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Summary 

Mitochondria are indispensable for cerebral energy metabolism and mitochondrial 
respiratory dysfunction may have immediate and detrimental consequences on brain 
function and cell survival. Acute mitochondrial dysfunction has been suggested to 
play a role in the pathophysiology of sepsis and the secondary injury cascade following 
traumatic brain injury. 

In the first part of this thesis we used two distinct animal models of traumatic brain 
injury, as well as a model of sepsis, to characterize alterations in the electron transport 
chain in brain tissue. We demonstrated specific alterations in the relative contribution 
of complex I and complex II of the electron transport chain, as well as varying degree 
of mitochondrial uncoupling with an associated decrease in mitochondrial respiratory 
efficiency. 

We then developed novel cell-permeable succinate prodrugs that can bypass a 
mitochondrial complex I deficiency and designed an animal model of acute complex I 
dysfunction. We concluded that the developed model may be well suited for future in 
vivo assessment of the cell-permeable succinate prodrugs. 

In the final part of this thesis we evaluated the neuroprotective properties of 
cyclosporine, a drug known to target the mitochondrial permeability transition pore, 
in a large animal model of focal traumatic brain injury. The randomized blinded 
placebo-controlled large animal trial demonstrated that cyclosporine decreased the 
volume of brain injury by 35% assessed using MRI. 

In conclusion, we demonstrated that mitochondrial respiration, as an integrative 
measure of mitochondrial function, displays a wide range of distinct alterations 
depending on the specific type of injury. Targeting the mitochondria may be a 
promising treatment strategy. 
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Background 

An introduction to the mitochondrion 

The mitochondrion is thought to have a bacterial origin and the endosymbiotic 
theory suggests that billions of years ago a prokaryotic cell, specialized in oxidative 
energy metabolism, merged with a non-respiring prokaryotic cell and integrated into 
the cytoplasm (1-4). This endosymbiotic relationship provided a clear evolutionary 
advantage, allowing for respiration, in addition to glycolysis, as a source of energy. 
Reflecting this evolutionary origin, the mitochondrion has its own DNA, with many 
similarities to bacterial DNA, but throughout evolutionary history most genes with 
prokaryotic origins have been transferred to the nucleus and only a minor percentage 
of the total mitochondrial proteome are encoded by mitochondrial DNA (5-9). 

The ultrastructure of the mitochondrion with its double membrane is integral to its 
function. The outer and inner membranes are composed of a phospholipid bilayer 
and the composition of the inner membrane reflects its bacterial origin. The inner 
mitochondrial membrane is folded to increase the membrane surface area and these 
grooves form the cristae. The outer membrane is freely permeable to small molecules, 
but the inner membrane is highly impermeable to even small ions, and membrane 
transporters or carriers are necessary for permeation. The common depiction of the 
mitochondrion as an oval shaped and static organelle is incorrect. Mitochondria are 
highly dynamic structures that continuously undergo fission and fusion, and also 
interact with other organelles such as the endoplasmic reticulum (ER). To maintain a 
vigorous population of mitochondria, the removal and destruction of damaged 
mitochondria is tightly regulated by a process called mitophagy (10, 11). 

Cellular chemical energy is stored as adenosine triphosphate (ATP) and the main task 
of the mitochondrion is to generate ATP. This stored energy can be released by ATP 
hydrolysis and utilized by energy-requiring enzymes to support various functions 
throughout the cell. In the electron transport chain (ETC) of the inner mitochondrial 
membrane, electrons derived from dietary nutrients are passed down a series of 
protein complexes that act as a pumps translocating protons from the matrix to the 
intermembrane space, while generating a proton gradient. The ATP synthase then 
utilizes this gradient to phosphorylate adenosine diphosphate (ADP), as the protons 
flow back in the opposite direction (12, 13). This process ultimately converts dietary 
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nutrients to CO2 and H2O, while consuming O2. The indirect coupling between 
ATP generation and electron transfer was first proposed by Peter D. Mitchell in 1961 
and he was later awarded the Nobel prize for this discovery (14). 

Feeding the tricarboxylic acid cycle 

Food nutrients, in the form of carbohydrates, fatty acids and amino acids are 
primarily oxidized in the mitochondria through the tricarboxylic acid (TCA) cycle, as 
a common pathway for energy metabolism (15). Under aerobic conditions, pyruvate 
is the end product of glycolysis and the pyruvate dehydrogenase (PDH) complex 
converts pyruvate to acetyl CoA, which feeds into the TCA cycle. The regulation of 
the PDH complex is important for overall metabolism and it is regulated by the 
energy status of the cell reflected in the levels of ATP, acetyl CoA and nicotinamide 
adenine dinucleotide (NADH). While the PDH complex is technically not part of 
the TCA cycle it is nonetheless integral to its function. 

It is the oxidation of acetyl CoA in the TCA cycle, together with the ETC and 
oxidative phosphorylation, that produces the majority of the ATP that is generated in 
the cell. Pyruvate can also be reduced to lactate in a reaction coupled to the 
oxidization of NADH, which allows glycolysis to proceed under anaerobic conditions 
in order to generate a limited amount of ATP. The reduction of pyruvate to lactate by 
lactate dehydrogenase is therefore important under ischemic conditions, when the 
NADH/NAD+ ratio is elevated as the ETC and oxidative phosphorylation are halted. 
Lactate that reaches the bloodstream can also be converted back to glucose by the liver 
through the Cori cycle (16). Recent data even suggests that circulating lactate may, 
indirectly, be a primary contributor of carbons to the TCA cycle in all tissues except 
the brain (17). 

Our main fuel storage is fatty acids in adipose tissue and during fasting these fatty 
acids are released into the blood stream. They can then be oxidized, primarily in the 
muscles and the liver, to provide energy. Fatty acids are metabolized through β-
oxidation which takes place in the mitochondrial matrix. β-oxidation involves four 
reactions and results in two carbons being removed for each round, sequentially 
shortening the fatty acid chain, and for every round generating acetyl CoA, NADH, 
and 1,5-dihydro-flavin adenine dinucleotide (FADH2) (18-20). 

Ketone bodies are an alternative energy source for cells. Mitochondria in the liver can 
transfer acetyl CoA derived from fatty acids to ketone bodies, i.e. acetone, 
acetoacetate, and β-hydroxybutyrate. The brain can utilize ketone bodies during 
periods of prolonged fasting when fatty acids are mobilized from adipose tissue to 
produce ketone bodies in the liver. The metabolism of specific amino acids is also 
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integral to ATP generation in the mitochondria, as their catabolism can generate 
intermediates to the TCA cycle, as well as pyruvate and acetyl CoA that can feed into 
the TCA cycle. These amino acids may also enter other pathways resulting in the 
synthesis of glucose or lipids that indirectly contribute to ATP generation. 

The first step of the TCA cycle is the synthesis of citrate from oxaloacetate and acetyl 
CoA, catalyzed by CS. CS is regulated by substrate availability, as well as citrate, 
through conformational changes (21). Citrate also inhibits phosphofructokinase, an 
enzyme in glycolysis, acting as feedback and controlling the supply of acetyl CoA to 
the TCA cycle. Citrate is then isomerized to isocitrate by the enzyme aconitase. 
Isocitrate dehydrogenase catalyzes the oxidative decarboxylation of isocitrate to α-
ketoglutarate. This is an important rate-limiting step of the TCA cycle that is 
regulated by the energy status of the cell. High ADP levels and Ca2+ activates the 
enzyme, whereas it is inhibited by NADH and ATP. This step also yields the first of 
the three NADH molecules, as well as the release of CO2. The conversion of α-
ketoglutarate to succinyl CoA, releasing the second NADH of the TCA cycle, is 
catalyzed by α-ketoglutarate dehydrogenase. This rate-limiting enzymatic reaction is 
activated by Ca2+ and inhibited by its products succinyl CoA and NADH. Thereafter, 
succinyl CoA synthetase cleaves the high-energy thioester bond of succinyl CoA in a 
reversible reaction, generating succinate. This reaction is coupled to the 
phosphorylation of guanosine diphosphate (GDP). Succinate dehydrogenase oxidizes 
succinate to fumarate, coupled to the reduction of ubiquinone, also called coenzyme 
Q, to ubiquinol, via the reduction of FAD to FADH2. Succinate dehydrogenase is 
located at the inner mitochondrial membrane and is also referred to as complex II 
(CII) of the ETC. Fumarate is then hydrated to malate, in a reversible reaction 
catalyzed by fumarate hydratase. Malate dehydrogenase reversibly catalyzes the 
oxidization of malate to oxaloacetate while simultaneously producing the final 
NADH molecule. Thereafter the cycle starts all over again (15). The addition of each 
acetyl CoA to the TCA cycle does not consume nor produce any intermediates and 
for every two carbons entering as acetyl CoA, two carbons exits as CO2. The 
summation of the TCA cycle is that for every turn, three pairs of electrons reduce 
three NAD+ to NADH and one pair of electrons reduces flavin adenine dinucleotide 
(FAD) to FADH2. 

The electron transport chain and oxidative 
phosphorylation 

The metabolism described above is in essence a series of reactions to produce redox 
energy that is to be transferred to the ETC, where NADH donates electrons to 
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complex I (CI), and succinate donates electrons to CII and reduces FAD to FADH2. 
Electrons are then transferred down the ETC with oxygen as the final electron 
acceptor. The need for oxygen as an electron acceptor in the ETC accounts for the 
vast majority of the body’s use of oxygen and is thus in essence, along with extrusion 
of CO2, the reason why we need to breathe in order to stay alive. 

The ETC takes place in the inner mitochondrial membrane and consists of four 
protein complexes. Ubiquinone and cytochrome c receive electrons from the donating 
complexes and subsequently donate the electrons further down the chain. These 
reactions are coupled to oxidation-driven proton pumps, at CI, complex III (CIII) 
and complex IV (CIV), pumping protons from the matrix to the intermembrane 
space. The complexes are not randomly distributed, but may be assembled into 
supercomplexes. The majority of CI for example, seems to be assembled into 
supercomplexes together with CIII and CIV, rather than existing as individual and 
discrete complexes (22). The flow of electrons and the coupled proton pumping 
creates an electrochemical gradient across the inner mitochondrial membrane and it is 
this gradient that then drives ATP synthesis. The ATP synthase can also go in reverse 
and instead hydrolyze ATP to maintain the electrochemical gradient (5). 

