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Abstract  

Objective: To investigate the relationship between prognosis, changes in 

mitochondrial calcium uptake and bioenergetic status in the heart during sepsis. 

Design: In vivo and ex vivo controlled experimental studies. 

Setting: University research laboratory.  

Subjects: Male adult Wistar rats.  

Interventions: Sepsis was induced by intraperitoneal injection of fecal slurry. Sham-

operated animals served as controls. Confocal microscopy was used to study functional 

and bioenergetic parameters in cardiomycoytes isolated after 24 h sepsis. Electron 

microscopy (EM) was used to characterize structural changes in mitochondria and 

sarcoplasmic reticulum. The functional response to dobutamine was assessed in vivo 

by echocardiography. 

Measurements and main results: Peak aortic blood flow velocity measured at 24 h 

was a good discriminator for 72 h survival (AUROC 0.84±0.1, p=0.03) and was used in 

ex vivo experiments at 24 h to identify septic animals with good prognosis. 

Measurements from animals with good prognostic showed i) a smaller increase in 

mitochondrial calcium content and in NADH fluorescence following pacing and ii) 

increased distance between mitochondria and SR on EM, and iii) NADH redox potential 

and ATP/ADP failed to reach a new steady state following pacing, suggesting impaired 

matching of energy supply and demand. In vivo, good prognosis animals had a blunted 

response to dobutamine with respect to stroke volume and kinetic energy. 

Conclusions: In situations of higher energetic demand decreased mitochondrial 

calcium uptake may constitute an adaptive cellular response that confers a survival 

advantage in response to sepsis at a cost of decreased oxidative capacity. 
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Introduction 

 

Myocardial depression is a well-recognized phenomenon in patients with septic shock 

with reported incidence rates of 40-50% (1,2). The underlying pathophysiology is 

complex with multiple factors implicated (3,4). We (5-7) and others (8-10) reported 

derangements in energetic status and have proposed that impaired energy 

homeostasis may be an important contributory factor to organ dysfunction in sepsis. 

Findings in rodent endotoxic shock models include depressed myocardial ATP levels or 

reduced activity of mitochondrial respiratory complexes (11,12). Studies using more 

clinically relevant models of polymicrobial sepsis report variable degrees of myocardial 

and mitochondrial dysfunction, often with unchanged levels of phosphate 

intermediates (13-15). Myocardial dysfunction in sepsis may be the result of a 

hibernation-like state, whereby cardiomyocytes decrease mitochondrial oxygen 

consumption under conditions of lower cellular metabolic demand (2,3). However, this 

notion remains to be confirmed as most studies have only used steady state measures 

of mitochondrial function, rather than capturing the interaction between energy 

supply and demand.  

 

Long before modern bioenergetic theory Starling postulated a linear relationship 

between oxygen consumption and cardiac work (16). Phosphorylation potential (i.e. 

[ATP]/[ADP].[Pi]) is a primary regulator of mitochondrial ATP production (17). Under 

conditions of high energetic demand, such as those seen in the heart in response to an 

increased workload or acute stress (as in sepsis), a rise in cytosolic calcium is 

accompanied by a rise in intramitochondrial calcium content mediated by 
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mitochondrial calcium uptake pathways. Furthermore, stimulation of mitochondrial 

oxidative phosphorylation by calcium increases ATP production to match an increase in 

demand (18,19). However, if mitochondrial calcium levels increase above a certain 

threshold, mitochondrial calcium overload can result in cell death via opening of the 

mitochondrial permeability transition pore (20).  

 

The presence of myocardial depression, defined echocardiograpically (21-25) or by 

elevations in cardiac injury/dysfunction biomarkers such as troponin or B-type 

natriuretic peptide (26-28), is strongly associated with an increased mortality risk in 

septic patients. An important limitation in experimental studies proposing a role for 

mitochondria in septic cardiomyopathy is that they fail to consider the heterogeneity 

observed in human populations where patients may/may not develop septic 

cardiomyopathy. We thus sought to use our fluid-resuscitated rat model of fecal 

peritonitis, where early (at 6 or 24 h post-insult) differences in systolic function can 

predict 3-day mortality (29,30), to investigate the effect of sepsis on the energetic 

response of the heart in vivo to an increase in metabolic activity in a cohort of rodents 

identified with positive prognostic indicators. In addition, we aim to associate these 

responses with those of bioenergetically relevant intermediates at the cellular level, 

including mitochondrial calcium, mitochondrial NADH, ATP/ADP and mitochondrial 

membrane potential. Using electron microscopy we also examined the proximity of 

mitochondria to sarcoplasmic reticulum as this may affect the degree of calcium 

release (31). 
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Materials and methods  

Rat model of fecal peritonitis 

Male Wistar rats (12-14 weeks old) were used in all in vivo and ex vivo studies. All 

experiments were performed according to local ethics committee (University College 

London) and Home Office (UK) guidelines under the 1986 Scientific Procedures Act.  

