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BACKGROUND: Acute brain dysfunction during sepsis, which manifests as delirium or coma, 

is common and is associated with multiple adverse outcomes, including longer periods of 

mechanical ventilation, prolonged hospital stays, and increased mortality. Delirium and coma 

during sepsis may be manifestations of alteration in systemic metabolism. Because access to 

brain mitochondria is a limiting factor, measurement of peripheral platelet bioenergetics offers 

a potential opportunity to understand metabolic changes associated with acute brain dysfunction 

during sepsis.

RESEARCH QUESTION: Are altered platelet mitochondrial bioenergetics associated with acute 

brain dysfunction during sepsis?

STUDY DESIGN AND METHODS: We assessed participants with critical illness in the ICU 

for the presence of delirium or coma via validated assessment measures. Blood samples were 

collected and processed to isolate and measure platelet mitochondrial oxygen consumption. We 

used Seahorse extracellular flux to measure directly baseline, proton leak, maximal oxygen 

consumption rate, and extracellular acidification rate. We calculated adenosine triphosphate-

linked, spare respiratory capacity, and nonmitochondrial oxygen consumption rate from the 

measured values.

RESULTS: Maximum oxygen consumption was highest in patients with coma, as was spare 

respiratory capacity and extracellular acidification rate in unadjusted analysis. After adjusting 

for age, sedation, modified Sequential Organ Failure Assessment score without the neurologic 

component, and preexisting cognitive function, increased spare respiratory capacity remained 

associated with coma. Delirium was not associated with any platelet mitochondrial bioenergetics.

INTERPRETATION: In this single-center exploratory prospective cohort study, we found 

that increased platelet mitochondrial spare respiratory capacity was associated with coma in 

patients with sepsis. Future studies powered to determine any relationship between delirium and 

mitochondrial respiration bioenergetics are needed.
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Sepsis affects an estimated 50 million people worldwide each year.1,2 Patients with sepsis 

are at high risk of acute brain dysfunction, with up to 50% experiencing delirium or coma.3 

Both are associated with longer periods of mechanical ventilation, prolonged hospital stays, 

higher health costs, and increased mortality.4-8 Additionally, sepsis survivors experience 

long-term cognitive impairment and physical disabilities,9 the severity of which is predicted 

by the duration of delirium during sepsis.10,11 Despite this, the pathophysiologic features 

of delirium and coma in sepsis and subsequent long-term cognitive impairment after sepsis 

remain poorly understood.12

Mitochondrial function is integral to cellular homeostasis, not only through the production 

of adenosine triphosphate (ATP) (the energy currency of cells), but also through the 

generation of mitochondrial reactive oxygen species for signaling and the propagation 

of apoptotic cell death. Animal models of sepsis show that mitochondrial dysfunction, 

including decreased ATP production via oxidative phosphorylation, increased reactive 
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oxygen species production, and dismutation, result in tissue dysfunction and cellular 

damage and that mitochondrial-specific therapies can limit these changes and can improve 

outcomes.13 In humans, mitochondrial dysfunction has been implicated in severe sepsis, 

sepsis-induced cardiomyopathy, acute kidney injury, and liver dysfunction.14-18 Dysfunction 

of mitochondrial electron transport complexes also has been implicated in various 

neurocognitive disorders, including Alzheimer disease, Huntington disease, and Parkinson 

disease.19-22 These studies demonstrate that mitochondrial dysfunction is present in sepsis 

and neurocognitive pathologic conditions. However, a role for mitochondrial dysfunction in 

sepsis-induced acute brain impairment has not been explored thoroughly.

Because brain tissue—which could be used to evaluate mitochondrial function if biopsy in 

this setting were feasible—cannot be safely obtained from most patients with sepsis, we 

leveraged the measurement of platelet mitochondrial bioenergetics as a measure of systemic 

mitochondrial function23-26 to examine associations between mitochondrial dysfunction 

during sepsis, delirium, and coma. Our objectives were to assess associations between 

platelet mitochondrial bioenergetics, a surrogate of systemic mitochondrial function, and 

coma and delirium during sepsis and to generate data-driven hypotheses that can guide the 

design of future studies examining whether these changes reflect mitochondrial alteration in 

the brain.

Study Design and Methods

Study Design and Population

In this single-center prospective cohort study, from September 2018 through March 2022, 

we recruited adults admitted to the medical or surgical ICU with sepsis according to 

the Third International Consensus Definitions for Sepsis and Septic Shock definition. 