An important group of proteins relevant to the electrochemical gradient over the 
inner mitochondrial membrane are the so-called uncoupling proteins. These are 
responsible for a proton leak across the inner mitochondrial membrane that does not 
contribute to ATP generation. The first uncoupling protein that was discovered was 
thermogenin, also referred to as uncoupling protein (UCP) 1 and is found in brown 
adipose tissue (23). It is unclear what role UCP1 plays in adult human physiology, 
but it is known to play an important role in neonates because of its ability to generate 
heat. The significance of UCP2, as well as the other proposed uncoupling proteins, is 
not as clear but seems to be very different from that of UCP1. UCP2, which is 
expressed in various tissues including the brain, does not seem to be involved in heat 
generation. Instead its primary function may be that of handling reactive oxygen 
species (ROS) in pathological states by inhibiting cell death through mild 
uncoupling. Preclinical data suggests that neuronal survival correlates with increased 
expression of UCP2 and, more specifically, overexpression of UCP2 seems to be 
neuroprotective in animal models of traumatic brain injury (TBI) (24, 25). There is 
also an endogenous mild proton leak in all mitochondria that is independent of the 
uncoupling proteins (5). This may be a protective mechanism related to the fact that 
a high electrochemical gradient is linked to more production of ROS and a basal 
proton leak may thus be a way to control oxidative stress (26). 
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Mitochondrial generation and handling of reactive oxygen 
species 

ROS are oxygen-derived molecules with a free unpaired electron and are potentially 
damaging to cellular structures, including the mitochondrion. ROS generation is not 
only a pathological mechanism, as it is also of importance for normal cellular 
processes such as intracellular signaling, including the adaptation to cellular stress by 
regulating metabolism and mitochondrial dynamics (27). Mitochondria, and more 
specifically the ETC, are responsible for the majority of the ROS generation. In the 
ETC there are numerous sites where a two-electron carrier donates electrons to one-
electron carriers and these sites are potential sources of ROS (5, 28, 29). 

Mitochondria generate ROS by incomplete reduction of O2 and the primary ROS 
produced under these circumstances is superoxide (O2

-), although this depends on the 
cellular context. O2

- can in turn generate peroxynitrite when nitric oxide (NO) is 
present as well as hydroxyl radicals (•OH) in the presence of Fe2+. CI and CIII are 
considered to be the major sources of ROS production, but under physiological 
conditions the generation of O2

- by CIII is low compared with that of CI (5, 30). The 
electron-transferring flavoprotein and glycerophosphate dehydrogenase are also 
thought to be major sites of ROS production (31, 32). Previously, it has been argued 
that ROS from the ETC can only be produced at CI and CIII, but new data indicate 
that also CII may be a direct source of ROS (33-35). 

CII may also play an indirect role in ROS generation through reverse electron transfer 
(RET), when electrons flow from succinate to O2 with RET through CI, this however 
is the subject of an ongoing debate. Under physiological conditions it is unclear if 
RET occurs because succinate is generated by NAD-dependent dehydrogenases in the 
TCA cycle (36, 37). It has, however, been suggested to play a role in the 
pathophysiology of ischemia-reperfusion injury. Reperfusion is essential for survival 
but it also initiates oxidative damage through the generation of ROS (38). This burst 
in ROS during the reperfusion phase may be due to the rapid metabolism of 
succinate and the reversal of CII, driving extensive ROS generation at CI (39). This 
theory regarding succinate-fueled RET driven O2

- production was however recently 
disputed and it was argued that conditions are unfavorable for RET during early 
reperfusion and that the rapid loss of accumulated succinate can be explained by its 
efflux. Measurements of ROS during the reperfusion phase detected major increases 
in ROS only after mitochondrial permeability transition pore (mPTP) opening was 
first detected, most likely triggered by increased concentrations of Ca2+ rather than 
triggered directly by ROS (40), and this explanation is in line with earlier data (41). 

The concentration of ROS is tightly regulated by antioxidant defense systems and it is 
only when the antioxidant capacity is overwhelmed, with dramatic increases in ROS 
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concentrations, that there is oxidative damage to the cell (31). The effective removal 
of O2

- is therefore critical for cell survival. Animals deficient in mitochondrial SOD 
die at a very young age, illustrating the necessity of this endogenous antioxidant 
mechanism (42). Most O2

- will immediately and spontaneously dismutate to O2 and 
hydrogen peroxide (H2O2), but the process is accelerated by superoxide dismutase 
(SOD). SODs are thus the first line of defense against oxidative damage, converting 
O2

- to H2O2, which is then converted to H2O by glutathione peroxidase. There are 
three different SODs, the primarily cytoplasmic SOD1, the mitochondrial SOD2 
found in the matrix, and SOD3 which is located extracellularly (43). 

Since most O2
- is converted to H2O2 and since H2O2 is reasonably stable and 

permeates membranes, H2O2 is often utilized as a proxy for overall ROS generation 
and is measurable with various probes (31). The data presented above regarding ROS 
have primarily been elucidated by work performed on isolated mitochondria, as it is 
difficult to provide accurate and quantitative results using tissue and intact cells (44). 
The translatability and in vivo relevance of this data is unclear and one must be 
cautious not to over-interpret the data (31, 45). 

Mitochondrial calcium buffering 

The cellular concentration of Ca2+ is tightly controlled as Ca2+ plays an important role 
in cell signaling. In the context of mitochondrial bioenergetics, it should be noted 
that the Ca2+ levels are also a mechanism through which mitochondrial bioenergetics 
and oxidative stress is regulated. Calcium homeostasis is dependent on the 
mitochondrial membrane potential and is therefore linked to a functioning ETC 
(46). Ca2+ also has the ability to regulate enzymes in the TCA cycle and calcium 
homeostasis is thus fundamental to overall metabolism (47, 48). 

Mitochondria play a key role in calcium homeostasis and may act as a cytosolic buffer 
that transiently takes up Ca2+ from the cytosol and then holds it as inactive calcium 
phosphate complexes. Ca2+ levels in the cytoplasm are kept at a concentration that is 
1000-10000 times lower than that of the extracellular space and this difference in 
Ca2+ levels is upheld by sodium-calcium exchangers and Ca2+ ATPases in the plasma 
membrane, in addition to the buffering capacities of the ER and mitochondria. The 
most substantial storage site of Ca2+ is the ER, however there is a significant interplay 
between the ER and the mitochondria (49). 
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The mitochondrial permeability transition pore and 
cyclosporine  

Even though mitochondria can take up large amounts of Ca2+, a threshold is 
eventually reached and the inner mitochondrial membrane will suddenly lose its 
membrane integrity and undergo permeability transition through the opening of the 
mitochondrial permeability transition pore (mPTP), with a subsequent loss of ATP 
production, a spike in ROS generation, and the release of pro-apoptotic factors. The 
sudden increase in permeability has detrimental effects for the cell. When protons 
flow back into the mitochondrial matrix, they cause an osmotic influx of water, which 
in turn results in the rupturing of the outer mitochondrial membrane (50-53). This 
phenomenon was observed in early studies of mitochondrial physiology during the 
isolation process of mitochondria, but was considered a non-specific methodological 
artifact (54). In the late 1970s it was suggested that mitochondrial permeability 
transition (mPT) was in fact the result of a pore formation and that it was both 
tightly regulated and reversible (55-58).  

Several factors can sensitize or desensitize the mitochondria to mPT. Calcium 
concentration is the most important aspect and may independently, at sufficient 
concentrations, activate mPT regardless of other factors. Opening of the mPTP in a 
specific mitochondrion also results in the flow of Ca2+ out of that mitochondrion, 
resulting in elevated cytosolic Ca2+ concentrations, which may lead to a vicious chain 
of reactions with calcium overload activating mPT in other mitochondria. Excessive 
ROS generation and an oxidized redox status of glutathione may also stimulate 
mPTP opening. Inorganic phosphate and certain fatty acids decreases the Ca2+ 
concentration threshold for activation of mPT, but will not independently activate it 
(59-61). Cations such as Mg2+ counteract the Ca2+ effect through competitive 
binding. Finally, high levels of ATP, ADP, and a reduced NADH/ NAD+ ratio also 
decrease the activation threshold for mPT (56, 59, 62, 63). 

The exact configuration of the mPTP is a controversial topic, but regardless of the 
exact conformation it is established that the opening of the mPTP can be inhibited, 
or at least delayed, by cyclosporine (64). Cyclosporine was discovered as a metabolite 
from the fungi Tolypocladium inflatum Gams, isolated from soil samples collected 
from the Hardanger Vidda in southern Norway in 1969 and was later discovered to 
have remarkable immunosuppressive properties. It has been used for 
immunosuppression in transplant medicine since the early 1980s (65-67). 
Cyclosporine acts as an immunosuppressant through inhibition of calcineurin, which 
in turn blocks T cell activation. Cyclosporine’s interaction with the mPTP is distinct 
from its ability to inhibit calcineurin. 
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A key component of the mPTP is thought to be cyclophilin D (CypD). Cyclosporine 
binds to CypD in the mitochondrial matrix and consequently inhibits mPTP 
formation (68-70). Cyclosporine is not a blocker of mPT, but rather acts as a 
regulator and desensitizer of mPTP formation. Cyclosporine’s ability to inhibit the 
mPTP can be overridden by increasing concentrations of Ca2+ (71). This ability of 
cyclosporine to significantly increase the calcium retention capacity has been shown 
in mitochondria isolated from rodent heart, liver and brain, as well as mitochondria 
isolated from the corresponding human tissues (41, 72-76).  

It was shown that mitochondria isolated from Ppif-/- KO mutant mice become 
insensitive to Ca2+ induced mPTP, while still having normal development (77). Ppif 
is the gene that codes for CypD and these mice thus lack CypD (5, 77). The Ppif-/- 
mice also seem to be somewhat protected in vivo from ischemia-reperfusion injury 
(77). Specifically, in the context of neuronal cell death following cerebral ischemia, it 
has been shown that Ppif-/- mice have a decreased brain infarct size in a middle 
cerebral artery occlusion and reperfusion model (78). Further underlining the 
importance of CypD in mPTP formation, it has been shown that mitochondria from 
mice overexpressing CypD exhibits mitochondrial swelling, together with subsequent 
spontaneous cell death (68). 

In addition to CypD, many other components of the mPTP have been proposed (79, 
80). For example, it was suggested that the voltage dependent anion channel (VDAC) 
may be part of the mPTP (81, 82). However, subsequent KO studies (VDAC−/−) 
using mice showed that VDAC was not necessary for mPTP formation (83, 84). It 
has also been suggested that the Adenine Nucleotide Translocase (ANT) may be 
involved in the formation of the mPTP (85-87). CypD was shown to bind to ANT 
and that this binding is sensitive to cyclosporine (82, 88). Furthermore, ATP and 
ADP, i.e. substrates transported by the ANT can inhibit mPT (55, 89). However, the 
ANT hypothesis has also been disputed, as it was shown in KO studies that liver cells 
from mice lacking ANT1 and ANT2, may still undergo cyclosporine-sensitive mPT 
(90). ANT is perhaps not a critical component of mPT but may still have a regulating 
role as the required calcium dose was considerably higher compared to controls. 
These mice also have the ANT4 homolog that could explain this phenomenon, or 
perhaps other mitochondrial carriers can replace the role of ANT (91, 92). 

It has also been argued that the ATP synthase, and more specifically the c-subunit 
ring in the Fo subunit of the ATP synthase, may contribute to the formation of 
the mPTP. It has been shown that it can form a voltage-sensitive channel, and that its 
opening leads to rapid and uncontrolled depolarization of the inner mitochondrial 
membrane. Depletion of the c-subunit with small interfering RNA (siRNA) 
attenuates Ca2+ induced inner mitochondrial membrane depolarization and cell death, 
while increasing the expression of the c-subunit promotes cell death and it has thus 
been argued that the c-subunit is required for mPT (80, 93-97). Halestrap et al. 



