced damage through a large array of antiox-
idants[12]. In sepsis, not only ROS are generated, but also reactive nitrogen species (RNS), nitric oxide, 
and peroxynitrite[7,20,21]. Enzymatic defenses, such as the superoxide dismutase 2 (SOD2), convert O2(
*-) into hydrogen peroxide (H2O2), which can then be detoxified to water by catalase or selenium-
containing glutathione peroxidase[23,24]. SOD2 expression is higher in survivors of critical illness[22]. 
Glutathione and Coenzyme Q10 (CoQ10) also have an important mitochondrial antioxidant function. 
CoQ10 Levels are lower in sepsis, suggesting a potential role in mitochondrial dysfunction[25].

Mitochondria are also essential for other cellular functions, such as calcium homeostasis, apoptosis, 
autophagy, and cellular signaling[6,9,12]. Mitochondrial DNA (mtDNA) is susceptible to mutations and 
deletions due to ROS increased levels and requires a set of self-regulated repair mechanisms[6]. mtDNA 
damage resulting from this phenomenon is associated with reduced mitochondrial respiratory capacity, 
which are potentially irreversible, depending on the intensity of oxidant “attack”[23]. Mitochondrial 
function is maintained by an equilibrium between fission, fusion, biogenesis, and autophagy[26]. In the 
case of an impairment in mitochondrial metabolism, various signaling routes allow an interaction 
between the mitochondria and nucleus, triggering mitochondrial biogenesis[10]. Defective mitochondria 
can become toxic by excessive ROS production, that can lead to apoptosis. Autophagy compensates for 
nutrient depletion or copes with cellular stress by recycling cellular components, to produce amino 
acids and fatty acids that can be metabolized and used in OXPHOS[27]. Despite being important for 
critical illness recovery, excessive induction of autophagy can trigger apoptosis[28]. ROS is one of some 
signaling pathways that regulate autophagy, and, since mitochondria are the primary source of ROS, 
mitochondria themselves play a key role in regulating autophagy[10]. Disturbances in mitochondrial 
function leading to impaired ATP biosynthesis, increased ROS production, and oxidative stress are 
associated with skeletal muscle damage, which correlates with septic shock severity and is associated 
with impaired clinical outcomes[18].

Many inflammatory mediators are linked to the altered mitochondrial metabolism. Tumoral necrosis 
factor-alpha (TNF-α) is a major interleukin that participates in the host response to sepsis and is capable 
of causing mitochondrial impairment[29]. TNF-α binds to several TNF receptors, ultimately promoting 
the intracellular release of ceramides and production of ROS, which may lead to mitochondrial 
dysfunction. TNF receptor activation promotes pro-inflammatory responses in polymorphonuclear 
leukocytes and monocytes, that induce ROS formation, leading to mtDNA damage and inhibition of 
mitochondrial metabolism in these cells[30]. Inhibition of mitochondrial complexes causes deviation of 
electrons, also producing even more ROS. These phenomena can lead to an imbalance between ROS 
production and mitochondrial antioxidant capacity, through manganese superoxide dismutase and 
glutathione reductase. This imbalance can trigger mitochondrial uncoupling related to the opening of 
mitochondrial permeability transition pores (PTP)[31]. The resulting mitochondrial permeability 
transition leads to dissolution of the electrochemical gradient required to form ATP, and these dysfunc-
tional mitochondria are targeted for removal via autophagy. The induction of mitochondrial PTP win 
this context can promote apoptosis. Therefore, the pro-inflammatory activity in sepsis, especially in its 
initial phase, can lead to both a reduction in mitochondrial mass and a decrease in its function.

MECHANISMS OF MITOCHONDRIAL DYSFUNCTION
Hypoxia has been assumed to be the main causative agent of mitochondrial dysfunction[32]. However, 
it was later shown that tissue oxygen levels are normal or even elevated in sepsis[33]. Instead of a lower 
availability of oxygen, there is a lower use of it in septic patients[24]. Thus, OXPHOS dysfunction 
explain the inability to maintain ATP levels in this context, leading to increased glycolysis and increased 
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Figure 1 Electron transport chain through mitocondrial complexes and oxidative phosphorylation. ADP: Adenosine diphosphtate; ATP: 
Adenosine triphosphate; Cyt c: Cytochrome c; GSH: Gluthatione synthetase; NAD: Nicotinamide adenine dinucleotide; NADH: Nicotinamide adenine dinucleotide 
(reduced); SOD: Superoxide dismuthase.