Specifically, patients were eligible who had documented or suspected infection treated with 

antibiotics and acute respiratory failure, shock, or both. We defined acute respiratory failure 

as initiation of noninvasive or invasive mechanical ventilation, and we defined shock as the 

initiation of a vasopressor (eg, any dose of norepinephrine, vasopressin, epinephrine, or > 5 

μg/kg/min of dopamine). We recruited patients with these forms of acute organ dysfunction 

to enrich the study population for those at high risk of delirium and coma. We excluded 

patients with preexisting dementia or chronic neurologic disease that prevented them from 

living independently; acute severe neurologic deficit (eg, resulting from acute stroke or 

anoxic brain injury); moribund state with life expectancy < 24 h; inability to complete 

delirium assessments because of blindness, deafness, or inability to speak and understand 

English; or lack of informed consent from an authorized representative or the participant 

within 48 h of meeting inclusion criteria. This study was approved by the University of 

Pittsburgh Institutional Review Board Committee A (Identifier: STUDY19020061) before 

enrollment of participants.

Exposures

We isolated platelets as described previously.24 Briefly, we collected venous blood samples 

in citrate-containing cell preparation tubes within 24 h of enrollment, placed the tubes in 

ice, and transported them to the laboratory within 1 h of collection time. We centrifuged 
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whole blood at 150g for 10 min in the presence of prostaglandin I2 (measured in micrograms 

per milliliter), collected plasma, then pelleted platelets from platelet-rich plasma using 

centrifugation (1,500g for 10 min). We then washed platelet pellets with erythrocyte lysis 

buffer and prostaglandin I2. Finally, we resuspended samples in modified tyrode buffer 

(20 mM N-(2-hydroxyethyl) piperazine-N′-2-ethanesulfonic acid, 128 mM sodium chloride, 

12 mM bicarbonate, 0.4 mM sodium hypophosphite, 5 mM glucose, 1 mM magnesium 

chloride, 2.8 mM potassium chloride, pH 7.4).

We then measured the oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) using Seahorse extracellular flux (96XFe; Agilent), as described previously.24,27,28 

We loaded platelets (50 million/well) in unbuffered Dulbecco modified eagle medium into 

each well of a Seahorse extracellular flux microplate, then centrifuged the microplates 

after equilibration (10 min at 37 °C). We first measured baseline OCR, which is the 

result of physiologic turnover of the mitochondrial electron transport chain, in the platelets 

under basal conditions with no treatment. Next, we sequentially added pharmacologic 

agents that modulate the electron transport chain (ETC) to facilitate measurement of key 

parameters of the mitochondrial ETC. The addition of oligomycin A 2.5 μM (a complex 

V inhibitor) inhibits adenosine diphosphate-to-ATP conversion by the ETC, and thus any 

OCR remaining after oligomycin A addition is indicative of so-called inefficient respiration 

and is not linked to ATP production (ie, proton leak). We calculated ATP-linked OCR by 

subtracting the proton leak from the basal OCR. Next, we added 0.7 μMof carbonyl cyanide 

p-(trifluoromethoxy) phenyl-hydrazone, a protonophore that uncouples oxygen consumption 

from ATP production, to dissipate the proton-motive force across completely the inner 

mitochondrial membrane, enabling the mitochondria to respirate at its maximum capacity 

(ie, maximum OCR). We calculated spare respiratory capacity, which is indicative of the 

energy store in the ETC that can be tapped into if the cell requires increased energy, 

by subtracting the maximum OCR from the basal OCR. We then inhibited complexes 

I and II by adding rotenone (10 μmol) and antimycin A (10 μmol), which eliminate 

mitochondrial oxygen consumption entirely (ie, nonmitochondrial OCR). Finally, we added 

2-deoxyglucose (100 μM) to inhibit glycolysis completely and measured ECAR as a 

surrogate for the glycolytic rate. An in-depth review of this methodology is available 

elsewhere.28

Outcomes

To measure mitochondrial function concurrent with delirium or coma, both of which can 

fluctuate during sepsis, we assessed participants for delirium and coma immediately after 

collecting blood. Trained study personnel assessed patients for delirium once daily using the 

Confusion Assessment Method for ICU,29,30 and they assessed level of consciousness using 

the Richmond Agitation-Sedation Scale (RASS).31,32 If the Confusion Assessment Method 

for the ICU and RASS assessments could not be performed (which occurred only once), 

we assigned delirium as positive if the clinical nurse-administered Intensive Care Delirium 

Screening Checklist—which was performed every 12 h and was recorded in the electronic 

health record—was > 4. We assigned coma as no response to verbal or physical stimulation 

(RASS score, −5), or no response to voice alone, but a response to physical or painful 

stimulation (RASS score, −4).
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Covariates