21 

however argued that this may be due an indirect effect related to decreased ATP 
generation (79). 

The particularities of cerebral metabolism 

The adult brain makes up a mere 1-2% of the total body weight, but at rest the brain 
accounts for approximately 20% of basal oxygen consumption (98). Plasma glucose is 
the primary energy substrate for the brain in the normal fed state (99). The brain is 
given metabolic priority over other organs as the brain has a need for unimpaired 
oxidative phosphorylation for its energy supply and is also very sensitive to acidosis. 
The fact that the brain's GLUT-3 transporter is insulin-insensitive highlights the 
importance of brain metabolism. Energy substrates for the brain must be able to cross 
the blood-brain barrier and circulating fatty acids do not contribute in any 
meaningful way to brain metabolism since they are bound to albumin and do not 
cross the blood-brain barrier efficiently. If the blood concentration of glucose falls 
below a certain threshold, cerebral function is impaired, as the brain does not contain 
any significant stores of glycogen and is thus completely dependent on a continuous 
supply of glucose from the blood. The interrupted supply of glucose is an often 
neglected part of brain ischemia. As discussed earlier, ketone bodies can supply the 
brain with fuel during prolonged fasting, but if the hypoglycemia is rapid, irreversible 
brain damage may occur. 

The early work on elucidating the configuration and function of the mPTP was 
primarily executed in mitochondria derived from liver and heart, and it was initially 
suggested that the brain may possess distinctive characteristics in regards to the 
mPTP. Early studies even suggested that brain mitochondria are relatively resistant to 
mPT (100-102). It was suggested that cyclosporine is a less potent inhibitor in brain-
derived mitochondria compared to mitochondria derived from the liver (103, 104). It 
was furthermore argued that brain mitochondria may be more heterogeneous in their 
response to calcium overload (105), but these findings were later disputed and it was 
demonstrated that brain mitochondria do in fact undergo homogenous mPT when 
exposed to calcium overload (74, 106, 107). Importantly, the ability of cyclosporine 
to significantly increase the calcium retention capacity has been demonstrated in 
mitochondria isolated from human brain tissue (41). 

Mitochondria in excitable tissues, such as the brain, are important for calcium 
homeostasis, as uninterrupted cerebral metabolism and oxidative phosphorylation is 
essential to uphold the ion gradients over the cell membrane that are required for 
synaptic transmission. Excitotoxicity is important in the context of cerebral 
metabolism and mitochondrial dysfunction. Excitotoxicity aggravates the calcium 
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induced mPTP formation in brain injury, in addition to activating mPTP by 
ischemia-reperfusion injury (108, 109). During excitotoxicity, NMDA and AMPA 
receptors are over-activated by excessive glutamate, which is the primary excitatory 
neurotransmitter (108, 109). Glutamate binding depolarizes the membrane, resulting 
in opening of Ca2+ channels with subsequent dramatic increases in Ca2+. Since the 
regulation of Ca2+ homeostasis is highly dependent on ATP, a bioenergetic 
dysfunction further exacerbates Ca2+ toxicity (110). 

Sepsis and mitochondrial dysfunction  

The clinical presentation of sepsis is highly variable and dependent on underlying 
factors related to the infection, as well as the a priori status of the patient. Sepsis was 
extremely lethal before the advent of modern intensive care and, as recently as 30 
years ago, the rates of in-hospital death from septic shock exceeded 80% (111, 112). 
With improvements in clinical management the 28-day mortality in septic shock is 
now reported to be 24-60% (113-117). This variation in the reported mortality may 
be related to problems with the previous definition of sepsis, which was implemented 
differently. 

Sepsis is not a disease, but rather a syndrome. The definition of sepsis was recently 
updated and should now be defined as a life-threatening organ dysfunction caused by a 
dysregulated host response to infection (118). From a clinical perspective, organ 
dysfunction can be defined as an increase of 2 points or more on the Sequential 
Organ Failure Assessment (SOFA) score in patients with confirmed or suspected 
infection. Septic shock is a subset of patients with profound circulatory, cellular, and 
metabolic abnormalities (118). Patients with septic shock are defined by a vasopressor 
requirement in the absence of hypovolemia, to maintain a minimum mean arterial 
pressure of 65 mm Hg and a serum lactate level greater than 2 mmol/L (118). 
Patients with sepsis can also be diagnosed with a more rapid bedside clinical score 
termed qSOFA, if they have a respiratory rate of 22 per min or above, altered 
mentation, or a systolic blood pressure of 100 mm Hg or less (118).  

Unfortunately, there is not a clear understanding of the pathophysiology of sepsis. 
However, it is thought to involve a dysregulated immune response, activated 
coagulation, and a pathophysiological role of the endothelium (112). Mitochondrial 
dysfunction has also been suggested to play a role in the pathophysiology (119). 
Elevated levels of blood lactate, which are undoubtedly a hallmark of sepsis, may 
theoretically be partially due to a dysfunctional ETC irrespective of oxygen 
availability. However, organ hypo-perfusion and decreased O2 delivery certainly also 
contributes to a significant portion of elevated lactate levels (120, 121).  
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Oxygen concentrations in organs during sepsis can be normal or higher than normal, 
and this does not seem to be related to ischemia as the failing organs do not exhibit 
major cell death and are able to recover when sepsis resolves (122-125). The data on 
mitochondrial dysfunction in sepsis are seemingly contradictory. Multiple studies 
have indicated altered mitochondrial function (126-129). Most studies come to the 
conclusion that there is a reduced mitochondrial respiratory function, but a few 
studies have seemingly indicated increased respiration (130, 131). The conflicting 
data may be due to, variability of model system, the specific organ, and the time of 
observation. 

Encephalopathy is a frequent manifestation of sepsis and is also an independent 
predictor of mortality (117). It has been shown that sepsis can induce increased 
uncoupling of the oxidative phosphorylation system in brain homogenates from a 
rodent model of sepsis and there is evidence that links a bioenergetic dysfunction to 
oxidative stress in septic encephalopathy (117, 132). Septic encephalopathy also 
involves a dysregulated inflammatory response, neurotransmission disturbances, and 
vascular dysfunction (117).  

The incomplete understanding of the pathophysiological mechanisms behind sepsis 
may explain the fact that there are currently no targeted therapeutics specifically for 
sepsis. Multiple therapeutics have shown promise in early development, but to date all 
large phase III trials have failed (133). Based on preclinical data, mitochondrially 
targeted drugs have been suggested as possible therapeutics for sepsis (134). 

Traumatic brain injury and mitochondrial dysfunction  

TBI is caused by a blow to the head or penetrating trauma and is a serious public 
health problem globally. In the US alone, the Center for Disease Control estimated 
that in 2010 2.5 million TBI occurred as an isolated injury or in combination with 
other injuries. Almost one third of all civilian trauma-related deaths are related to 
TBI. The burden of TBI is greatest in low- and middle-income countries with more 
trauma overall and also over doubled risk of dying from severe TBI (135). TBI can 
cause a wide range of symptoms affecting memory, balance, as well as causing 
emotional disturbance, including depression, anxiety and aggressive behavior. Patients 
who have suffered from a TBI also have an increased risk of drug and alcohol abuse 
together with a subsequent increased risk of suicide (136, 137). There is also a 
growing awareness about the long term risk related to neurodegenerative brain 
disorders following TBI. 

TBI is classified as mild, moderate or severe based on the Glasgow Coma Scale 
(GCS), which is often the primary classification of patients in clinical trials. However, 
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TBI encompasses a number of different phenotypes under one term and can, in 
addition to the GCS, be classified into subtypes based on neuroimaging and 
pathoanatomic features. The injury can be closed or penetrating and furthermore 
classified as focal or diffuse. Additionally, it is common for both types of injury to 
exist alongside (138-140). Focal injuries are inherently heterogeneous and the 
symptoms are related to the anatomical location of the injury. Blast injuries seem to 
have distinct characteristics (138). Diffuse axonal injury (DAI) manifests with little 
apparent damage on neuroimaging and is difficult to detect noninvasively (140), but 
may be observed with MRI, especially when utilizing diffusion tensor imaging (DTI) 
(141). There may also be hemorrhage caused by the trauma which can be classified 
according to location and vascular origin.  

From a pathophysiological perspective TBI occurs in two phases. First, there is the 
primary injury associated with structural damage to the brain, which is then followed 
by a secondary injury. Altered metabolism and energy deficits are prominent 
characteristics post injury (142, 143) and more specifically, mitochondrial 
dysfunction is thought to play a pivotal role in the secondary injury (144-146). Since 
the brain needs unimpaired oxidative phosphorylation for its energy supply, 
mitochondrial dysfunction and a subsequent energy deficit will have rapid 
detrimental effects. Mitochondrial function is thus extremely important for cell 
survival following TBI (144).  

The opening of the mPTP following TBI has been proposed to be a decisive 
pathophysiological mechanism in the secondary injury cascade and cyclosporine has 
thus been proposed as a treatment for TBI. More than 20 independent experimental 
in vivo studies, in a multitude of TBI models with various outcome metrics, have 
demonstrated the neuroprotective effects of cyclosporine (145, 147-169). There are a 
few studies that have failed to show efficacy with cyclosporine, primarily when 
screening multiple drugs in a high-throughput study design (170, 171). The majority 
of the preclinical efficacy studies has however been performed in rodent models and 
utilized endpoints that are not directly translatable to humans. 

In addition to the robust pre-clinical data supporting the positive treatment effect, 
two clinical studies with cyclosporine in TBI has have been completed. These studies 
illustrate an appropriate safety profile in a specific patient population, as well as 
showing data indicating a positive treatment effect (172-174). There is also a third 
clinical study that was recently completed and where the results are pending (175). 
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Mitochondrial complex I dysfunction in acquired and 
inherited disease 

CI is also the most commonly observed dysfunctional mitochondrial protein complex 
in inherited mitochondrial disease. These genetic diseases occur due to a variety of 
genetic mutations in the nuclear and mitochondrial DNA (176). These primarily 
pediatric disorders present with failure to thrive, as well as a variety of symptoms from 
organs with high energy requirements, such as the brain.  

These patients might be able to cope with everyday life, but during an infection they 
may become severely ill when their mitochondria cannot cope with the increased 
energy demand, and as a result may suffer from metabolic decompensation and organ 
failure (177). Unfortunately, there are no evidence based treatments for these 
patients. As described previously, most food derived nutrients provide energy through 
oxidation in the TCA cycle, primarily generating NADH that feeds into CI. 
Succinate on the other hand donates electrons to CII. Succinate administration has 
been suggested as a therapeutic strategy to bypass CI dysfunction for both inherited 
mitochondrial disease and acute acquired CI dysfunction (134, 178), but exogenously 
delivered succinate has extremely poor cell permeability and its usage as a therapeutic 
is therefore uncertain. 
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Objectives 

The overall objective of this thesis was to characterize acute cerebral mitochondrial 
dysfunction and to develop targeted therapeutics. The specific aims were as follows: 

 

1. Evaluate mitochondrial bioenergetics in a mouse model of sepsis and assess 
the feasibility of mitochondrial respiration as a therapeutic target (Paper I). 
 