This model has been described in detail elsewhere (30). In brief, anesthetized rats 

underwent right jugular vein and left carotid artery cannulation. These catheters were 

tunneled subcutaneously and mounted onto a swivel-tether system (Instech, Plymouth 

Meeting, PA) allowing the animal unimpeded movement in its cage, free access to food 

and water, intravenous fluid administration and blood pressure monitoring. After 

overnight recovery, sepsis was induced by an intraperitoneal injection of fecal slurry 

(32). Sham animals (control) received an equivalent volume of 0.9% saline. Two hours 

post-injection of slurry/saline, a continuous intravenous infusion of glucose and 6% 

hydroxyethyl starch 130/0.4 (Volulyte, Fresenius Kabi, Bad Homburg, Germany) (1:1) 

was started at 10 ml/kg/h and halved at 24 h intervals. A validated clinical scoring 

system was used to assess overall disease severity (33). Supplemental Digital Content 1 

shows the main characteristics of the study cohorts, and Supplemental Digital Content 

2 further details on the model.  

Echocardiography measurements 

Echocardiography was performed to measure stroke volume (34), peak blood flow 

velocity (a measure of left ventricular contractility) (35) and kinetic energy (36). 

Further details can be found in Supplemental Digital Content 2.  
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Serum assays 

An arterial blood sample of 0.7 ml was withdrawn at 6 and 24 h post-insult for blood 

gas analysis (ABL 800 Flex Analyzer, Radiometer, Copenhagen, Denmark) and collection 

of plasma for subsequent batch analysis of interleukin (IL-) 6 and 10 (Rat-Quantikine 

enzyme-linked immunosorbent assay kits, R&D Systems, Wiesbaden, Germany).  

 

Confocal microscopy  

Non-permeabilized adult rat ventricular myocytes isolated from septic animals and 

sham controls by conventional enzymatic dissociation (37,38) were plated on laminin-

coated coverslips and imaged using a Zeiss 510 CLSM META confocal microscope. 

TMRM was used as a measure of mitochondrial membrane potential, NADH 

autofluorescence of redox state, Fluo-4 acetoxymethyl AM and Rhod-2 AM to measure 

changes in cytosolic and mitochondrial calcium, respectively. Magnesium Green 

fluorescence was used as a relative indicator of the ATP/ADP ratio (39). Further details 

can be found in Supplemental Digital Content 2. 

 

Electron microscopy  

Left ventricle samples were obtained for structural analysis by electron microscopy. 

Further details can be found in Supplemental Digital Content 2. For each tissue sample, 

ten imaging areas were defined as regions where intermyofibrillar mitochondria could 

be clearly identified among longitudinally-oriented myofibrils, in close proximity to the 

sarcoplasmic reticulum (junctional SR, jSR) (31). As several of the mitochondrial citric 

acid cycle dehydrogenases are stimulated by calcium, we hypothesized that proximity 
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of jSR to the intermyofibrillar mitochondria could affect the rate and efficiency of 

NADH oxidation and ATP production in sepsis.  

 

Data analysis and statistical procedures 

All datasets were tested for normality of distribution using the Kolmogorov-Smirnov 

test. Normally distributed data were compared using Student’s t test or analysis of 

variance (one-way or two-way ANOVA with repeated measures, as appropriate). If 

appropriate, post-hoc testing was performed using a Bonferroni correction. Results 

were expressed as mean ± SEM. Non-parametric data were compared using the 

appropriate equivalent, and expressed as median and interquartile range. Differences 

in survival were analysed with the log-rank test. The quality of echocardiography-

derived measurements as a prognostic test was described by the area under the 

Receiver operator characteristic (AUROC) curve. All analyses were performed using 

IBM SPSS Statistics, Version 22.0 (IBM Corp, Armonk, NY) and graphs built using Prism 

Version 6.0 (GraphPad Software, La Jolla, CA). Probability values <0.05 were 

considered statistically significant.  
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Results  

Model characterization and identification of animals with good prognosis  

For survival studies, 4 sham and 12 septic animals (Cohort 1) were followed for 72 h. 