lactate levels[6]. This imbalance between ROS production and antioxidant capacity leads to an oxidative 
stress that damage the electron transport chain and mtDNA, creating a vicious circle of mitochondrial 
damage and ROS production[20]. ROS and calcium overload cause an increased membrane 
permeability, and mitochondrial products such as mtDNA leak into the circulation, acting as danger-
associated molecular patterns and contributing to multiorganic failure[13] in a vicious cycle (Figure 2). 
This cascade can trigger cell apoptosis[7], a component of tissue damage and organ failure.

Changes in mitochondrial form and function in critical illnesses suggest that mitochondria try to 
rescue mechanisms and adapt to harmful environments. Mitochondrial fission and fusion are 
upregulated during critical illness, although it appears to be insufficient for restoring mitochondrial 
function[34]. Mitochondrial biogenesis was observed in skeletal muscle taken on days 1 to 2 in intensive 
care unit (ICU) survivors, but not in non-survivors[35]. During extreme conditions, such as refractory 
shock, mitochondrial damage is disseminated, causing the induction of mitochondrial PTP in many 
mitochondria and a great decrease in ATP production[36]. In contrast, a reduction in mitochondrial 
density was observed after the onset of sepsis, suggesting that although upregulated, biogenesis may be 
insufficient to maintain homeostasis[10].

Mitochondrial metabolism and inflammatory activity in sepsis-what is the relationship?
The hallmark of sepsis inflammatory response is an imbalance between a systemic inflammatory 
response and compensatory anti-inflammatory response[37,38]. The imbalance of pro- and anti-inflam-
matory responses often results in immunoparalysis among critically ill patients, making them more 
vulnerable to additional infections, and is linked to higher mortality rates[39]. Actually, the cause of 
immune dysfunction is matter of debate[38], and immune response is dependent of metabolic pathways
[40], that is known as “immunometabolism”. Mitochondria are a hub of the immune system, playing a 
crucial role in regulating the function of immune cells and shaping and modulating the response of the 
immune system to infection[7]. Evidence suggests that leukocytes from critically ill patients display 
mitochondrial dysfunction, which is thought to be the root cause of immunoparalysis and could be 
responsible for the onset of organ dysfunction[41,42]. Moreover, the recovery of mitochondrial function 
is associated with improved recovery in critically ill patients[14]. These changes are mostly detected in 
lymphocytes, monocytes, and macrophages[43].

Lymphocytes respond to cytokine stimuli induced by monocyte-macrophages, dendritic cells, and 
neutrophils, which are responsible for the innate immune response. Activated phagocytic cells, such as 
monocytes and macrophages, release the proinflammatory cytokines interleukin-1 (IL-1) and IL-6[44]. 
This phenomenon has been associated with energy deprivation[45]. Lymphocytes also attenuate the 
potentially harmful effects of the proinflammatory response, and this modulation of the immune 
response has a major impact on prognosis in septic patients[46]. On the other hand, IL-10 plays a major 
role in modulating the immune system by inhibiting monocyte-macrophage activation and suppressing 
the production of TNF-α, IL-1, and interferon-gamma (IFN-γ) from lymphocytes acting at the level of 
accessory cells[47]. In addition to cytokines, Krebs cycle intermediates, such as citrate, succinate, and 
itaconate, can activate pro-inflammatory gene expression[48]. Metabolites from the Krebs cycle impact 
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Figure 2 Mitochondrial DNA damage as a potential trigger for the inflammatory response. DAMP: Damage associated molecular patterns; mtDNA: 
Mitochondrial deoxyribonucleic acid; PAMP: Pathogen associated molecular patterns; ROS: Reactive oxygen species.

the reprogramming of macrophages from the M1 phenotype (pro-inflammatory) to the M2 phenotype 
(anti-inflammatory). M1 macrophages have impaired OXPHOS, and M2 macrophages have an intact 
Krebs cycle, with OXPHOS as the main source of ATP generation[43].