2. Perform a detailed evaluation of mitochondrial bioenergetics in a porcine 
traumatic brain injury model of both focal controlled cortical impact injury 
and diffuse rapid non-impact rotational injury (Paper II-III). 
 

3. Develop a cell membrane-permeable succinate prodrug that can increase 
ATP output in cells and tissues with mitochondrial CI dysfunction (Paper 
IV). 
 

4. Develop an in vivo pig model of acute mitochondrial CI dysfunction with 
associated changes in metabolism (Paper V). 
 

5. Evaluate the efficacy of cyclosporine in a large animal model of focal TBI 
using a translational study design (Paper VI). 
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Methods 

Rodent cecal ligation and puncture model of sepsis  

The study described in paper I was approved by the ethical committee of animal 
experiments at Tokyo Medical University. Eight week old male C57BL/6 mice were 
used and kept with ad libitum access to food and water and maintained on a 12 h day 
and night cycle. Sepsis was induced by cecal ligation and puncture (CLP) (179). The 
mice were anesthetized using continuous inhalation of isoflurane and a laparotomy 
was performed. The cecum was exposed using anatomical forceps and the cecum was 
ligated right below the ileocecal valve. Feces was gently relocated toward the distal 
cecum and the cecum was perforated by a single through and through puncture using 
a 21 G needle and a small droplet of feces was gently squeezed through the 
perforation. The cecum was then returned to the peritoneal cavity with careful 
attention so that feces did not contaminate the margins of the wound and the incision 
was closed with sutures. Postoperatively the animals were resuscitated with a 
subcutaneous injection of saline. Controls were sham operated and underwent the 
same procedure for everything except the ligation and the puncture. The mice were 
terminated, at either 6 h or 24 h after surgery, by cervical dislocation and body 
temperature as well as blood glucose were measured directly afterwards. Beginning 
with the brain, the organs were rapidly harvested and immediately transferred to ice-
cold buffer solution (IB) (320 mM sucrose, 2 mM EGTA, 10 mM Trizma base, pH 
7.4). 

Porcine models of traumatic brain injury  

The procedures described in papers II, III and VI were all approved by the 
Institutional Animal Care and Use Committee of the University of Pennsylvania. 
Four-week-old (7–9 kg) female Yorkshire piglets were used for both the controlled 
cortical impact (CCI) injury model and the rapid non-impact rotational (RNR) 
injury model. Piglets were premedicated with an intramuscular injection of ketamine 
and xylazine. After induction with isoflurane via snout mask the subjects were 
intubated. Anesthesia was maintained with approximately 1% inhaled isoflurane via 
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endotracheal tube with the fraction of inspired oxygen set at 0.21. Prior to injury 
cefazolin and buprenorphine were administered intramuscularly. A rectal probe was 
used to monitor the core body temperature and a circulating water blanket was used 
to keep the temperature constant between 36°C and 38°C throughout the 
experiment. Blood pressure, oxygen saturation, respiratory rate, heart rate, and end-
tidal CO2 were continuously monitored. Piglets maintained spontaneous ventilation, 
if possible, otherwise mechanical ventilation was adjusted to maintain normoxia and 
normocarbia. To allow for a continuous drug infusion and blood pharmacokinetic 
(PK) sampling, as in the study described in paper VI, tunneled central venous 
catheter lines were placed into the bilateral cephalic veins and the lines were tunneled 
between the animals’ scapula. The central venous catheter line was connected to an 
ambulatory Bluetooth pump (3D BT mini infusion, Strategic Applications Inc., 
Infusion Technologies, Lake Villa, IL, USA) for continuous drug delivery.  

For the focal CCI injury model used in paper II and VI, a spring-loaded CCI device 
was utilized that produces a lesion volume of approximately 8% of the hemisphere. 
The head was shaved and cleaned with chlorhexidine. The right coronal suture was 
exposed and a craniectomy was performed over the rostral gyrus. The dura was 
opened to reveal the cortical surface. The device was stabilized against the skull with 
screws and the device then rapidly (4 ms) depressed the cortical surface to a depth of 
0.7 cm. The device was subsequently removed and the surgical flap closed with 
sutures.  

For the RNR injury model in paper III, TBI was induced using a rapid head rotation 
technique (180-182). While under anesthesia, the subjects head was secured to a bite 
plate by a snout strap. Anesthesia was withdrawn immediately prior to injury, and the 
head was rotated rapidly ventral-to-dorsal in the sagittal plane with the center of 
rotation at the cervical spine. The animals were removed from the device immediately 
afterwards.  

For both models the piglets were extubated after emergence from anesthesia when 
they had return of pinch reflex, spontaneously breathing, maintaining appropriate 
ventilation and oxygenation, and had stable vitals including blood pressure, heart rate 
and respiratory rate. Animals were continuously monitored during recovery and they 
all displayed initial depressed activity and gait instability. Subjects were returned to 
the animal housing facility when they were able to vocalize without squealing, able to 
ambulate, exhibited no aggression or avoidance behavior, had absence of piloerection, 
and also had proper feeding and drinking behaviors. For the sample acquisition 
animals were re-anesthetized as described above. A bilateral craniectomy was 
performed to expose the brain, tissue was rapidly extracted while the animal 
simultaneously received a pentobarbital overdose. Tissue was removed within seconds 
and placed in ice-cold buffer solution (IB). 
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Porcine rotenone model of complex I dysfunction  

The regional ethics committee of Stockholm approved the study described in paper 
V. Ten female Yorkshire/landrace hybrid pigs were included in the study. Animals 
were pre-medicated with intramuscular administration of Zoletil (tiletamine and 
zolazepam), Domitor (medetomidine hydrochloride) and atropin. The pigs were put 
under anesthesia and maintained by a continuous infusion of fentanyl and 
pentobarbital. The animals were intubated and supplied with mechanical ventilation. 
The rate and tidal volume of the ventilator was kept constant during the experiment 
and arterial blood pO2 was also kept constant by adjusting the inspired oxygen 
concentration (FiO2) accordingly. Ringer-Acetate was infused and the rate was 
adjusted according to the clinical assessment of urinary output and mean arterial 
pressure. Heparin was administered to prevent blood clots. Rotenone was 
administered through a single lumen catheter in the left jugular vein to half of the 
animal cohort. The dose was 0.25 mg/kg/h for 3 h and was increased thereafter to 0.5 
mg/kg/h for the final hour of the experiment. The remaining half of the animals 
received vehicle. 

Arterial blood pressure was measured continuously through a catheter in the femoral 
artery. A Swan-Ganz catheter was inserted through the right external jugular vein into 
the pulmonary artery. Central venous pressure, pulmonary artery pressure and 
pulmonary wedge pressure were measured. Cardiac output was measured by thermo-
dilution from the Swan-Ganz catheter. Animals were also monitored by ECG during 
the experiment. Arterial blood samples were collected from the femoral artery and 
venous blood samples were collected from the Swan-Ganz catheter in the pulmonary 
artery. Continuous indirect calorimetry was performed using a Quark RMR ICU 
(Cosmed, Rome, Italy), measuring whole animal oxygen consumption (VO2) and 
carbon dioxide production (VCO2). Measurement of in vivo oxygen tension in 
skeletal muscle was conducted with large area surface (LAS)™oxygen-sensing 
luminescent optodes in m. pectineus and m. sternocleidomastoideus for continuous 
monitoring of tissue PO2 (183). 

Acquisition and preparation of samples for mitochondrial 
analysis  

Brain and liver tissue, as applicable for each respective study, was harvested rapidly 
and placed in ice-cold buffer solution (IB). The tissue was dissected gently and 
subsequently placed quickly on drying paper to absorb excess buffer, then weighed. 
Brain and liver tissue was homogenized on ice in mitochondrial respiration medium 
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(MiR05) (110 mM sucrose, 0.5 mM EGTA, 3.0 mM MgCl2, 60 mM K-
lactobionate, 10 mM KH2PO4, 20 mM taurine, 20 mM HEPES and 1.0 g/l fatty 
acid-free BSA) using a 5 ml Potter–Elvehjem Teflon glass homogenizer. 

Porcine skeletal muscle biopsies for paper V were obtained using a 14 G micro-biopsy 
needle from m. pectineus. Human atrial heart muscle biopsies for paper IV were 
obtained from patients undergoing elective open-heart surgery, such as mitral valve 
repair, or the maze procedure. Pre-surgery informed consent was obtained and the 
cardiothoracic surgeon harvested superfluous tissue that was located behind the suture 
line for the cannulation catheter or tissue that would have been discarded. Porcine 
skeletal muscle biopsies and human atrial heart biopsies were immediately transferred 
to ice-cold biopsy preservation solution (BIOPS) (10 mMCa-EGTA buffer, 0.1 µM 
free calcium, 20 mM imidazole, 20 mM taurine, 50 mM KMES, 0.5 mMDTT, 6.56 
mMMgCl2, 5.77 mMATP, 15 mM phosphocreatine, pH 7.1). The fibers were 
thereafter dissected using forceps under microscope to separate the fibers and remove 
fat and connective tissue (184). 

For the human blood samples collected from healthy volunteers for paper IV, written 
informed consent was acquired, and blood was subsequently collected through a 
standard venous puncture. Porcine blood samples for paper V were collected using 
the existing catheter in the femoral artery. Platelets were prepared by 15 min 
centrifugation at 300 g resulting in a platelet-rich plasma (PRP). This PRP was 
collected and centrifuged for 5 min at 4600 g, producing nearly cell-free plasma and a 
platelet pellet. The pellet was resuspended in 1 to 3 mL of plasma by gentle pipetting 
to obtain a suspension of highly enriched PRP (185). Peripheral blood mononuclear 
cells (PBMC) were isolated using Lymphoprep™ (Axis-shield PoC AS, Oslo, Norway) 
(186). After removing the platelet-rich plasma (PRP) from whole blood as described 
above, the remaining part containing PBMCs and erythrocytes was resuspended in 
saline, layered on a Ficoll gradient and centrifuged 30 min at 800 g. Then the layer 
containing PBMC was collected, resuspended in saline and pelleted at 250 g for 10 
min. The supernatant was removed and the pellet was finally resuspended in 100-200 
µl of saline and 50-100 µl of plasma. Final concentrations of the suspensions were 
determined using a Swelab Alfa hematology analyzer (Boule Medical AB, Stockholm, 
Sweden). 

For paper IV control cell lines from healthy donors as well as a cell line from a patient 
with Leigh syndrome, were provided by the Wellcome Trust Centre for 
Mitochondrial Research at Newcastle University. The fibroblasts were cultured at 
37°C and 5% CO2 using minimum essential medium (MEM) supplemented with 
10% fetal bovine serum, 1% MEM vitamins, 1% MEM non-essential amino acids, 2 
mM L-glutamine, 50 ug ml-1 streptomycin, 50 U ml-1 penicillin, 50 ug ml-1 uridine 
and 1 mM sodium pyruvate. Cells were collected using trypsin and used for analysis 
at 70–80% confluence. The fibroblasts were counted using an automated cell counter 
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(TC20, Bio-Rad, Hercules, USA). Fibroblasts were seeded out in cell growth medium 
in collagen-coated 96-well plates and kept at 37°C and 5% CO2 overnight. The 
growth medium was replaced by XF-Base Medium (2 mM L-glutamine, 5 mM 
sodium pyruvate and 10 mM glucose, pH 7.4) and incubated for 1 hour at 37°C 
prior to experiment. 