All sham animals survived while 9 (75%) of the septic animals died (Figure 1). Clinical 

severity, blood pressure and biochemical measures of arterial blood oxygenation, 

metabolism and inflammation can be found in the Supplemental Digital Content 3. 

Animals still alive at 72 h showed evidence of clinical recovery with increased interest 

and activity in their environment. In this model, sepsis was not associated with 

hypotension nor hypoglycemia due to ongoing fluid resuscitation and glucose infusion. 

 

In further experiments, 8 sham and 22 septic rats (Cohort 2) were followed for up to 

72 h with echocardiography performed under a short period of light anesthesia at 6, 24 

and 72 h post-insult. Septic non-survivors showed depressed cardiac contractility (peak 

velocity), stroke volume and cardiac output, as early as 6 h post-injection of fecal slurry 

(Table 1). Kinetic energy (KE), an in vivo measure of the work developed by the left 

ventricle, was also significantly depressed (Table 1). In order to classify animals 

according to disease severity in terminal experiments performed at 24 h post-insult, 

we tested the ability of selected cardiac and clinical variables to predict 72 h survival 

(Supplemental Digital Content 4). An aortic blood flow peak velocity cut-off of 0.93 m/s 

measured at 24 h could distinguish septic animals into good and bad prognosis groups 

(AUROC 0.84±0.1, p=0.03) and was used in terminal experiments to separate septic 

animals into good and poor prognosis groups. 
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Mitochondrial calcium uptake and NADH fluorescence in isolated cardiomyocytes 

In a separate cohort of animals, 4 sham and 8 septic rats (Cohort 3) were randomized 

for ex vivo confocal microscopy studies of intact, isolated cardiomyocytes at 24 h post-

insult. Mortality in the septic group was 50%. All surviving animals had an aortic flow 

peak velocity >0.93 m/s, suggesting a good prognosis. 

Baseline NADH and TMRM fluorescence were significantly lower in resting septic 

cardiomyocytes isolated from good prognosis animals compared to sham (Figures 

2A,B). Using a physiologically relevant model of increased energy demand, we 

observed that mitochondrial calcium (Rhod2 fluorescence, Figure 2C) increased as 

expected (40) with electrical pacing in both sham and septic cells. However, the rise 

was significantly attenuated in septic cardiomyocytes from good prognosis animals. 

Importantly, these differences were unlikely to be due to changes in total calcium as 

the Fluo4 signal was similar between sepsis and control cardiomyocytes (Figure 2D).  

Figure 2E illustrates two representative traces of MgGreen fluorescence in septic and 

control cardiomyocytes. After steady-state measurements at rest (a,a’), pacing-

induced contraction caused an increase in MgGreen fluorescence. This likely reflects a 

decreased ATP:ADP ratio, with the dissociation of free Mg2+ from ADP following ATP 

hydrolysis (b,b’). Establishment of a new equilibrium between ATP production and 

hydrolysis was inferred in all sham cardiomyocytes with MgGreen fluorescence 

stabilizing or returning to pre-stimulation levels (c) within 30 seconds after pacing 

(n=6/6). However, only half of the septic cardiomyocytes reached a new steady state 

with the others presenting a continuous increase in MgGreen fluorescence (c’) (n=3/6), 

suggesting net ATP hydrolysis. We also investigated the response of MgGreen 
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fluorescence in sham and septic cells to combined inhibition of glycolysis and oxidative 

phosphorylation using 2-deoxyglucose and oligomycin, respectively. Most of the sham 

cells (n=3/5) reached a new steady state fluorescence as illustrated in Figure 5D (d). 

Only one septic cardiomyocyte reached a new steady state (d’) with the remaining 

showing gradually increasing MgGreen fluorescence (n=4/5) until the addition of the 

mitochondrial uncoupler, FCCP that resulted in depletion of cellular ATP.  

 

After observing derangements in the two main mechanisms that relate sarcoplasmic 

energetic needs to the mitochondria (calcium and ATP/ADP ratio) we studied changes 

in mitochondrial NADH redox status in response to pacing. The initial response upon 

stimulation of contraction was an increase in NADH autofluorescence indicating an 

increase in reduced NADH (Figure 2F). This is likely due at least in part, to calcium-

induced stimulation of mitochondrial TCA cycle dehydrogenases (18). Cardiomyocytes 

from septic animals presented a smaller peak increase compared to sham (9.9 vs. 