Two major pathways are implicated in this interaction between mitochondrial function and inflam-
matory responses. The mammalian target of rapamycin (mTOR) pathway plays a pivotal role in 
metabolic regulation by modulating glycolysis. Furthermore, metabolic reprogramming and a transition 
to glycolysis for energy production in CD4+ and CD8+ T cells are also induced by the activation of 
mTOR and OXPHOS[30]. The nuclear factor kappabeta (NF-κβ) is a stress-induced pathway (i.e., tissue 
damage, cytokine, and PAMPs release) that promotes the expression of target genes involved in the 
immune response. Upon activation of the NF-κβ pathway and subsequent induction of cytokine 
expression, macrophages undergo differentiation into either M1 or M2 subtypes, contingent on the local 
cytokine milieu present at the site of infection. IFN-γ typically drives the differentiation of M1 
macrophages, which in turn produce pro-inflammatory cytokines. Conversely, M2 cells refer to 
macrophages exposed to immune complexes, IL-4, IL-13, and IL-10[30].

MEASUREMENT OF MITOCHONDRIAL DYSFUNCTION
Regrettably, it is currently impractical to perform a thorough and accurate real-time analysis of the 
modified cells and tissues within malfunctioning organs of living human patients in a hospital setting. 
Therefore, mechanisms must be inferred from tissue specimens obtained from nonvital organs (e.g., 
blood, skeletal muscle) or from postmortem examinations. In postmortem studies, septic patients exhibit 
mild to moderate mitochondrial swelling and autophagocytosis, with minimal cell death or indications 
of permanent damage, such as tissue fibrosis[49].

Mitochondrial biogenesis
The process of mitochondrial biogenesis encompasses the synthesis of mitochondrial proteins encoded 
by nuclear DNA, which are subsequently imported and integrated into the mitochondria. Additionally, 
biogenesis can also occur through mitochondrial DNA, which encodes 13 proteins primarily located 
within the OXPHOS pathway. In this way, biogenesis serves to replace damaged proteins and enhances 
the ability to generate energy if energy demand increases over time[4]. Increased mitochondrial 
biogenesis is detected in postmortem studies in critically ill patients, with increased expression of 
transcription factors[34]. A decrease in mitochondrial content has also been reported in the muscles of 
critically ill patients with sepsis-induced multiple organ failure[50]. Taken together, these data suggest 
that biogenesis activation may have a role in the recovery phase of critical illness[22], time when there 
was also an increase in RNA expression, participating in the restorative process[16]. These data point to 
compromised mitochondrial biogenesis in critically ill patients; and an activation of the biogenesis 
pathway may represent a key prognostic factor in critically ill patients, associated with recovering of the 
initial injury[22].
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From this point of view, it seems reasonable to imagine that the dynamic processes of mitochondrial 
fusion and fission must change during acute inflammatory injury observed in sepsis. This activity can 
be measured by assessing the concentrations of mitochondrial fusion proteins (mitofusins 1 and 2, optic 
atrophy 1 protein) and mitochondrial fission proteins (dynamin-related protein 1 and fission 1 protein)
[22]. Currently, adequate characterization in relation to the pro-fusion or mitochondrial fission profile in 
sepsis is merely speculative, lacking clinical studies that may show some signs regarding its in vivo 
effects.

Mitochondrial DNA
Mitochondria experience various morphological changes during fusion and fission events, which help 
to sustain a healthy mitochondrial population by facilitating mitochondrial DNA exchange, preserving 
mitochondrial DNA integrity, and regulating the size, quantity, distribution, and upkeep of OXPHOS 
capacity[22]. These morphological changes also play a crucial role in cell division and proliferation, as 
well as in the selective elimination of damaged or excess mitochondria through a process referred to as 
mitophagy[4]. Proteins that facilitate fusion events (such as mitofusin-2) and fission events (such as 
dynamin related protein-1) have been linked to changes in mitochondrial membrane potentials and 
diminished oxygen consumption[51]. Fission and fusion processes become more prevalent under 
stressful conditions and play a crucial role in eliminating damaged mitochondria and enhancing repair 
mechanisms. Currently, there is insufficient data regarding these mitochondrial dynamics in septic 
patients, and the data may vary based on the tissue type. From a hypothetical perspective, the balance 
of mitochondrial dynamics in septic patients may shift in favor of mitochondrial fusion, which could 
represent a cellular response aimed at improving mitochondrial function and decreasing oxidative 
stress[52].