We collected the following covariate data at enrollment: age, preexisting cognitive 

function, exposure to sedating medications, and severity of illness as measured using a 

modified Sequential Organ Failure Assessment33 (SOFA) scale that excluded the neurologic 

component. We estimated preexisting cognitive function using a short form of the Informant 

Questionnaire on Cognitive Decline in the Elderly (IQCODE),34,35 a validated surrogate 

questionnaire, and the proxy-completed 8-item Interview to Differentiate Aging and 

Dementia.36 We excluded patients with preexisting mild cognitive impairment using the 

following definitions: short-form IQCODE score of > 3.4, 8-item Interview to Differentiate 

Aging and Dementia score of > 2.0, or both.

Statistical Analysis

We examined baseline demographics and clinical characteristics using median and 

interquartile range (IQR) for continuous variables and proportions for categorical variables. 

We used the Kruskal-Wallis test to evaluate unadjusted differences between mental status 

groups (eg, normal, delirium, or coma) and the Dunn test for pairwise comparisons. In 

a priori-planned analysis, we used multinomial logistic regression to analyze adjusted 

associations between platelet bioenergetics and mental status (delirium, coma, and normal). 

In all regression models, we included the following covariates, which we selected a 

priori based on existing literature and clinical judgment: age, exposure (yes or no) to 

sedative medication, modified SOFA score (with the neurologic component excluded), and 

preexisting cognitive function as estimated by the short-form IQCODE. In a post hoc 

sensitivity analysis, we fit the same models, but replaced the dichotomous covariate for 

sedative exposure (yes or no) with three covariates reflecting the cumulative doses of 

propofol, benzodiazepines (in midazolam equivalents), and opioids (in fentanyl equivalents) 

received on the day of specimen collection. In a separate post hoc analysis, we further 

assessed the association between platelet bioenergetics and coma that was seen in the 

initial model using an ordinal logistic regression model with the outcome of RASS, a more 

granular assessment of the level of consciousness, measured on the day of sample collection 

(study day 1). Finally, we used Spearman rank correlation to determine whether platelet 

bioenergetics were correlated with C-reactive protein and IL-6 levels, which we measured 

using commercially available immunoassays. Because we sought to generate hypotheses to 

be tested in future confirmatory studies, we based sample size on logistical constraints and 

did not adjust for multiple comparisons. We used Stata SE version 17 software (StataCorp) 

for all statistical analyses.

Results

From September 2018 through March 2022, we enrolled 63 patients (Fig 1) who had a 

median age of 64 years (IQR, 52-72 years) and admission modified SOFA score of 10 (IQR, 

8-13); 48% were female. All but three participants were White. On the day of enrollment 

and sample collection, 10 patients (15%) were delirious, 19 patients (30%) were comatose, 

and 34 patients (54%) demonstrated normal mental status. The median days in the hospital 

before sample collection was 2 days (IQR, 2-3 days), with a range of 1 to 8 days. Most 

patients (71%) were receiving one or more sedative medications on the day of sample 
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collection. The total SOFA score differed among the three groups. This difference was not 

statistically significant when the neurologic component was excluded (modified SOFA), 

perhaps because of the small sample size (Table 1).

In unadjusted analysis, platelet basal OCR was similar among the three groups of patients, 

as were proton leak and nonmitochondrial OCR (Table 2, Fig 2). Alternatively, comatose 

patients showed higher maximum OCR than those with delirium (pairwise P = .003) and 

those with normal mental status (pairwise P = .03). Additionally, spare respiratory capacity 

was higher in those with coma vs those with delirium (pairwise P = .003) and vs those with 

normal mental status (pairwise P = .04). ECAR was higher in those with coma than in those 

with delirium (pairwise P = .01) and those with normal mental status (pairwise P = .02), 

but no significant difference in ECAR was found between those with delirium and normal 

mental status (pairwise P = .18).

After adjusting for age, sedation, modified SOFA score, and preexisting cognitive function, 

higher spare respiratory capacity was associated with an increased odds of coma as 

compared with normal mental status (Table 2). Sensitivity analyses that adjusted for doses of 

sedatives (rather than yes or no exposure) yielded similar results (e-Table 1). Alternatively, 

no significant associations were found between proton leak, nonmitochondrial OCR, or 

ECAR and delirium or coma after adjusting for covariates. In additional post hoc analysis 

of two commonly studied inflammatory biomarkers (C-reactive protein and IL-6), both 

inflammatory markers were correlated with basal OCR, proton leak, and nonmitochondrial 

OCR, but not with the bioenergetic measures that were associated with coma (e-Table 2).