Mitochondrial respirometry  

Mitochondrial respiration was measured in most tissue types and cells using high-
resolution respirometry (Oroboros O2k, Oroboros Instruments, Innsbruck, Austria). 
A substrate, uncoupler, inhibitor titration (SUIT) protocol was used that extends 
conventional bioenergetic protocols that utilize only NADH-linked substrates (184, 
187), with the addition of succinate, to assess maximal oxidative phosphorylation 
capacity through convergent flow through the Q-junction (184, 187). The SUIT 
protocol also provides data on maximal uncoupled oxidative phosphorylation 
capacity, CIV respiration, and LEAK respiration (mitochondrial inner membrane 
proton leak). Measurements in fibroblasts were performed using the Seahorse 
Bioscience XFe 96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, 
USA). 

The specific protocol for the high-resolution respirometry performed in the Oroboros 
O2k (Oroboros Instruments, Innsbruck, Austria) differed depending on tissue and 
cell type. Digitonin was used, when applicable, to permeabilize the plasma 
membranes. Digitonin was also used in brain homogenates to access the 
subpopulations of mitochondria trapped within synaptosomes that form during the 
preparation. Malate and pyruvate was added, followed by ADP and glutamate, to 
measure the oxidative phosphorylation capacity of CI, driven by the NADH-related 
substrates. In the presence of ADP this would correspond to state 3 respiration in 
established bioenergetics terminology. Succinate was added to stimulate maximal 
phosphorylating respiration capacity via convergent electron input through complexes 
I and II.  

Oligomycin, an inhibitor of the ATP synthase, was used to induce mitochondrial 
respiration independent of ATP production across the inner mitochondrial 
membrane, referred to as LEAK respiration. Maximal convergent non-
phosphorylating respiration of the ETC was evaluated by titrating the protonophore, 
carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) until no further 
increase in respiration was detected. Non-phosphorylating respiration through CII 
was achieved through the addition of rotenone with oligomycin present. The CIII 
inhibitor antimycin-A was added to measure the residual oxygen consumption (ROX) 
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that is independent of the ETC. The ROX value was subsequently subtracted from 
each of the previously measured respiratory states. CIV activity was determined by the 
addition of ascorbate and N,N,Nʹ,Nʹ-tetramethyl-pphenylenediamine (TMPD), an 
electron donor to CIV. TMPD has a high level of auto-oxidation and the CIV 
inhibitor sodium azide was subsequently added and the remaining chemical 
background was subtracted from the TMPD value to assess CIV activity. 

The chamber contents from the high-resolution respirometry measurements were 
frozen for subsequent citrate synthase (CS) activity quantification. CS activity 
(µmol/mL/min) was used as a marker of mitochondrial content (188). At a later time 
point the samples were thawed and a commercially available kit (Citrate Synthase 
Assay Kit, CS0720, Sigma) was used according to the manufacturer's instructions to 
determine CS activity. 

Fluorometry and the measurement of reactive oxygen 
species  

Measurement of ROS production in brain homogenates was utilized in papers II, II 
and VI. It was carried out using the add-on O2k-Flourescence LED2 module 
(Oroboros Instruments, Innsbruck, Austria) to allow simultaneous measurement 
alongside mitochondrial respiration. The Amplex UltraRed H2O2 assay was used. In 
the presence of horseradish peroxidase Amplex UltraRed (N-acetyl-3,7 
dihydroxyphenoxazine) reacts with H2O2 to produce the fluorescent compound 
resorufin. The addition of SOD ensures that all O2

- is converted into H2O2. 
Calibration of the fluorometric signal was conducted prior to each measurement by 
the addition of 100 nM H2O2. This method was only used in brain homogenates, 
because liver homogenates have a high content of endogenous cytosolic antioxidants 
that interfere with the assay and the measurement of H2O2 production. For muscle 
fibers and intact cells measurements using this technique is problematic due to 
diffusion and gradient challenges. 

Metabolomics  

Metabolomics was performed in muscle biopsies as described in paper V, as well as in 
blood cells as part of the development of the succinate prodrugs described in paper 
IV. A quantitative analysis of 116 metabolites was performed using capillary 
electrophoresis time-of-flight mass spectrometry (CE-TOF-MS) for cationic 
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compounds and capillary electrophoresis tandem mass spectrometry (CE-MS/MS) for 
anionic compounds. The analysis was carried out by Human Metabolome 
Technologies Inc. (HMT, Tsoruka, Japan). 

Neuroimaging  

For paper VI, Magnetic Resonance Imaging (MRI) was obtained on a 3T MRI 
research magnet on day 5 post injury. MRI measurements were taken from the series 
with a TR of 2500 ms and TE 38 ms. Anatomic images were assessed for presence of 
hemorrhage, edema, and other structural abnormalities. The injury was defined as the 
area of signal abnormality when compared to contralateral brain. Volume of injury 
was traced by free hand on each individual slice, and then the volume was calculated 
using Terarecon software. The MRI protocol included T1 weighted images (T1WI), 
T2 weighted images (T2WI), and T2 weighted short time image of inversion recovery 
(STIR) using repeat time (TR) and echo time (TE).  

The protocol also included MRI diffusion-weighted imaging (DWI)-Apparent 
Diffusion Coefficient (ADC) and Magnetic Resonance Spectroscopic Imaging 
(MRSI) sequencing, as well as fast spin-echo proton density-weighted imaging 
(PDWI) and DTI, which was performed using selective radiofrequency (RF) 
excitation in single-shot echoplanar imaging sequence (30 directions, repetition time: 
3.200 ms, echo time: 55 ms). To improve the signal to noise ratio, the scans were 
acquired over 3 averages. Fractional anisotropy (FA) maps were constructed from the 
region of interest. Tractography was performed using custom-modified software. Data 
analysis for these additional neuroimaging techniques is ongoing and the data is thus 
not included in the manuscript referred to as paper VI in this thesis. 

Cerebral microdialysis  

For the study in paper VI cerebral microdialysis was performed on day 5 post injury 
in the ipsilateral hemisphere to the injury, approximately 10 mm from the contusion 
(CMA 71 Elite mDialysis, Sweden). While under anesthesia the scalp was reopened 
and the probe was placed approximately 1 cm deep to reach the junction of cortex 
and subcortical white matter, following needle puncture of the dura. Sterile saline was 
perfused at 1 µL/min and after a 30 min equilibration period, for which the collected 
sample was discarded, the samples were collected over the succeeding 30 min. 
Samples were immediately frozen at -80°C for subsequent analysis in batch using the 
ISCUS Flexä Microdialysis Analyzer (mDialysis, Sweden). 



34 

Additional methods utilized 

Isotope labelling of the succinate prodrugs was utilized in paper IV. Compounds were 
synthesized that incorporated all four carbons in the central succinate structure with 
[13C] isotopes. The isotope-labelled compound was added in two boluses to a final 
concentration of 0.5 mM and the samples were incubated for 15, 30, 120 or 240 min 
at 37°C in MiR05 buffer with added glucose (5 mM). Measurements were carried out 
by Human Metabolome Technology Inc. (Tsuruoka, Japan).  

For the lactate measurements, platelets were incubated for 4 hours in PBS at 37 ºC at 
a stirrer speed of 750 r.p.m, with either only rotenone, rotenone and antimycin A 
combined, or with dimethyl sulfoxide (DMSO) vehicle. Additions of the succinate 
prodrugs or vehicle was initiated at 60 min and repeated every 30 min thereafter. 
Lactate levels were measured every 30 min using a Lactate ProTM 2 blood lactate 
meter (Arkray, Alere AB, Lidingo, Sweden).  

Mitochondrial membrane potential in isolated human platelets was measured using a 
flow cytometer FACSAria III (BD, Franklin Lakes, USA) with Diva version 7.0 
software using TMRM (Life Techologies, Ref: T668) in non-quench mode. CD41a-
APC (BD Pharmingen, Clone HIP8, Ref: 559777) was used to assess platelet 
activation. Samples were incubated with the probes in MiR05 at room temperature 
for 30 min. CI was inhibited using rotenone and the succinate prodrug or DMSO 
was added followed by oligomycin. FCCP and antimycin A were added as internal 
controls. FlowJo 10 software (Tree Star, Ashland, USA) was used for data analysis. 
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Results and conclusions 

The mitochondrial respiratory response to sepsis is organ-specific (Paper I) 

In this paper we examined the mitochondrial respiratory response to a septic insult in 
two different organs. The CS activity, as a measure of mitochondrial mass, was not 
altered in either tissue. The brain tissue displayed a slightly impaired mitochondrial 
respiratory efficiency in the septic mice that was mainly due to increased uncoupling. 
The maximal non-phosphorylating capacity of the ETC did not differ significantly 
compared to controls. There was no difference in ROS generation between the 
groups. 

In the liver tissue there was, contrary to the brain, a significant increase in the 
mitochondrial respiratory efficiency. The maximal non-phosphorylating capacity of 
the ETC was comparable between the two groups, but the insult dramatically 
increased the phosphorylating capacity in the septic mice. The ETC capacity was thus 
less restricted by the ATP synthase in the septic mice. 

The conclusion of the paper was that the mitochondrial respiratory response to a 
septic insult seems to be organ specific. The brain displayed an impaired 
mitochondrial respiratory efficiency, whereas the liver displayed an increase in the 
respiratory efficiency. This may be an adaptive response related to ROS handling in 
the brain and an increased metabolic demand in the liver. Future therapeutic 
approaches targeting mitochondrial function needs to be organ specific. 

Focal traumatic brain injury induces a bilateral decrease in complex I-driven 
mitochondrial respiration and a contralateral increase in complex II-driven 
respiration (Paper II) 

In this study we examined mitochondrial function following focal TBI in a large 
animal model. Mitochondrial respiration was measured in the ipsilateral and 
contralateral side relative to the injury. The ipsilateral side to the injury exhibited a 
significant reduction in CS activity, indicating loss of mitochondrial mass. When 
expressed per mg of tissue, CI-driven respiration was significantly decreased 
bilaterally, while the contralateral side exhibited a significantly increased convergent 
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maximal phosphorylating respiration, as well as an increase in non-phosphorylating 
CII-driven respiration compared to sham and the ipsilateral brain. The alterations in 
convergent electron flow resulted in significantly lower maximal coupled respiration 
in the ipsilateral side compared to the contralateral side, while the contralateral side 
displayed an increased mitochondrial respiratory efficiency compared to the ipsilateral 
side, as well as to sham animals. 

In conclusion, the study reports a bilateral decrease in CI-driven respiration and a 
contralateral increase in CII-driven respiration after focal TBI. These results were 
most likely primarily the result of a reduced mitochondrial mass demonstrated by a 
significant reduction in CS activity by almost 50% in the ipsilateral brain. When 
respiration was normalized to CS activity the overall changes became less significant. 
The decrease in CI respiration and increase in CII respiration nonetheless offers 
opportunities for the therapeutic approach presented in paper IV. This work also 
illustrates the difficulties of normalizing mitochondrial respiration and the 
implications it may have for data interpretation.  