However, mitochondrial DNA levels in the serum should be interpreted as a potential damage-
associated molecular pattern, propagating an inflammatory response through interactions with the 
immune system[12,53]. Thus, mtDNA damage can lead to a pathological cycle, resulting in metabolic 
dysfunction, especially in white blood cells[54]. A reduction in mtDNA content in the peripheral blood, 
observed in the acute phase of sepsis, could be due to an increased concentration of neutrophils in the 
peripheral blood[55]. Therefore, it remains uncertain whether there is an interaction between DNA 
concentration and changes in mitochondrial function, especially in immune cells. Mitochondria contain 
their own DNA, and the depletion of mtDNA in an injury process may theoretically cause a respiratory 
chain defect and compromise ATP synthesis[23,55].

Qualitative measurements of mitochondrial metabolism
In addition to changes in mitochondrial mass, the quality of mitochondrial function and a shift towards 
glycolytic pathways are regulated by several hormones, enzymes, and regulatory pathways within cells. 
Reactive derivatives of nitric oxide and superoxide anion (such as peroxynitrite), which cause oxidative 
stress, promote glycolysis by activating the rate-limiting step of the pentose pathway, glucose-6-
phosphate dehydrogenase. The pentose pathway results in the formation of NADPH relative to NADH. 
While NADH is the substrate for mitochondrial OXPHOS of high-energy phosphates, NADPH is crucial 
for the formation and repair of proteins, DNA, and lipids. Thus, by diverting glycolytic intermediates 
from the Krebs cycle to suppress aerobic mitochondrial respiration, cells and tissues transition to a state 
of decreased oxygen consumption and ATP production. This phenomenon is commonly referred to as 
the “Warburg effect”, particularly in the context of cancer[41]. In this context, cells are less dependent on 
oxidative metabolism, thus reducing oxidative stress and promoting the formation of reducing 
equivalents (e.g., lactic acid and NADPH) that induce cell repair[56]. The Warburg effect and related 
mediators, such as HIF-1α, are induced under conditions that model sepsis, confer cytoprotection to 
vital organs, and inhibit inflammation under conditions of acute cell stress[57]. However, the HIF-1α 
activation in immune cells could perpetuate the activation of the pro-inflammatory pathway[58].

The proton pumps of the electron transport chain, in conjunction with F1Fo-ATP synthase, establish a 
proton gradient across the inner membrane, generating both an electrochemical potential (proton 
motive force, pmf, in mV) and a flux of protons (proton current in nmol of protons/min). The 
mitochondrial membrane potential is a critical component of healthy mitochondrial metabolism and 
contributes to determining the pmf[8].

Reductions in both the expression and activity of complexes I, II, III, and IV have been reported in 
critically ill patients[14,22]. However, it is still doubtful whether these alterations are determinants of 
the patient's prognosis, or if they are just epiphenomena in the acute context of critical illness. However, 
they are useful and commonly used measurements to assess mitochondrial activity[35,59-61], especially 
when normalized by enzymatic activity, protein, or DNA concentration.

Respirometry
Measurement of mitochondrial respiration is a cost-effective and time-efficient method compared to 
traditional methods of assessing mitochondrial function in biopsies, making it readily available for use. 
Advanced instruments equipped with highly sensitive micro-cathode oxygen electrodes enable high-
resolution measurements of mitochondrial respiration and can be utilized in acute care settings. 
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Mitochondrial respiration can be quantified by performing substrate-uncoupler-inhibitor titrations, 
commonly known as the SUIT protocol. This protocol involves titration with various combinations of 
substrates, uncouplers, and inhibitors to assess mitochondrial respiratory function[9]. This protocol 
allows the study of complex interactions of coupling and substrate control in a single assay, measuring 
multiple aspects of mitochondrial physiology[62].