3.7%, p<0.05). Following the initial rise, in sham cardiomyocytes NADH 

autofluorescence returned to a steady state similar to baseline levels, i.e. redox 

homeostasis was re-established. In septic cells, a steady state was not achieved 

following pacing (Figure 2F): NADH autofluorescence continued to decline, 

representing net NADH oxidation.  

 

Structural relationship between mitochondria and junctional sarcoplasmic reticulum 

The majority of the mitochondrial calcium signal originates in the jSR. To investigate 

whether the distance between these organelles could explain the attenuated pacing-

induced rise in mitochondrial calcium, a further cohort of fifteen rats was randomized 
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to sham (n=5) and sepsis (n=10) (Cohort 4) for electron microscopy studies. Two septic 

animals died before reaching the 24 h timepoint. Five of the eight remaining animals 

were classified as ‘good prognosis’ (i.e. peak velocity >0.93 m/sec) at 24 h.  

Intermyofibrillar mitochondria from the left ventricle of good prognosis septic animals 

had a smaller transversal side length (Figure 3). This is the area that develops 

preferential contact with jSR and hence is more prone to acute changes in calcium. The 

distance between the mitochondrial outer membrane and the jSR was greater in septic 

cardiomyocytes (Figure 3). Importantly, these observations were not due to 

differences in mitochondrial density or shape (Supplemental Digital Content 5). 

 

In vivo response to increased energetic demand 

At rest, systolic function was similar between septic rats with good prognosis and sham 

controls (Table 1). To clarify whether the phenotype identified ex vivo suggesting 

derangements in sarcoplasmic-mitochondria communication had in vivo functional 

translation, echocardiography was performed before and after infusion of a positive 

inotrope (dobutamine). Both the inotropic and KE response to dobutamine at 24 h was 

depressed in septic animals with good prognosis compared to sham controls (Figure 4). 
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Discussion 

Reduced ATP supply from dysfunctional mitochondria has been proposed as a 

mechanism underlying septic cardiomyopathy (41). However, most of the available 

evidence originates from measurements of phosphate intermediates or biochemical 

assays of respiratory complex activity. Mitochondrial function needs to be assessed 

under different energetic loads to determine whether a dysfunction really exists. We 

investigated the response of different bioenergetically relevant parameters to changes 

in ATP demand in hearts in vivo, and in intact, non-permeabilized cardiomyocytes. As 

we wished to understand mechanisms associated with survival in the context of septic 

cardiomyopathy, we focused our studies on a selected subgroup of septic rats with 

good 3-day survival.  

In this group of septic animals with good prognosis we observed (i) a lesser increase in 

mitochondrial calcium uptake upon electrical pacing that was associated with (ii) a 

greater distance between mitochondria and junctional sarcoplasmic reticulum. 

Functionally,  (iii) a blunted NADH peak fluorescence and delayed steady state 

response to pacing suggests an inadequate response of citric acid cycle 

dehydrogenases to calcium. This could help explain (iv) the blunted response to 

dobutamine observed in vivo in terms of stroke volume and kinetic energy.  

Oxidation of the mitochondrial NADH (and FAD) pool by the electron transport chain 

generates a proton gradient across the inner mitochondrial membrane that is then 

used by ATP synthase to phosphorylate ADP (17). In the initial response to electrical 

stimulation (a physiologically relevant form of increased ATP demand), septic 

cardiomyocytes reduced the NADH pool to a lesser extent than controls.  
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Notably, sham though not septic cardiomyocytes could re-establish homeostasis of 

their mitochondrial redox potential, as evidenced by achieving a new steady state of 

NADH fluorescence.  Taken together, these findings suggest a mismatch in the rates of 

one or more processes that contribute to mitochondrial NADH redox state 

homeostasis, e.g. the relative bound-to-free NADH ratio, metabolite shuttle activity or 

NADH oxidation:reducing activity, in septic cardiomyocytes. Notwithstanding the 

difference in baseline NADH autofluorescence, when combined with the smaller initial 

rise in NADH autofluorescence signal seen on pacing, our findings indicate a potentially 

inadequate response of citric acid cycle dehydrogenases to an increase in demand for 

ATP in sepsis. Septic cardiomyocytes also largely failed to reach a steady state ATP:ADP 

ratio after pacing-induced contraction. Although MgGreen fluorescence is not a direct 

measurement of ATP concentration or flux, our data suggest differences in the way 

that the ATP:ADP ratio responds to changes in energy demand in cardiomyocytes 

isolated from sham and septic animals.   