Figure 3 displays bioenergetic measures according to level of consciousness (measured 

using RASS) on the day of sample collection. After adjusting for covariates, increased spare 

respiratory capacity was associated with a decreased level of consciousness, that is, lower 

RASS (OR, 0.99; 95% CI, 0.97-1.00; P = .04). Increased nonmitochondrial OCR also was 

associated with lower RASS (OR, 0.95; 95% CI, 0.92-0.99; P = .03), but maximum OCR 

(OR, 0.99; 95% CI, 0.99-1.00; P = .07), proton leak (OR, 0.97; 95% CI, 0.95-1.00; P = .07), 

and ECAR (OR, 0.93; 95% CI, 0.88-1.00; P = .052) were not associated with RASS. In 

the post hoc analysis when sedation doses were included as covariates, increased maximum 

OCR also was associated with lower RASS score (OR, 0.99; 95% CI, 0.98-0.99; P = .03).

Discussion

This exploratory prospective cohort study is the first, to our knowledge, to examine 

associations between platelet mitochondrial function and acute brain dysfunction (delirium 

and coma) in patients with sepsis. After adjustment for covariates, none of the measures 

of platelet mitochondrial respiration were associated with delirium, but increased spare 

respiratory capacity was associated with both coma and reduced level of consciousness, 

a finding that suggests platelet mitochondrial bioenergetics, a surrogate of systemic 

bioenergetic changes, may provide information about coma during sepsis.

Because both common forms of abnormal mental state during critical illness, delirium and 

coma often are lumped together and described as acute brain dysfunction during sepsis, 
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but little is known about their pathogenesis. Some have suggested that coma and delirium 

do not have the same pathophysiologic features.37 Coma’s hallmarks are loss of arousal 

and awareness. In delirium, however, some level of arousal is retained, but attention is 

impaired. We found that coma in sepsis was associated with increased spare respiratory 

capacity, which may be driven by an increased maximum OCR, consistent with an increased 

requirement for energy use in coma. The association held (and was slightly stronger) after 

adjusting for doses of sedating medication, indicating that the association is not explained by 

sedation. Further mechanistic studies are required to determine the underlying mechanisms 

of increase spare capacity in patients with coma during sepsis.

Alternatively, delirium was not associated with either mitochondrial respiration measures 

or nonmitochondrial measures, but the small number of patients with delirium at the 

time of sample collection increased the likelihood of false-negative results resulting from 

insufficient statistical power. Given that coma is a risk factor for delirium in other studies of 

critically ill populations, a larger study of patients with sepsis should examine associations 

between mitochondrial respiration markers measured over time to confirm our findings 

regarding coma and to re-examine associations with delirium. Indeed, our study was 

designed to be an exploratory examination to direct future work.

We used peripheral platelet mitochondria in this investigation for a few reasons. First, blood 

cells display various profiles in sepsis. Monocytes show decreased respiratory capacity and 

ATP-linked respiration. In contrast, neutrophils show more reliance on glycolysis, which 

is increased in sepsis.38-40 Platelets rely more heavily on mitochondria for their ATP 

needs than do other peripheral blood cells.38 If increased ATP needs and mitochondrial 

stress during sepsis underlie the mechanisms of acute brain dysfunction, it is likely to 

manifest in peripheral platelets. Second, peripheral platelets have been proposed as a viable 

target when studying systemic mitochondrial bioenergetics in humans.24-26 Further, prior 

studies demonstrated that peripheral blood cells (including platelets) potentially reflect brain 

metabolism. Finally, studies in traumatic brain injury have shown that platelet metabolism 

may be more sensitive to brain injury than leukocyte metabolism.41 In light of these data, 

we sought to explore potential relationships between platelet mitochondrial bioenergetics, a 

surrogate for systemic mitochondrial bioenergetics, and delirium or coma during sepsis.

Mitochondrial dysfunction has been examined as a mechanism of acute organ dysfunction 

in sepsis in numerous studies, some of which measured platelet mitochondrial function,42-46 

but no previous study to our knowledge evaluated associations between platelet 

bioenergetics and acute brain dysfunction during sepsis. Investigations using animal models 

of sepsis have shown altered brain mitochondrial function in sepsis,47,48 but studies in 

humans have been limited, likely because of the difficulty of studying brain mitochondrial 

function in alive patients with sepsis. Our group showed that platelet mitochondrial 

respiratory parameters can be a marker of systemic mitochondrial function,28 and the results 

from the current study provide a springboard for future mechanistic studies in sepsis.

Our study has important limitations. First, this was an exploratory study designed to 

generate preliminary data and novel hypotheses that will guide the design of future studies. 