Respirometry enables the real-time measurement of mitochondrial respiration, with key parameters 
obtainable through the use of established inhibitors and uncouplers that act as sensitive indicators of 
response to mitochondrial stress. Figure 3 depicts the mitochondrial respiration trace derived from the 
SUIT protocol, which was employed in the following procedures[9,62]: (1) Routine respiration: Routine 
respiration also known as basal respiration, measures the oxygen consumption resulting from ATP 
production and proton leak. This represents energy demand under steady-state conditions. Changes in 
routine respiration in patients with disease compared to controls may indicate altered mitochondrial 
function and should be interpreted in the context of the following mitochondrial parameters; (2) proton 
leak: After measuring routine respiration, cells are exposed to oligomycin, an inhibitor of complex V. 
The remaining mitochondrial respiration after the addition of oligomycin is attributable to proton leak. 
While some proton leaks are expected under physiological conditions, significant proton leak may 
indicate damage to the mitochondrial membrane and/or complex damage. The use of oligomycin also 
allows for the estimation of oxygen consumption secondary to ATP production, often referred to as 
ATP-linked respiration; (3) maximal respiration: The addition of a mitochondrial uncoupler, such as 
dinitrophenol or carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, stimulates maximal 
respiration by mimicking the physiological energy demand, leading to an increase in oxygen 
consumption. The difference between maximal respiration and routine respiration represents the spare 
respiratory capacity (SRC) of the cell. SRC indicates the ability of the cell to respond to energetic stress 
and is a measure of a cell’s fitness. A decrease in SRC may limit the cell's ability to handle stressors, 
resulting in mitochondrial dysfunction; and (4) residual oxygen consumption: The addition of 
mitochondrial inhibitors, such as the combination of rotenone (complex I) and antimycin (complex III), 
completely inhibits electron transport system. The remaining oxygen is consumed by non-mitochondrial 
respiration in the form of oxidases and other cellular enzymes that use oxygen. Residual oxygen 
consumption may increase in the presence of a stress response.

Under normal conditions with excess ADP and oxygen, mitochondrial respiration occurs rapidly, 
known as state 3 respiration. Conversely, when ADP is fully consumed, state 4 respiration occurs, which 
is significantly slower. This state 4 respiration can be induced by “uncoupling” oxygen consumption 
from OXPHOS, leading to proton leakage back into the mitochondrial matrix without the production of 
cellular energy. One of the most promising indicators of mitochondrial function is the biochemical 
coupling efficiency (BCE), which is calculated as the quotient between OXPHOS and proton leak. BCE 
reflects the true effectiveness of mitochondria in utilizing oxygen for ATP production[62]. It is a useful 
way to gain more insight into the site of the dysfunction, namely, respiratory control decreases because 
of dysfunction in localized sites of substrate oxidation, ATP synthesis, proton conductance, or F1Fo-ATP 
synthase[8].

Although we understand that small clinical centers may have limited access to equipment for 
measuring real-time mitochondrial respiratory rates, this limitation could be easily overcome using 
simpler biochemical colorimetric methods that still maintain a reasonable level of sensitivity, the time to 
assay is usually short, and easy to implement in the laboratory hospital routine. For instance, the 
measurements of enzymatic activity of succinate dehydrogenase: Complex II (succinate: DCIP-oxidore-
ductase), complex, and complex V are routinely performed in research laboratories, and at the current 
state require standardization as a step forward to reach clinical settings[63,64]. However, the aforemen-
tioned colorimetric methods restrict the evaluation of metabolic activity to one complex each time, 
whereas in mitochondrial respirometry assays the metabolic activity of complexes can be assayed both, 
individually or more than one at the same time.

Which cells are ideal for measuring the mitochondrial activity? And what is the most suitable 
method?
Although it is logical that dysfunction in mitochondrial metabolism leads to a certain degree of organ 
failure, its measurement is often not feasible, because the ethical questions, costs, and viability of 
obtaining adequate mitochondrial samples from vital organs in critically ill patients[61]. Therefore, it is 
feasible to assess mitochondrial dysfunction in cells that are easy to collect, especially those that may 
reflect the “systemic” effect of sepsis on the body. Peripheral blood cells have been used to access 
bioenergetic functions in translational research. Peripheral blood mononuclear cells (PBMCs) are 
mitochondria-rich with high rates of respiration[16]; therefore, they are prime candidates in circulating 
blood to provide reliable estimation of global oxidative metabolism, particularly the metabolism linked 
to immune response. Lymphocytes comprise the majority of PBMCs and are traditionally used to 
measure defects in mitochondrial OXPHOS[30]. Exhaustion of lymphocytes, especially T cells, leads to 
an increased risk of secondary infections, which is correlated with mortality[65]. Circulating immune 
cells play an important role in the pathophysiology of sepsis because their activation may remotely 
induce inflammation in non-infected organs[66]. The measurement of mitochondrial respiration in 
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Figure 3 Example of a respirometry assay. ATP: Adenosine triphosphate.