Septic cardiomyocytes presented decreased TMRM fluorescence at rest, indicating a 

lower mitochondrial membrane potential, that has been previously reported in adult 

rat atrial myocytes in polymicrobial sepsis (42) and in adult ventricular myocytes 

following endotoxemia (43), but mechanisms and impact remained unexplained. A low 

mitochondrial membrane potential could impact on our mitochondrial calcium 

observations, as membrane potential is an important driving force of mitochondrial 

calcium uptake (44).  

High sarcoplasmic energy demand, as observed in states of high cardiac output 

associated with acute stress as in fluid-resuscitated sepsis, will induce increases in 
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cytosolic calcium that are relayed by calcium transporters into the matrix, thereby 

raising mitochondrial calcium levels (45). Free intra-mitochondrial calcium activates 

pyruvate dehydrogenase, citric acid cycle dehydrogenases and ATP synthase, 

increasing reduction to NADH and stimulating ATP production (46, 47). This allows an 

extra level of fine regulation of energy homeostasis within the cell (48). In 

cardiomyocytes isolated from septic animals with good prognosis we observed that 

contraction-induced Rhod-2 levels increased more slowly, and to a lesser extent, than 

in sham controls. This can contribute to a lower activation of mitochondrial 

dehydrogenases, rending them less responsive to changes in calcium in response to 

increased ATP demand. This may explain the lower NADH peak to pacing in 

cardiomyocytes, and the lower kinetic energy release in vivo in response to 

dobutamine.  

This observation may offer a protective effect. When mitochondrial calcium load 

exceeds the capacity of the NCX transporter (the main mechanism for calcium 

extrusion out of the mitochondria), mitochondria will start to accumulate calcium (49). 

If the buffering capacity is exceeded mitochondrial calcium concentration will rise 

leading to activation of the mPTP and consequent influx of water and small solutes, 

irreversible swelling, increased production of reactive oxygen species and eventual cell 

death (50). Mitochondrial swelling, decreased electron density and distorted cristae 

have been described in severe septic cardiomyopathy (15,29) as well as in autopsy 

studies in patients dying of septic shock (51). Intermyofibrillar mitochondria and jSR lie 

in close proximity, enabling mitochondria to sense acute changes in calcium released 

from the jSR (31). Our electron microscopy studies showed both a reduced area for 
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potential contacts (mitochondrial transversal side length) and an increased distance 

between organelles in septic hearts taken from good prognosis animals. This loss of 

proximity could be the explanation behind a lower mitochondrial calcium signal. 

Furthermore, in our selected population of animals with good prognosis we did not 

observed the structural changes in mitochondria described in more severe models. 

 

Our work has limitations. First, our prediction of long-term survival in early sepsis is 

good but not perfect, however all the animals have similar genetic background, age, 

gender and upbringing, and all received the same dose of faecal slurry from a single 

batch. Second, since our cell experiments were only performed on good prognosis 

septic animals, we cannot be certain that mitochondrial calcium overload plays a role 

in mortality animals with bad prognosis. Third, despite Rhod2 being a sensitive marker 

of mitochondrial calcium (52), it is possible that mitochondria calcium measurements 

are contaminated by elevations in sarcoplasmic reticulum calcium with twitching. 

Fourth, the impact of low mitochondrial membrane potential in mitochondrial calcium 

uptake upon stimulation in septic cardiomyopathy should be further explored. Finally, 

the mitochondria-jSR architecture is regulated by numerous different proteins (e.g. 

mitofusin 2). Their role in septic cardiomyopathy remains to be fully elucidated.  
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Conclusions 

To our knowledge, this is the first time that cardiac bioenergetics have been studied in 

septic animals with a distinct phenotype related to outcome, that supports the 

“hibernation” hypothesis in the context of septic cardiomyopathy. An increase in the 

distance that separates mitochondria from junctional sarcoplasmic reticulum could 

protect mitochondria from calcium overload in situations of high energetic demand, as 

observed in septic shock patients with high cardiac output states (53, 54), but at the 

cost of worsen systolic function. 
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Figure legends 

 

Figure 1 – Kaplan-Meier survival curve.  

Median survival in the sepsis group was 49 hours. p=0.0255 (Log-rank test).  