Diffuse non-impact traumatic brain injury induces uncoupling of oxidative 
phosphorylation as well as reduced mitochondrial respiratory efficiency 
(Paper III) 

In this study we examined mitochondrial function following diffuse non-impact TBI 
in a large animal model. Mitochondrial respiration was measured in the cortex and 
hippocampus. Diffuse non-impact TBI did not result in a significant overall 
reduction in CS activity compared to controls. The most robust finding was a 
significantly decreased mitochondrial respiratory efficiency in both the cortex and 
hippocampus in response to injury, associated with significantly increased uncoupling 
in both regions, regardless of normalization method. Furthermore, the study suggests 
alterations in the proportionate contribution of CI and CII to convergent 
mitochondrial respiration and that this differs by brain region. 

Cell-permeable succinate prodrugs can bypass a mitochondrial complex I 
dysfunction (Paper IV) 

In a therapeutic drug development program, more than 50 prodrugs of succinate were 
designed, synthesized and evaluated for cell-permeability. Three compounds, NV118, 
NV189 and NV241, were identified and further characterized in more extensive 
assays, using a variety of human cells and tissues, to show proof of concept using these 
cell-permeable succinate prodrugs.  
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It was shown that cell-permeable succinate can increase mitochondrial oxygen 
consumption in intact cells with rotenone-induced inhibition of CI. The addition of 
oligomycin decreased respiration and thus indicating that the increased respiration 
was coupled to ATP generation. The addition of cell-permeable succinate prodrugs 
increased the mitochondrial membrane potential. Furthermore, the cell-permeable 
succinate prodrugs attenuated lactate production in platelets incubated with the CI 
toxin rotenone. Metabolomics, using quantitative capillary electrophoresis mass 
spectrometry (CE-MS), including the use of 13C labelled succinate prodrug, 
confirmed delivery of succinate to the TCA cycle and its downstream metabolism. 

In conclusion, the cell-permeable succinate prodrugs demonstrated proof of concept 
in vitro and ex vivo. It was demonstrated that the prodrugs can deliver succinate and 
bypass a CI dysfunction. However, they lacked sufficient plasma stability for in vivo 
studies. A 2nd generation of compounds with improved plasma stability has now been 
generated. These drugs are primarily being developed for pediatric genetic diseases 
with mitochondrial CI dysfunction. However, a cell-permeable succinate prodrug 
may also be a suitable as therapeutic for TBI. 

Intravenous infusion of rotenone decreases mitochondrial utilization of 
oxygen in vivo and causes a switch from aerobic to anaerobic metabolism 
(Paper V) 

In this study we developed a large animal model of acute rotenone-induced 
mitochondrial CI dysfunction. This model was developed to test the compounds 
developed in paper IV. To allow for adequate clinical monitoring with invasive 
measurements and to precisely control ventilation, a large-animal model was 
preferable. It also made it possible to collect multiple blood samples in a longitudinal 
design, where the blood volume of a smaller animal would be insufficient. 

Rotenone infusion caused a switch from oxidative phosphorylation to glycolysis with 
a corresponding progressive increase in lactate formation due to a shift towards non-
mitochondrial metabolism. These changes were not due to tissue hypoperfusion or 
other secondary cardiovascular effects of rotenone, as there was a corresponding 
increase in oxygen tension in venous blood and skeletal muscle. The major 
hemodynamic parameters remained reasonably stable throughout the lower infusion 
rate, but with the higher infusion rate the clinical status of the pigs treated with 
rotenone deteriorated. Continuous indirect calorimetry showed that rotenone caused 
a decrease in whole body O2 consumption and initially a decrease in CO2 production. 
Analysis of mitochondrial function ex vivo in platelets from rotenone-treated animals 
displayed a statistically non-significant inhibition of phosphorylating capacity. In 
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muscle biopsies from rotenone-treated animals the levels of succinate were decreased, 
while other intermediates of glycolysis and the TCA cycle were increased. 

In conclusion, the composite data indicate that intravenous rotenone infusion 
decreases mitochondrial utilization of oxygen due to CI inhibition and causes a switch 
from aerobic to anaerobic metabolism. The model may be well suited for future 
studies of therapeutic interventions aimed at counteracting acute changes in energy 
metabolism due to mitochondrial CI dysfunction. Furthermore, an attenuation of 
lactate production may be used as an endpoint to evaluate therapeutic interventions. 

Cyclosporine is neuroprotective in a large animal model of focal traumatic 
brain injury (Paper VI) 

In this study, we evaluated the neuroprotective properties of cyclosporine in the large 
animal model of focal TBI used in paper II. As a first step, we performed a 
bioequivalence study comparing the NeuroSTAT formulation to the Sandimmune 
formulation of cyclosporine and it was indicated that they have equivalent brain 
exposure. The second step was a dose-escalation study using the NeuroSTAT 
formulation. Cyclosporine brain concentrations significantly increased with each 
escalation from 5 to 40 mg/kg/day and the dose of 20 mg/kg/day was determined to 
be optimal. 

Finally, a randomized blinded placebo controlled study was conducted as a third step 
in this study. The results confirmed the neuroprotective properties of cyclosporine, by 
demonstrating a treatment response that included a reduction of the volume of injury 
in cortical and subcortical tissue by 35% compared to placebo, measured by MRI on 
day 5 following injury.  

In addition, a number of other outcome metrics indicated an overall positive 
treatment effect. Pericontusional cortical glucose levels were significantly increased 
and there was a non-significant decrease in lactate:pyruvate ratio in the cyclosporine 
group. The overall mitochondrial response displayed a non-significant but consistent 
trend towards a beneficial effect with cyclosporine treatment with a higher capacity of 
oxidative phosphorylation and lower ROS generation.  

In conclusion, this randomized, blinded, and placebo-controlled large animal model 
trial demonstrated the neuroprotective effect of IV cyclosporine administration in the 
context of focal traumatic brain injury. This finding is consistent with existing 
literature and warrants further studies in clinical trials. The efficacy demonstrated in a 
translational neuroimaging endpoint in this large animal model should be of high 
relevance for the predicted effect in human clinical trials. 
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Discussion 

The threshold effect and complexities of data 
interpretation 

The papers in this thesis demonstrate that mitochondrial respiration, as an integrative 
measure of mitochondrial function, show a wide range of specific alterations, 
depending on time, localization, and the specific type of injury. One has to ask the 
question; what do these changes in mitochondrial respiration mean and how do they 
translate into changes in patient outcome related to morbidity and mortality? Since 
there is a several-fold spare capacity for each step downstream in the ETC, a 
statistically significant enzymatic defect, of for example 20%, in a specific complex ex 
vivo does not necessarily translate to decreased ATP output in vivo. Furthermore, 
even if this specific enzymatic decrease did in fact translate to a decreased ATP 
output, it is unclear how this would affect morbidity and mortality. One also has to 
remember that in the ex vivo assays, substrates are added at saturating levels and fuel 
depletion is thus not a problem. The supply of TCA cycle intermediates is not 
thought to be rate limiting under physiological conditions, however, it is unclear what 
happens during starvation, such as during early phases of sepsis before a patient 
reaches medical care. During this phase there could be alterations in the anaplerotic 
reactions that replenishes the pool of metabolites in the TCA cycle. 

The alterations observed may also be part of an adaptive response, rather than a 
mitochondrial dysfunction per se. It is not necessarily the case that a lower maximal 
phosphorylating capacity or an increased uncoupling of the mitochondria resulting in 
decreased ATP output, are harmful to the cell. In fact, the opposite may very well be 
true. The perceived mitochondrial dysfunction might instead be a potentially 
protective adaptive response (125). Many critical illnesses such as sepsis produce a 
biphasic response, both in regards to the inflammatory and metabolic response. The 
acute phase, associated with stress hormone release, is often associated with an 
increased metabolic and mitochondrial activity. The subsequent phase, on the other 
hand, is associated with a decreased metabolic rate and, in the case of sepsis, 
associated with multiple organ failure. It has been argued that this second phase is in 
fact a protective mechanism and that a reduced cellular metabolism could increase cell 
survival in the face of an overwhelming insult (125). We also have preliminary data 
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indicating that there is a biphasic mitochondrial respiratory response to TBI (data not 
shown).  

Mitochondria that are more uncoupled, as seen in both the septic model described in 
paper I, and the TBI model described in paper III, results in less efficient 
mitochondrial respiration and this may be interpreted as a pathological response. 
However, as discussed in the background, there is a proton leak in all mitochondria, 
with an endogenous basal leak that is independent of uncoupling proteins and this 
may be due to the fact that a high membrane potential would generate more ROS, 
and a proton leak may therefore be a way to limit oxidative damage (5, 26). The 
increased uncoupling of oxidative phosphorylation, seen as a response to sepsis and 
TBI, might therefore be an adaptive response to improve the ROS handling capacity.  

A moderate increase in ROS generation might not be detrimental to cell survival, but 
may instead be an important signal that triggers an adaptive response (27). 
Therapeutics that depresses this endogenous signaling pathway may increase 
morbidity and mortality . The therapeutic approach should also differ depending on 
the time-course and the specific circumstances. An example may be the inhibition of 
CII with the competitive inhibitor malonate, which has been suggested to be 
protective against ischemia-reperfusion injury when delivered during the ischemic 
phase by inhibiting RET, as discussed earlier (39, 189). If the hypothesis presented 
holds true, the same therapeutic given only minutes later during the reperfusion phase 
would conceivably have a negative effect on ischemia-reperfusion injury. When 
generating a hypothesis for a suitable therapeutic approach targeting the 
mitochondria one must have an understanding of these complexities. 

Normalizing mitochondrial respiration 

Measuring mitochondrial content of a tissue sample through calculating the 
mitochondrial fractional area from transmission electron microscopy has been 
suggested to be the gold standard for determining mitochondrial mass (188). This is, 
however, extremely labor-intensive and requires specific preparation following tissue 
collection. CS activity is a commonly used marker of mitochondrial content that can 
be easily measured in frozen tissue homogenates. Several other biochemical measures 
have also been proposed, such as mtDNA copy number (190), cardiolipin content 
(191), as well as activity of the individual complexes (188, 192, 193). In a study by 
Larsen et al., skeletal muscle mitochondrial content was assessed using a number of 
different alternatives and correlated to mitochondrial content determined by 
transmission electron microscopy (188). Results showed that cardiolipin, followed by 
CS activity, and CI activity were the biomarkers that correlated best with 
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mitochondrial content determined by transmission electron microscopy, whereas 
mtDNA was found to be a poor biomarker of mitochondrial content. The fact that 
mtDNA showed such a poor correlation might be related to methodological problems 
with the specific genes used for mtDNA copy number determination. Other studies 
have suggested that mtDNA is a good marker (194) and in fact it has been shown 
that CS and mtDNA exhibit a remarkable correlation in platelets acquired from 
septic patients as well as controls (195). This finding of an excellent correlation in 
platelets may be due to the fact that platelets do not have a nucleus and therefore lack 
nuclear genes that can interfere with the assay. Most of the research in this field has 
been conducted in skeletal muscle biopsies and is evidently not applicable to all tissue 
types. 