PBMCs of septic patients has the potential to identify those at risk of negative outcomes, and also can 
monitor the clinical course and response to treatment, making it a useful marker for acute care settings
[9]. Thus, it is a candidate biomarker in sepsis.

In addition, this approach allows us to unravel mechanist readouts associated with impaired 
metabolism that follow this syndrome and also challenges how or whether this could be improved by 
therapeutic intervention. These primary observations collected from the literature are encouraging, and 
more clinical studies will help to advance methodological issues, clinical validation, and the level of 
reproducibility and sensitivity (Table 1).

SEPSIS AND MULTI-ORGANIC FAILURE
Various systemic inflammatory processes can exert different effects on mitochondria. In the early stages 
of sepsis, reduced perfusion resulting from intrinsic and extrinsic fluid losses, decreased intake, 
myocardial depression, microcirculatory redistribution of blood flow, and loss of vascular tone, can lead 
to tissue hypoxia. This condition, characterized by insufficient oxygen levels at the mitochondrial level, 
impedes the ability of mitochondria to carry out OXPHOS, leading to a deficit in ATP production[12]. 
Although Complex IV exhibits distinctive enzyme properties that facilitate its functionality under 
hypoxic conditions, severely diminished oxygen concentrations may compromise ATP generation and 
activate cell death pathways, thereby adversely impacting cellular homeostasis[12,67,68]. Hormonal 
alterations in sepsis also affect mitochondrial function and efficiency. For example, thyroid hormones 
are believed to work predominantly through the modulation of mitochondrial activity[4,33]. Thirdly, 
genes that transcribe mitochondrial proteins are downregulated early in the inflammatory response. 
This was first recognized in human volunteers receiving endotoxins[69] and subsequently described in 
critically ill patients[35].

Impairment of mitochondrial metabolism in sepsis
Different studies, in different contexts, have evaluated mitochondrial activity in septic compared to 
nonseptic or control patients. Muscular cells are prone to impaired mitochondrial metabolism during 
critical illness[70] and are an important research field. Carré et al[35] used muscle tissue biopsies from 
critically ill patients, comparing them to those of controls subjected to hip surgery. They found a 
decrease in mitochondrial density in critically ill patients, without a decrease in Complex I and Complex 
IV activity. In a study evaluating patients with ICU-acquired weakness, comparing ATP synthesis in 
this population with metabolically healthy controls, ICU patients had an approximately 50% reduction 
in the ability of skeletal muscle to synthesize ATP in mitochondria, with a depletion of complex III and 
IV concentrations[71]. A similar loss of mitochondrial activity was detected in a previous study in a 
population with sepsis and multiorgan failure[72]. Complex I and complex IV activity was reduced in 
the intercostal and leg muscles, respectively, compared to controls.

Belikova demonstrated a higher baseline PBMC oxygen consumption and attenuated response to 
ADP stimulation in patients with sepsis than in healthy volunteers[66]. In blood mononuclear cells, 
Kraft et al[16] demonstrated an early sepsis-mediated disruption of mitochondrial quality control in 
septic patients, with a later activation of mitochondrial biogenesis in this population. These patients also 
showed increased mitochondrial damage (measured by mtDNA levels) during the early phase of sepsis 
management. In a cohort of septic and non-septic ICU patients with measurement of mitochondrial 
function in isolated lymphocytes, critically ill patients had increased mitochondrial oxygen 
consumption but no significant difference in mitochondrial membrane potential[17]. Jang et al[15] also 
found a lower routine, uncoupled Complex I, and maximal respiration in septic patients, when 
compared to controls in the early sepsis management. A respirometric study in PBMC developed by 
Japiassú et al[73] reported reduced F1Fo-ATP synthase activity, thereby reducing ATP production. This 
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Table 1 Different methods of mensuration of mitochondrial damage and recovery

Item Description

Mitochondrial biogenesis PPAR-γ coactivator 1-α, nuclear respiratory factor 1, mitochondrial transcription factor A. Material obtained from 
tissue biopsy or from peripheral PBMC