 

Figure 2 – Effects of changes in metabolic demand (pacing) on mitochondrial calcium 

and bioenergetic intermediates in cardiomyocytes detected by confocal microscopy.  

(A) Cardiomyocytes loaded with TMRM 15nM were sequentially excited with UV 

(350nm) and HeNe (543nm) lasers to image NADH autofluorescence (peak emission 

450 nm, reporter of mitochondrial redox state) and TMRM fluorescence (peak 

emission 577nm, reporter of mitochondrial membrane potential). Co-localisation of 

the NADH and TMRM signals can be seen in the longitudinally distributed 

mitochondria. Addition of the mitochondrial uncoupler FCCP caused fast decay of both 

signals due to membrane depolarisation and oxidation of the NADH pool (data not 

shown). (B) Quantification of the mean NADH and TMRM signals at rest. (C) 

Cardiomyocytes loaded with Rhod-2AM 5 μM were excited at 552nm for mitochondrial 

calcium imaging. After basal measurements, field stimulation at 3 Hz was performed. 

(D) Cardiomyocytes loaded with Fluo-4AM 5 μM were excited at 488nm for total 

calcium imaging. After basal measurements, field stimulation at 3 Hz was performed. 

(E) Cardiomyocytes loaded with MgGreen AM 5 μM were excited with an Argon laser 

at 488nm and imaged every 3 seconds. (F) Cardiomyocytes excited with a UV (351nm) 

laser to image NADH autofluorescence. After basal measurements, field stimulation at 

3 Hz was performed. The peak rise in NADH autofluorescence was higher in sham 

cardiomyocytes  (§ - p=0.01046, for 2-way Repeated Measures ANOVA, and *p<0.05 
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for post-hoc Bonferroni correction at individual time points). Legend: 2-DEO – 2-

deoxyglucose (20nM); a.u. – arbitrary units, FCCP - Carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazon (0.4μM); Oligomycin (2.5 μg/ml), * p<0.05 vs. sham, 

** p<0.01 vs. sham, § for two-way ANOVA. Data shown as mean±SEM. 

 

Figure 3 – Mitochondria–junctional sarcoplasmic reticulum contacts.  

Representative electron micrographs of myocardium sections retrieved from sham (A) 

and sepsis good-prognosis (B) animals, showing intermyofibrillar mitochondria (m), t-

tubules (t) and lining jSR (*), and quantification of mitochondrial-jSR contacts: 

mitochondrial transversal side length (C), mitochondrial transversal side contact with 

jSR (D), and mitochondrial outer membrane to jSR gap length (E). Data are shown as 

mean ± SEM. p-value is for Mann Whitney test. Legend: * p<0.05 vs. sham; jSR – 

junctional sarcoplasmic reticulum; OMM – outer mitochondrial membrane.  

 

Figure 4 – Effect of a dobutamine challenge on echocardiography-derived measures 

of cardiac function at 6 and 24 h post-insult.  

Dobutamine was increased at 5-minute intervals from 2.5 to 10 μg/kg/min. ΔSV (stroke 

volume) and ΔKE (kinetic energy) represent the difference between values at 10 

μg/kg/min and baseline. Legend:  * p<0.05 vs. sham; ** p<0.01 vs. sham. 
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Table legend: 

 

Table 1 – Echocardiography-derived parameters of cardiac function at 6, 24 and 72 h 

post-insult.  

The p-value shown is for one-way ANOVA analysis of variance within each time-point, 

with post-hoc Bonferroni correction (a, b). 

a – p<0.05 vs. sham; b - p<0.05 vs. sepsis survivors; bpm – beats per minute; CO – 

cardiac output; HR – heart rate; KE – kinetic energy; m/s – meters per second; ns – 

non-significant; PVel – peak velocity; SV – stroke volume.  
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Supplemental Digital Content legend 

 

Supplemental Digital Content 1 – Study cohorts 

Mortality and clinical severity score of all study cohorts.  

 

Supplemental Digital Content 2 – Methodology  

Additional methodology information on rat model, echocardiography measurements, 

isolation of cardiomyocytes, confocal microscopy settings and electron microscopy 

measurements.  

 

Supplemental Digital Content 3 – Characterization of cohort 1 

Clinical severity score, blood pressure and biochemical parameters of disease. 

 

Supplemental Digital Content 4 – Receiver operating curves for prediction of 72 h 

survival 

 

Supplemental Digital Content 5 – Quantitative parameters of mitochondria density, 

size and shape. 