As such, we did not adjust for multiple comparisons, an approach that increases possibility 
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of chance associations. Second, the number of patients in the study was small because of the 

availability of the laboratory to process samples on the day of collection and the cessation 

of laboratory procedures during the height of the COVID-19 pandemic. Third, the number 

of patients who were delirious at the time of sample collection was small. This limited 

our ability to detect potentially important differences in platelet mitochondrial bioenergetics 

when comparing delirium with normal mental status. Using our results as preliminary 

data, future studies designed to address this question can be powered appropriately to 

detect important differences between the groups. Fourth, because of the unplanned and 

unpredictable onset of sepsis, we were not able to assess cognitive function before sepsis 

directly. To account for this, we used two validated, proxy-administered tools (the short-

form IQCODE and 8-item Interview to Differentiate Aging and Dementia) to estimate 

preexisting cognitive function. Fifth, we collected blood samples for platelet mitochondrial 

bioenergetics only once during the study, and the timing of sample collection relative to 

sepsis onset likely varied. Repeated sample collection likely would provide important insight 

into the associations between platelet mitochondrial bioenergetics and delirium and coma (as 

well as related downstream outcomes) during sepsis, for example by allowing an analysis 

of how changes in bioenergetics over time are associated with recovery from delirium or 

coma. Sixth, the cohort was predominantly White, and we were unable to examine race as 

a modifier of the associations examined. Seventh, because this was an observational study, 

we did not require a pause in sedation during the assessment of delirium or coma and cannot 

distinguish sedative-induced acute brain dysfunction from that driven by critical illness. 

Finally, as with any observational study, these associations do not prove causation. The 

changes seen in platelet mitochondria may be a result of coma, rather than a mechanism. 

However, as previously noted in animal studies, mitochondrial therapies can reverse organ 

dysfunction in sepsis, suggesting that altered mitochondrial function is a pathologic process 

during sepsis.13

Interpretation

These preliminary findings have important clinical applications. The study of platelet 

mitochondrial respiratory bioenergetics during sepsis provides information on the processes 

occurring during acute brain dysfunction in sepsis. The brain has high energy requirements 

and relies heavily on mitochondria to meet its energy needs. Mechanistic studies exploring 

the underlying role mitochondria play in acute brain dysfunction during sepsis may 

yield greater understanding of this phenomena and eventually could support the study of 

interventions, which may include low-cost supplements that could be personalized based on 

blood tests. Indeed, mitochondrial-targeted therapies in animal studies already have shown 

benefits of improved survival and organ function.13 The addition of substrate or cofactor 

(eg, ATP-MgC12, cytochrome c, coenzyme q) in humans has shown some efficacy in the 

management of heart failure49 and in hepatitis C50 and may be beneficial during sepsis.

In conclusion, we found that increased platelet mitochondrial spare respiratory capacity 

is associated with coma in patients with sepsis. Future research should examine the 

relationship between mitochondrial respiration bioenergetics and brain function during 

sepsis.

Onyemekwu et al. Page 8

CHEST Crit Care. Author manuscript; available in PMC 2024 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Role of sponsors: The sponsor had no role in the design of the study, the collection and analysis of the data, or the 
preparation of the manuscript.

Funding/Support

This study was funded by the National Heart, Lung, and Blood Institute, National Institutes of Health [Grant 
R01HL135144].

ABBREVIATIONS:

ATP adenosine triphosphate

ECAR extracellular acidification rate

ETC electron transport chain

IQCODE Informant Questionnaire on Cognitive Decline in the Elderly

IQR interquartile range

OCR oxygen consumption rate

RASS Richmond Agitation-Sedation Scale

SOFA Sequential Organ Failure Assessment

References

1. Rudd KE, Johnson SC, Agesa KM, et al. Global, regional, and national sepsis incidence 
and mortality, 1990-2017: analysis for the Global Burden of Disease Study. Lancet. 
2020;395(10219):200–211. [PubMed: 31954465] 

2. Rhee C, Jones TM, Hamad Y, et al. Prevalence, underlying causes, and preventability of sepsis-
associated mortality in US acute care hospitals. JAMA Netw Open. 2019;2(2):e187571. [PubMed: 
30768188] 

3. Sonneville R, de Montmollin E, Poujade J, et al. Potentially modifiable factors contributing 
to sepsis-associated encephalopathy. Intensive Care Med. 2017;43(8):1075–1084. [PubMed: 
28466149] 