Mitochondrial content Mitochondrial mass, concentration and area

Mitochondrial DNA content PGC-1α, NRF-1, absolute DNA number of copies

Mitochondrial fusion Mitofusins 1 and 2, optic atrophy 1 protein

Mitochondrial fission Dynamin-related protein 1 and fission 1 protein

PPAR-γ: Peroxisome proliferator-activated receptor gamma; PGC-1α: Peroxisome proliferator-activated receptor gamma coactivator-1 alpha; NRF-1: 
Nuclear respiratory factor-1; PBMC: Peripheral blood mononuclear cells.

may contribute to the energetic failure reported in these cells during the course of septic insult. In 
addition, septic shock PBMC have reduced O2 consumption, ADP-induced state 3 respiration, and 
respiratory control ratio compared to control PBMC. Inhibition of complexes I, III, and IV in PBMCs 
from septic patients compared with controls was also detected in another study[74]. In a pediatric 
population, Weiss et al[75] detected a decrease in spare respiratory capacity on days 1-2 of sepsis 
compared with controls. Spare respiratory capacity normalized on days 5-7. Patients with sepsis also 
had a higher ratio of leak to maximal respiration than controls, with normalization in the later phase of 
sepsis. Patients with sepsis did not show differences in basal or ATP-linked oxygen consumption or 
membrane potential.

In patients admitted to the emergency department with and without sepsis, Puskarich[76] did not 
find differences in plasma levels of cytochrome B, NADH, and Cox-III mtDNA between groups. Pyle et 
al[55], in a protocol that evaluated mononuclear cell mtDNA content, found that these levels were lower 
in patients with sepsis, with depletion of monocyte and lymphocyte mtDNA. Platelet studies have also 
evaluated mitochondrial metabolism in patients with sepsis. Sjövall et al[61] found an increase in state 3 
and a decrease in RCR in patients with sepsis compared to controls during sequential evaluations in the 
first week of sepsis diagnosis. Additionally, patients with sepsis had increased rates of complex I and 
complex II respiration compared to controls. However, the mtDNA concentration did not differ between 
the platelets of patients with sepsis and controls.

Are mitochondrial metabolisms associated with mortality?
A criticism can be made of the differences in mitochondrial measurements between survivors and non-
survivors observed in studies. Whether they are pathological or just another measure of disease severity 
requires further investigation[77]. In human subjects, a significant constraint of this research approach is 
the uncertainty surrounding whether mitochondria sourced from PBMCs, platelets, or muscle cells can 
accurately serve as proxies for the mitochondria present in essential organs like the liver, kidneys, and 
heart[77]. The establishment of a workable, all-encompassing strategy to investigate the complete 
energy production pathway in human beings would signify a more significant achievement, as it would 
facilitate a deeper comprehension of the origin of lactate in distinct patients and across time, thereby 
enabling more targeted clinical trials for novel treatments for bioenergetic dysfunction.

Defects in leukocyte energy metabolism[78], particularly in T lymphocyte cells[79], are intrinsically 
associated with the state of immunoparalysis in sepsis. Metabolic events in the mitochondria of 
macrophages, dendritic cells, and T-lymphocytes have profound effects on immunity. When exposed to 
infectious injury, OXPHOS levels decrease, with a concomitant increase in glycolysis. An outcome of the 
reduced ATP production via OXPHOS is the redirection of mitochondria towards generating 
mitochondrial ROS, which function as signaling molecules essential for eliciting an appropriate immune 
response[54]. Therefore, mitochondrial respiration is essential for the functioning of these cells.

Despite the fact that the current knowledge suggests a potential role of mitochondrial metabolism 
impairment in septic patients (when compared with controls) with a potential impact on prognosis, the 
literature is quite heterogeneous with regard to the findings of mitochondrial dysfunction (Table 2). It is 
still necessary to define the most practical way of measuring, with the greatest clinical applicability, the 
greatest prognostic impact, and, above all, the most accurate in predicting the clinical course of the 
disease.