It is also unknown how these surrogate markers change in pathological states relative 
to the measured variable, i.e. for example mitochondrial respiration. Cardiolipin has 
for example been suggested as a marker (188), but it has been shown that myocardial 
ischemia selectively depletes cardiolipin in a specific subpopulation of mitochondria 
(196). In the same study it was illustrated that these mitochondrial subpopulations, 
including subsarcolemmal mitochondria and interfibrillar mitochondria, responded 
to the insult differently. The content of cardiolipin decreased only in subsarcolemmal 
mitochondria, whereas it was preserved in interfibrillar mitochondria (196). This 
highlights the issues with surrogate markers in a specific pathological state, which 
have been shown to correlate in healthy controls. Further adding to the complexity in 
the context of TBI is the fact that the injury in itself will also alter the water content 
of the brain, especially in the pericontusional area. A swelling of the brain could result 
in a decrease in mitochondrial respiration per wet weight of tissue, simply because of 
an increase in water content. The observed decrease in mitochondrial respiration in 
that specific situation would thus not be the result of a mitochondrial dysfunction 
whatsoever. 

Porcine and rodent models of human disease 

Rodent models are essential to modern biomedical research. Working with rodents is 
practical and essential for elucidating pathways and basic pathophysiological 
mechanisms such as the mPTP. Until very recently, genetic KO studies were possible 
only in rodents. However, the failures of translating preclinical discoveries to human 
therapeutics in the field of neuroscience, as well as in inflammatory diseases such a 
sepsis, have been attributed to the extensive use of rodents in preclinical research. The 
track record for clinical trials of investigative drugs for the treatment of sepsis is 
disappointing, with over 150 failures to date (197). In a provocative paper published 
by Seok et al. in 2013 it was illustrated that acute inflammatory stress, including 



42 

endotoxemia, blunt trauma, and burn, resulted in genomic responses in the rodent 
orthologs that were close to random in matching their human counterparts (198). 
This article sparked a debate, especially within the field of sepsis research (197, 199-
206), but also in neuroscience (207). The findings were disputed in subsequent 
studies by other groups that reevaluated and performed meta-analyses of the same 
dataset (206, 208). Irrespective of the validity of the conclusions made by Seok et al., 
care needs to be taken when extrapolating the findings from rodent preclinical studies 
into the human clinical setting. In regards to sepsis, it should be noted that mice 
respond to infection, contrary to what is commonly the case in humans, with a 
decreased body temperature. 

In the context of TBI, the biomechanical aspects add another layer of complexity as 
rodents obviously have much smaller brains, with very little white matter, making it 
difficult to characterize DAI. Pigs, on the other hand, have a similar gyral pattern and 
distribution of gray and white matter making them more similar to humans. The pig 
brain resembles the human brain more anatomically, as well as by its development 
pattern than that of rodents (209). Rodent data does not seem to follow a similar 
time course and magnitude of alterations in bioenergetic response as gyrencephalic 
animals do (146, 210, 211). The article by Seok et al. also alarmed the stroke 
community as the adaptive immune system is believed to contribute significantly to 
the pathophysiology of stroke and may also be of relevance to TBI (212).  

About 90% of therapeutics with efficacy in animal models, and published in high 
profile journals, ultimately fail in clinical trials (213). This is perhaps not surprising 
given the fact that approximately 75 million years have passed since humans and mice 
shared a common ancestor (214). These failures are not only a problem because of 
resources wasted on developing drugs for mice, that never had any possibility of 
succeeding in humans. It is also an enormous problem when looking at it from the 
opposite direction, failed rodent studies may also have blocked the development of 
compounds that might ultimately have proven to be successful in humans. While we 
need not to deny that rodent studies are important and allow large throughput as well 
as early mechanism development. However, large animal studies should be used as a 
bridge to clinical trials, but also in parallel as a complement to rodent studies to 
increase the success rate of therapeutics in human clinical trials.  

Related to paper VI and preclinical efficacy studies in general, it should be noted that 
brain exposure of the studied drug is often not measured. Cyclosporine possesses 
pharmacokinetic properties that makes this shortcoming problematic because of a 
challenging dose-response curve and poor blood-brain barrier penetration. At a 
sufficiently high dose the p-glycoprotein transporter will be saturated and 
cyclosporine will thus inhibit the efflux of itself and steady state can be reached (172, 
215, 216). With sufficient biomechanical forces, TBI may also affect the 
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microvasculature and cause micro-hemorrhages with subsequent blood-brain barrier 
disruption, but this may be model specific. 

The rotenone pig model developed in paper V was primarily established for the 
purpose of testing the cell permeable succinate prodrugs presented in paper IV. The 
objective was to establish an in vivo pig model of acute mitochondrial CI dysfunction 
with associated changes in metabolism. The model should not be viewed as refined 
porcine version of existing mouse models for mitochondrial diseases (217-223). 
Additional models are certainly warranted specifically for mitochondrial disease, 
conceivably by generating porcine KO models corresponding to the existing mouse 
models (217-223). 

Metabolic support with cell permeable succinate 

The therapeutic concept of cell permeable succinate prodrugs may be a double-edged 
sword. As mentioned in the background, exogenously delivered succinate may 
generate ROS from CI through RET (39). It is also possible that by increasing the 
membrane potential through normal forward electron transfer will also result in 
increased ROS generation downstream in the ETC. Mice with a mitochondrial DNA 
(mtDNA) missense mutation in the CI ND6 gene (ND6 nucleotide mtDNA ND6 
13997G>A, P25L) (ND6P25L), a mutation also present in the human population, 
have a 30% reduction in CI and a general increase in ROS generation. These mice 
develop a rather severe phenotype over time (223). These mice, however, seem to be 
resistant to ROS production through RET and may therefore be less prone to IR 
injury (223). A pathological state with an acquired acute CI dysfunction may also 
generate less ROS through RET. The timing and precise dosing of the cell permeable 
succinate prodrugs may be critical to direct metabolism towards ATP-generation 
rather than ROS-generation. 

Mitochondria as a therapeutic target in sepsis 

The interpretation of the data will obviously have implications on the pursued 
strategy for therapeutic development, should the alterations in mitochondrial 
bioenergetics be interpreted as a dysfunction or as part of an adaptive response? 
Perhaps a combination strategy is needed, with distinct approaches during the initial 
phase and the later recovery phase. The intervention also needs to be tissue-focused 
since a specific approach might be beneficial in one organ while detrimental to 
another.  
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Mitochondrial dysfunction in sepsis, with apparent inhibition of CI, has been 
described by others, including downregulated synthesis of CI (128, 129, 224-226), 
with CII usually unaffected (128, 129, 224, 225). Providing metabolic support 
through cell permeable succinate could therefore be a successful therapeutic approach 
for sepsis, especially since it has been suggested that succinate can recover 
mitochondrial function in septic skeletal muscle (134). In a study by Protti et al., 
respiration with NADH related substrates was low in septic animals, while the 
addition of succinate ex vivo restored respiration. In animal models, it has also been 
shown that infusion of a succinate dimethyl ester prolonged survival and also 
provided positive changes in liver ATP content (227, 228). 

Thiamine administration is another example of a mitochondrial targeted therapeutic 
with possible viability as a treatment for sepsis. PDH is the rate-limiting 
mitochondrial enzyme linking glycolysis to the TCA cycle (229, 230). PDH catalyzes 
oxidative decarboxylation of pyruvate to form acetyl-CoA, which may then be used in 
the TCA cycle. PDH inhibition can therefore cause mitochondrial and metabolic 
dysfunction (231). Inadequate PDH function limits pyruvate from entering the TCA 
Cycle. It is the essential co-enzyme thiamine pyrophosphate that regulates the activity 
of PDH, several other enzymes in the TCA cycle, and metabolism through the 
pentose phosphate shuttle (231). In a randomized, double-blind, placebo-controlled 
trial thiamine was investigated as a metabolic resuscitator for septic shock, with lactate 
as the primary outcome (232). Even though the primary outcome was not reached in 
those with thiamine deficiency at baseline, which was a predefined subgroup, the 
treated group had significantly lower lactate levels at 24 hours, as well as a significant 
decrease in mortality over time (232). 

Mitochondrial targeted therapeutics for traumatic brain 
injury 

After focal TBI there is a decrease in CI-driven respiration and an increase in CII-
driven respiration. Similarly, in the diffuse model of TBI, convergent respiration via 
succinate-supported CII respiration is stimulated at 24h post-TBI. In both models, 
despite dependence on CII activity following injury, convergent CI- and CII-driven 
respiration is limited in its ability to maintain oxidative phosphorylation. Alterations 
in CI-driven respiration in focal and diffuse TBI identify opportunities for 
therapeutic interventions aimed at limiting the secondary injury and supporting 
bioenergetic demand by substrate-directed mitochondrial resuscitation. It has already 
been shown that focally perfused succinate through a microdialysis catheter improves 
brain metabolism in TBI patients (233). The same group also recently showed that 
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succinate supplementation in vitro improves the metabolism of glial cells with 
mitochondrial dysfunction (234). Future studies are therefore warranted to test the 
cell permeable succinate prodrugs in vivo in animal models of TBI.  

Dysregulated brain glucose metabolism and lactate accumulation is present following 
TBI. Similar to sepsis, thiamine may also improve outcomes after TBI through 
activation and restoration of PDH activity. PDH plays a critical role in maintaining 
homeostasis of brain glucose metabolism. Following TBI there seems to be an altered 
expression and phosphorylation of PDH (235). Administering thiamine has been 
shown to improve neurological outcome and survival in mice after ischemic brain 
injury along with improved mitochondrial oxygen consumption and normalized 
PDH activity (231). Thiamine seems to be effective independently of deficiency. 
Thiamine may therefore be a suitable therapeutic to stimulate mitochondrial function 
and ATP output following TBI. 

It is well established that there is an increase in ROS generation following TBI 
contributing to the secondary injury. An important pathway and a master regulator of 
the antioxidant defenses is the Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), 
regulating hundreds of cytoprotective proteins. Activation and regulation of the Nrf2 
pathway might therefore attenuate the secondary injury following TBI. It has been 
shown that TBI activates the Nrf2-ARE pathway (236) as part of the endogenous 
response, and it has also been shown that the absence of Nrf2 function in mice may 
result in exacerbated injury (237). Many different drugs have been proposed to 
attenuate brain injury via activation of Nrf2 (238-246). Dimethyl fumarate (DMF) 
which is in clinical use for the treatment of multiple sclerosis, has not been tested as a 
treatment for TBI. The mechanism of action for DMF is not completely understood, 
but it is known to activate the Nrf2 pathway. Furthermore, it has recently been 
shown that DMF mediates Nrf2-dependent mitochondrial biogenesis in a dose-
dependent manner (247). DMF is the first drug to demonstrate increased 
mitochondrial biogenesis in vivo in humans and is in development for different 
diseases with mitochondrial dysfunction as part of the pathophysiology (247). 