4. Girard TD, Jackson JC, Pandharipande PP, et al. Delirium as a predictor of long-term cognitive 
impairment in survivors of critical illness. Crit Care Med. 2010;38(7):1513–1520. [PubMed: 
20473145] 

5. Ely EW, Gautam S, Margolin R, et al. The impact of delirium in the intensive care unit on hospital 
length of stay. Intensive Care Med. 2001;27(12):1892–1900. [PubMed: 11797025] 

6. Shehabi Y, Riker RR, Bokesch PM, et al. Delirium duration and mortality in lightly sedated, 
mechanically ventilated intensive care patients. Crit Care Med. 2010;38(12):2311–2318. [PubMed: 
20838332] 

7. Girard TD, Ely EW. Delirium in septic patients: an unrecognized vital organ dysfunction. In: 
Ortiz-Ruiz G, Perafán MA, Faist E, Castell CD, eds. Sepsis. Springer: New York; 2006:136–150.

Onyemekwu et al. Page 9

CHEST Crit Care. Author manuscript; available in PMC 2024 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8. Hsieh SJ, Soto GJ, Hope AA, Ponea A, Gong MN. The association between acute respiratory 
distress syndrome, delirium, and in-hospital mortality in intensive care unit patients. Am J Respir 
Crit Care Med. 2015;191(1):71–78. [PubMed: 25393331] 

9. Iwashyna TJ, Ely EW, Smith DM, Langa KM. Long-term cognitive impairment and functional 
disability among survivors of severe sepsis. JAMA. 2010;304(16):1787–1794. [PubMed: 20978258] 

10. Pandharipande PP, Girard TD, Jackson JC, et al. Long-term cognitive impairment after critical 
illness. N Engl J Med. 2013;369(14):1306–1316. [PubMed: 24088092] 

11. Girard TD, Thompson JL, Pandharipande PP, et al. Clinical phenotypes of delirium during critical 
illness and severity of subsequent long-term cognitive impairment: a prospective cohort study. 
Lancet Respir Med. 2018;6(3):213–222. [PubMed: 29508705] 

12. Prendergast NT, Tiberio PJ, Girard TD. Treatment of delirium during critical illness. Annu Rev 
Med. 2022;73:407–421. [PubMed: 34752706] 

13. Dare AJ, Phillips ARJ, Hickey AJR, et al. A systematic review of experimental treatments for 
mitochondrial dysfunction in sepsis and multiple organ dysfunction syndrome. Free Radic Biol 
Med. 2009;47(11):1517–1525. [PubMed: 19715753] 

14. Takasu O, Gaut JP, Watanabe E, et al. Mechanisms of cardiac and renal dysfunction in patients 
dying of sepsis. Am J Respir Crit Care Med. 2013;187(5):509–517. [PubMed: 23348975] 

15. Sato R, Kuriyama A, Takada T, Nasu M, Luthe SK. Prevalence and risk factors of sepsis-
induced cardiomyopathy: a retrospective cohort study. Medicine (Baltimore). 2016;95(39):e5031. 
[PubMed: 27684877] 

16. Zhang Q, Raoof M, Chen Y, et al. Circulating mitochondrial DAMPs cause inflammatory 
responses to injury. Nature. 2010;464(7285):104–107. [PubMed: 20203610] 

17. Moskowitz A, Andersen LW, Cocchi MN, Karlsson M, Patel PV, Donnino MW. Thiamine as 
a renal protective agent in septic shock. A secondary analysis of a randomized, double-blind, 
placebo-controlled trial. Ann Am Thorac Soc. 2017;14(5):737–741. [PubMed: 28207287] 

18. Brealey D, Brand M, Hargreaves I, et al. Association between mitochondrial dysfunction and 
severity and outcome of septic shock. Lancet. 2002;360(9328):219–223. [PubMed: 12133657] 

19. Fišar Z, Hroudová J, Hansíková H, et al. Mitochondrial respiration in the platelets of patients with 
Alzheimer’s disease. Curr Alzheimer Res. 2016;13(8):930–941. [PubMed: 26971932] 

20. Haas RH, Nasirian F, Nakano K, et al. Low platelet mitochondrial complex I and complex 
II/III activity in early untreated Parkinson’s disease. Ann Neurol. 1995;37(6):714–722. [PubMed: 
7778844] 

21. Saft C, Zange J, Andrich J, et al. Mitochondrial impairment in patients and asymptomatic mutation 
carriers of Huntington’s disease. Mov Disord. 2005;20(6):674–679. [PubMed: 15704211] 