Are mitochondrial metabolisms associated with recovery?
Therefore, mitochondrial biogenesis is critical for recovery, and the recovery from organ dysfunction is 
preceded by an increased mitochondrial biogenesis[33]. In our study of patients with multi-organ 
failure in intensive care, we found that those who ultimately survived had higher levels of PGC-1α and 
better-preserved levels of Complex protein, along with a more robust antioxidant response (specifically, 
manganese superoxide) in the early stages of their disease progression[35]. The ability to clear damaged 
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Table 2 Studies that explored association of mitochondrial dysfunction and prognosis in sepsis

Ref.
n of critically 
ill septic 
patients

Mitochondrial measurement Main findings (survivors vs nonsurvivors)

Belikova et 
al[66], 2007

Brealey et al
[18], 2003

28 ATP concentration, Complex I, II, and IV activities in 
biopsied muscle cells

Sepsis survivors had an increased level of ATP and Complex I and 
IV activity

Carré et al
[35], 2010

16 Mitochondrial morphology (surface density and 
volume), RT-PCR of mitochondrial biogenesis factors 
and concentration of Complex I and Complex IV 
mitochondrial proteins and OXPHOS transcripts in 
muscle biopsy specimens

Nonsurvivors had an increased decline in mitochondrial surface 
density, with a similar mitochondrial volume in these groups; 
OXPHOS transcripts were more abundant in survivors; increased 
ATP content in survivors; no difference between groups in 
Complex I and Complex IV activity

Kraft et al
[16], 2019

37 qRT-PCR for genes that regulate mitochondrial 
biogenesis in PBMCs

Increased genetic activation of mitochondrial biogenesis in day 3 
compared with day 1; decrease in mtDNA in septic patients 
compared with controls, with a recovery on day 5; early activation 
of mitochondrial biogenesis by day 1 associated with ICU 
discharge; increased mRNA levels in survivors

Japiassú et 
al[73], 2011

20 Respirometry of PBMC evaluating state 3, 4 and 
respiratory control ratio

No difference in ADP-stimulated respiration in nonsurvivors, 
when compared with survivors

Nedel et al
[14], 2021

90 patients Respirometry of permeabilized lymphocytes Improvement in Complex I, Complex II, basal and in BCE in day 
3, compared with day 1, were associated with lower mortality. In 
multivariate analysis, BCE improvement was associated with 
lower 6-mo mortality

Puskarich et 
al[77], 2015

28 patients Respirometry of platelets Routine and state 3 respiration were significantly higher in non-
survivors compared to survivors; state 4 respiration had a non-
significant increase in non-survivors

Pyle et al
[55], 2010

Not reported 
(147 patients, 
including 
septic)

mtDNA content from mononuclear cells No relationship between mtDNA content and survival outcome at 
180 d

Sjövall et al
[61], 2010

18 patients Respirometry of isolated platelets evaluating 
Complex I, state 3, 4 and respiratory control ratio

Non-survivors had an increased Complex I, Complex II, state 3 
respiration and an increased respiratory control ratio at day 6-7 of 
sepsis when compared with survivors

Sjövall et al
[82], 2013

20 patients Respirometry of permeabilized peripheral blood 
immune cells

Survivors and non-survivors at 90 d after sepsis did not have 
difference in Complex I plus Complex II respiration normalized to 
citrate synthase, mtDNA, and cytochrome c

ATP: Adenosine triphosphate; BCE: Biochemical coupling efficiency; ICU: Intensive care unit; qRT-PCR: Quantitative reverse transcriptase-polymerase 
chain reaction; mtDNA: Mitochondrion desoxyribonucleic acid; OXPHOS: Oxidative phosphorylation; PBMC: Peripheral blood mononuclear cells; ADP: 
Adenosine diphosphtate.

mitochondria is another important phenomenon[80]. Mitophagy (autophagic degradation) and 
mitoptosis (programmed destruction) are the processes by which cells deal with impaired mitochondria
[12]. The efficiency of these processes may be an important contributing factor to the pathogenesis of 
various states of the disease. The process of mitophagy entails the targeted sequestration and 
subsequent degradation of damaged mitochondria, which occurs prior to their ability to activate cell 
death pathways and potentially jeopardize the viability of the entire cell. Thus, mitophagy operates as 
an initial protective response. Conversely, heightened levels of oxidative stress and apoptotic proteases 
can impede the function of mitophagy and stimulate additional inflammatory responses[81].

CONCLUSION
Alterations caused by acute inflammatory conditions, such as sepsis, is associated with impaired 
function of mitochondrial components including protein content, mtDNA concentration, oxidative 
complexes activity, and F1Fo-ATP synthase. Often, these alterations are associated with clinical 
outcomes. Given these features mitochondria deserve to be better explored regarding its role as 
potential biomarker in prognosis, sepsis rehabilitation, and its association with different spectrum of 
organ failure.
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