22. Devi L, Raghavendran V, Prabhu BM, Avadhani NG, Anandatheerthavarada HK. Mitochondrial 
import and accumulation of alpha-synuclein impair complex I in human dopaminergic neuronal 
cultures and Parkinson disease brain. J Biol Chem. 2008;283(14):9089–9100. [PubMed: 
18245082] 

23. Zharikov S, Shiva S. Platelet mitochondrial function: from regulation of thrombosis to biomarker 
of disease. Biochem Soc Trans. 2013;41(1):118–123. [PubMed: 23356269] 

24. Cardenes N, Corey C, Geary L, et al. Platelet bioenergetic screen in sickle cell patients 
reveals mitochondrial complex V inhibition, which contributes to platelet activation. Blood. 
2014;123(18):2864–2872. [PubMed: 24677541] 

25. Xu W, Cardenes N, Corey C, Erzurum SC, Shiva S. Platelets from asthmatic individuals show less 
reliance on glycolysis. PLoS One. 2015;10(7):e0132007. [PubMed: 26147848] 

26. Nguyen QL, Corey C, White P, et al. Platelets from pulmonary hypertension patients show 
increased mitochondrial reserve capacity. JCI Insight. 2017;2(5):e91415. [PubMed: 28289721] 

27. Braganza A, Corey CG, Santanasto AJ, et al. Platelet bioenergetics correlate with muscle 
energetics and are altered in older adults. JCI Insight. 2019;5(13):e128248. [PubMed: 31120438] 

28. Braganza A, Annarapu GK, Shiva S. Blood-based bioenergetics: an emerging translational and 
clinical tool. Mol Aspects Med. 2020;71:100835. [PubMed: 31864667] 

29. Ely EW, Margolin R, Francis J, et al. Evaluation of delirium in critically ill patients: validation 
of the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU). Crit Care Med. 
2001;29(7):1370–1379. [PubMed: 11445689] 

Onyemekwu et al. Page 10

CHEST Crit Care. Author manuscript; available in PMC 2024 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. Ely EW, Inouye SK, Bernard GR, et al. Delirium in mechanically ventilated patients: validity and 
reliability of the confusion assessment method for the intensive care unit (CAM-ICU). JAMA. 
2001;286(21):2703–2710. [PubMed: 11730446] 

31. Sessler CN, Gosnell MS, Grap MJ, et al. The Richmond Agitation-Sedation Scale: validity and 
reliability in adult intensive care unit patients. Am J Respir Crit Care Med. 2002;166(10):1338–
1344. [PubMed: 12421743] 

32. Ely EW, Truman B, Shintani A, et al. Monitoring sedation status over time in ICU 
patients: reliability and validity of the Richmond Agitation-Sedation Scale (RASS). JAMA. 
2003;289(22):2983–2991. [PubMed: 12799407] 

33. Vincent JL, Moreno R, Takala J, et al. The SOFA (Sepsis-related Organ Failure Assessment) 
score to describe organ dysfunction/failure. On behalf of the Working Group on Sepsis-
Related Problems of the European Society of Intensive Care Medicine. Intensive Care Med. 
1996;22(7):707–710. [PubMed: 8844239] 

34. Jorm AF, Scott R, Cullen JS, MacKinnon AJ. Performance of the Informant Questionnaire on 
Cognitive Decline in the Elderly (IQCODE) as a screening test for dementia. Psychol Med. 
1991;21(3):785–790. [PubMed: 1946866] 

35. Jorm AF. A short form of the Informant Questionnaire on Cognitive Decline in the Elderly 
(IQCODE): development and cross-validation. Psychol Med. 1994;24(1):145–153. [PubMed: 
8208879] 

36. Galvin JE, Roe CM, Powlishta KK, et al. The AD8: a brief informant interview to detect dementia. 
Neurology. 2005;65(4):559–564. [PubMed: 16116116] 

37. Stevens RD, Nyquist PA. Coma, delirium, and cognitive dysfunction in critical illness. Crit Care 
Clin. 2006;22(4):787–804. abstract x. [PubMed: 17239755] 

38. Kramer PA, Ravi S, Chacko B, Johnson MS, Darley-Usmar VM. A review of the mitochondrial 
and glycolytic metabolism in human platelets and leukocytes: implications for their use as 
bioenergetic biomarkers. Redox Biol. 2014;2:206–210. [PubMed: 24494194] 

39. McBride MA, Owen AM, Stothers CL, et al. The metabolic basis of immune dysfunction 
following sepsis and trauma. Front Immunol. 2020;11:1043. [PubMed: 32547553] 

40. Toller-Kawahisa JE, O’Neill LAJ. How neutrophil metabolism affects bacterial killing. Open Biol. 
2022;12(11):220248. [PubMed: 36416011] 

41. Hubbard WB, Banerjee M, Vekaria H, et al. Differential leukocyte and platelet profiles in distinct 
models of traumatic brain injury. Cells. 2021;10(3):500. [PubMed: 33652745] 

42. Lorente L, Martín MM, López-Gallardo E, et al. Platelet cytochrome c oxidase activity and 
quantity in septic patients. Crit Care Med. 2011;39(6):1289–1294. [PubMed: 21297457] 

43. Lorente L, Martín MM, López-Gallardo E, et al. Decrease of oxidative phosphorylation system 
function in severe septic patients. J Crit Care. 2015;30(5):935–939. [PubMed: 26173705] 

44. Protti A, Fortunato F, Artoni A, et al. Platelet mitochondrial dysfunction in critically ill patients: 
comparison between sepsis and cardiogenic shock. Crit Care. 2015;19:39. [PubMed: 25757508] 

45. Cao Y, Ma W, Liu Z, et al. Early predictive value of platelet function for clinical outcome in sepsis. 
J Infect. 2022;84(5):628–636. [PubMed: 35150766] 

46. Sjövall F, Morota S, Hansson MJ, Friberg H, Gnaiger E, Elmér E. Temporal increase of platelet 
mitochondrial respiration is negatively associated with clinical outcome in patients with sepsis. 
Crit Care. 2010;14(6):R214. [PubMed: 21106065] 

47. Ferguson MA, Sutton RM, Karlsson M, et al. Increased platelet mitochondrial respiration after 
cardiac arrest and resuscitation as a potential peripheral biosignature of cerebral bioenergetic 
dysfunction. J Bioenerg Biomembr. 2016;48(3):269–279. [PubMed: 27020568] 

48. Tyrrell DJ, Bharadwaj MS, Jorgensen MJ, et al. Blood-based bioenergetic profiling reflects 
differences in brain bioenergetics and metabolism. Oxid Med Cell Longev. 2017;2017:7317251. 
[PubMed: 29098063] 

49. Sharma A, Fonarow GC, Butler J, Ezekowitz JA, Felker GM. Coenzyme Q10 and heart failure: a 
state-of-the-art review. Circ Heart Fail. 2016;9(4):e002639. [PubMed: 27012265] 

50. Gane EJ, Weilert F, Orr DW, et al. The mitochondria-targeted anti-oxidant mitoquinone decreases 
liver damage in a phase II study of hepatitis C patients. Liver Int. 2010;30(7):1019–1026. 
[PubMed: 20492507] 

Onyemekwu et al. Page 11

CHEST Crit Care. Author manuscript; available in PMC 2024 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Take-home Points

Research Question:

Are altered platelet mitochondrial bioenergetics associated with acute brain dysfunction 

during sepsis?

Results:

Various measures of platelet mitochondrial respiratory bioenergetics were associated with 

coma during sepsis, and after adjusting for multiple covariates, spare respiratory capacity 

remained associated with coma.

Interpretation:

The study of platelet mitochondrial respiratory bioenergetics provides information that 

may inform and guide future mechanistic studies on the role of mitochondrial function in 

acute brain dysfunction during sepsis.
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Figure 1 - 
Screening and recuirtment flowchart.
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Figure 2 - 
A-E, Graphs showing unadjusted comparisons of platelet mitochondrial OCR by delirium, 

coma, and normal mental status. A, Maximum OCR was significantly different between the 

coma (n = 19) and normal (n = 34) groups and between the coma and delirium (n = 10) 

groups. Delirium was not significantly different from normal. B, After removing baseline 

effect, spare respiratory capacity revealed similar differences among the mental status 

groups. C, Proton leak was not different among mental status groups. D, Nonmitochondrial 

OCR was significantly different between those with coma and normal mental status and 

between those with coma and delirium. No significant difference was found between those 

with delirium and normal mental status. E, Extracellular acidification rate was significantly 

different among those with coma and normal mental status as well as among those with 

coma and delirium. The delirium group did not show significantly different findings than 
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the normal mental status group. The bar and whisker plots depict median and interquartile 

range. OCR = oxygen consumption rate.
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Figure 3 - 
A-D, Graphs showing platelet bioenergetic measures according to RASS score. After 

adjusting for age, sedation, modified Sequential Organ Failure Assessment score, and 

preexisting cognitive function, increased maximum OCR (A) and spare respiratory capacity 

(B) were associated with lower RASS scores, whereas proton leak (C) and nonmitochondrial 

OCR (D) were not associated with RASS scores. OCR = oxygen consumption rate; RASS = 

Richmond Agitation-Sedation Scale.
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