Uncoupling of mitochondrial respiration could be a potential novel treatment for 
TBI. Following TBI there is a calcium influx and subsequent detrimental increase in 
ROS generation. Since calcium homeostasis is linked to the membrane potential, a 
reduction in the membrane potential may reduce excitotoxicity associated cell death 
by reducing mitochondrial Ca2+ loading. It has been shown that upregulation of UCP 
can reduce ROS production and excitotoxicity related cell death (248, 249). Studies 
have also shown that that the therapeutic uncoupler 2,4-dinitrophenol (DNP), as well 
as FCCP can protect neurons, brain tissue and improve behavioral outcomes in a 
cortical impact model of TBI (250, 251). The timing and dosing of these therapeutics 
may be of key importance, as the beneficial effect with decreased ROS may be 
counteracted by simultaneously also decreasing ATP output. Perhaps decreased ROS 
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generation is beneficial in the acute phase, while bioenergetic support to increase ATP 
output is beneficial in the recovery phase. 

The failures of therapeutic development for traumatic 
brain injury  

All previous attempts to find an effective therapeutic treatment for TBI have failed. 
The list spans over 100 clinical trials and include drugs like, Selfotel, CP-101-606, D-
CPP-ene, Cortocosteroids, Tirilazad, PEG-SOD, Nimodipine, Bradycor, 
Dexanabinol, SNX-111 and Progesterone (252-254). Progesterone was the most 
recent therapeutic to fail in two large phase III trials (255, 256). Over 180 preclinical 
studies, conducted in over twenty different models by twenty different research 
groups indicated altogether that progesterone should have a beneficial treatment 
effect. Nonetheless, the two phase III clinical trials showed no clinical benefit of 
progesterone. Many of these failed clinical trials have largely ignored the underlying 
inter-individual heterogeneity and have not stratified for the type of injury (257). 
Most previous TBI studies have based the selection of patients primarily on Glasgow 
Outcome Scale – Extended (GOS/GOS-E). In an analogy to cancer, it is extremely 
unlikely that any of the new target specific cancer drugs that have reached patients in the 
last decade would have been successful if cancer had only been categorized as mild, 
moderate and severe. GOS/GOS-E is a very blunt tool to assess these patients. It is not 
reasonable to stratify TBI as only mild-moderate-severe.  

The development of standardized injury classifications and validation of novel 
endpoints is being addressed by ongoing large multicenter studies, such as TRACK-
TBI and TBI Endpoints Development (TED). Part of the problem may also be 
related to the quality and translatability of preclinical studies, with a lack of standard 
scientific rigor in regards to randomization, blinding, and the necessity of pre-
determined outcome metrics. This rigor needs to be applied to preclinical studies. 
The use of outcome metrics that are directly translatable to human clinical trials is 
imperative for the clinical trial design (258). As a response to this lack of 
translatability, common data elements (CDE) for preclinical research have been 
defined to assist collaborations and allow for easier meta-analysis of preclinical data 
and generate a common language for TBI research, as there are corresponding CDEs 
for clinical TBI research. The National Institute of Neurological Disorders and Stroke 
(NINDS) CDEs are subdivided into a core module for data elements as well as 
injury- and model-specific modules (259). 
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Targeted therapeutics and sex differences 

Developing targeted therapeutics for cerebral mitochondrial dysfunction requires an 
understanding of the complexities and variabilities between individuals within the 
population. One important aspect regarding therapeutic development for TBI could 
be sex differences. There is evidence suggesting that gender influences mitochondrial 
bioenergetics following cerebral stress and TBI (260, 261). ROS production is higher 
in males in stroke models and the female brain is equipped with higher levels of 
endogenous anti-oxidant defense systems (262-265). Finally, mitochondrial dynamics 
following brain injury may differ between the genders (266-269). There is a general 
male-bias in medical research. Learning from the stroke field, Tirilazad mesylate, a 
non-glucocorticoid, 21-aminosteroid, that inhibits lipid peroxidation, was almost 
exclusively evaluated in male rodents during the preclinical studies, and subsequently 
failed in clinical trials, showing worse outcome in females (270).  

Tirilazad mesylate was also evaluated in trials for TBI and likewise failed to show a 
significant beneficial effect. However, a subgroup analysis of male TBI patients with 
traumatic subarachnoid hemorrhage revealed a significantly reduced mortality in the 
treated group (271). Sex differences have also been shown in cerebral blood flow, 
related to cerebral ischemia (272) and could be of importance post TBI. It has also 
been shown that cell death pathways may be influenced by estrogen levels and 
testosterone levels have been implicated in the regulation of inflammatory pathways 
giving a stronger immune response in females (207, 273-276). The literature also 
suggests that under metabolic stress, the metabolism in neuronal cells may differ 
between the sexes (260, 274). 

The pediatric perspective 

Epidemiological and clinical data show that an individual’s age at the time of TBI is 
negatively correlated with outcome (277). Evidence specifically suggests that age-
specific mitochondrial differences between the myelinated adult and the pre-
myelinated young brain may be related to outcome following TBI (278-280). Critical 
mitochondrial characteristics related to the ETC and ROS, may differ depending on 
age (281, 282). We have preliminary data indicating that age and brain development 
influence mitochondrial response to TBI in pigs and others have also shown age-
related changes in mitochondrial bioenergetics in rodent models of TBI with 
significant declines in mitochondrial efficiency and limited ability to respond to 
oxidative stress in aged rats (280). Mitochondrial uncoupling protein-2, as mentioned 
previously, has furthermore been shown to protect the immature brain from 
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excitotoxic neuronal death (283). These differences could have implications on the 
therapeutic approach. 

An evolutionary perspective on mitochondrial function 

It has been suggested that a patient’s a priori mitochondrial function related to their 
mitochondrial genetic makeup, may affect disease outcome. Humans have a wide 
range of functional mtDNA variation that subtly alter mitochondrial function and 
thus a person’s mitochondrial genetic variation may have a significant effect on his or 
her ability to cope with cellular stress. Evidence suggests that these genetic variants 
linked within mtDNA haplogroups can modify the susceptibility to and outcome of a 
variety of diseases, including sepsis and TBI (278, 284-287). These mtDNA 
polymorphisms have been shown to alter mitochondrial respiration and ROS 
generation, as well as to influence more universal functions such as inflammation 
(288, 289). The theory is that a specific mtDNA variant that proved to be adaptive in 
a specific geographic environment would increase in frequency and give rise to a 
haplogroup (289-292). While haplogroups associated with functional mitochondrial 
variants can be beneficial in one context, they can be deleterious in another.  

For example, a mtDNA mutation that increases ROS production may provide 
resistance to infection. The same mtDNA mutation may cause a worse outcome 
following TBI, even with similar biomechanical forces, as these discrete mtDNA 
variations may predispose patients to a varying degree of secondary brain injury 
following TBI (288, 289). An increasing number of studies have reported associations 
between mtDNA haplogroups and differing outcomes following sepsis as well as TBI 
(278, 285-287). As an example, haplogroup H has been reported to have a decreased 
susceptibility to sepsis (287), but at increased risk for neurodegenerative diseases (293, 
294). Haplogroup K on the other hand was shown to have better outcomes following 
TBI. However, the theory linking mtDNA haplogroups to disease outcomes and how 
it is related to distinct alterations in mitochondrial respiration and ROS generation 
has been disputed altogether and it has been suggested that the differences are related 
to the influence of nuclear genes (295). As stated in the introduction, only a small 
part of the mitochondrial proteome is coded by mtDNA and the relative importance 
of genes coded by nuclear DNA (nDNA) and mtDNA related to distinct 
mitochondrial characteristics may need to be explored further. Regardless, the 
inherited functional mitochondrial characteristics defined by both nDNA and 
mtDNA may be of critical importance to the clinical outcome. 
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Future perspectives 

A future clinical trial in traumatic brain injury 

Some of the therapies that have been tested in clinical trials and failed may have been 
truly ineffective, but may also have been inappropriately discarded due to limitations 
in the study designs. Part of this problem may have been due to inadequate 
endpoints. Peripheral blood/CSF biomarkers and novel neuroimaging are two 
promising approaches that may be useful for initial patient stratification and 
classification, as well as being used as efficacy endpoints. Blood and CSF biomarkers 
in the pipeline include those of glial injury (GFAP, glial fibrillary acidic protein and 
S100b), axonal injury (pNF-H, Phosphorylated Axonal Form of the Neurofilament 
Subunit NF-H and SBDP150/SBDP120), neuronal cell body injury (UCH-L1, 
Ubiquitin C-terminal hydrolase and NSE, Neuron-specific enolase), demyelination 
markers (MBP, Myelin Basic Proteins), and plasma tau profiles (296-298). Biomarker 
assays are promising as potential diagnostic and prognostic predictors of persistent 
symptoms after TBI (299-301). 

Advanced neuroimaging is also being validated in the TBI population as novel 
endpoints that correlates to functional outcome metrics. These imaging modalities 
include for example, DTI, diffusion kurtosis imaging (DKI), resting state functional 
MRI (rsfMRI), and arterial spin labeling (ASL). The Quantitative Imaging 
Biomarkers Alliance (QIBA) is working on validating neuroimaging as a biomarker by 
essentially counting pixels as an objective comparison. Sequential imaging should also 
be employed and even if an immediate baseline MRI is perhaps not feasible in the 
moderate to severe TBI patient population, an MRI should be conducted as soon as 
possible to be used for stratification and as baseline that can then be compared to a 
follow up MRI to assess longitudinal changes (302).  

One has to differentiate between biomarkers that can be used as outcome metrics and 
those that can be used for patient stratification to decrease heterogeneity and identify 
a more unified subject population. One advantage of biomarkers is that the same 
biomarker could theoretically be used in pre-clinical trials and inform injury-specific 
translation. Preclinical and clinical endpoints must be developed in parallel and we 
should use the same biomarkers in the preclinical studies and in clinical trials, truly 
embracing a bidirectional bench to bedside development. This would be in stark 
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contrast to the Morris water maze, often used as a functional behavioral outcome 
metric in preclinical studies, and its poor translatability to GOS/GOS-E used in 
clinical trials. A functional outcome metric such as the GOS/GOS-E may however 
still be suitable for a large phase III trial, especially in the moderate to severe TBI 
patient population, given proper patient stratification. 

Metabolic support for treatment of chemical toxins and 
warfare agents 

Development of the cell permeable succinate prodrugs (Paper IV) and the rotenone 
pig model (Paper V) led to the idea of expanding the target indication to treat 
chemically-induced mitochondrial dysfunction. Inhibition of CI is one of the more 
commonly reported toxic effect of chemicals, and over sixty different families of 
compounds are known to inhibit CI (303). These chemicals include pesticides and 
insecticides, such as glyphosate (304), benzimidazole (305), atrazine (306), 
fenazaquin (307), fenpyroximate (308), cyhalothrin (309) and chlorpyrifos (310). 
Pesticides of the organophosphate class to which chlorpyrifos belongs are the main 
cause of death from poisoning in the developing world (311). 

Chemical warfare agents such as the highly lethal nerve gasses, Sarin, Soman, Tabun 
and VX belong to the same class of chemicals as the organophosphate pesticides 
(312). The lethal potential of these chemical warfare agents is due to their 
acetylcholinesterase inhibitory effects. However, an increasing body of evidence 
indicates that changes in mitochondrial function may partially account for long-term 
effects of nerve gases (313). Lewisite, another important chemical warfare agent, 
inhibits the PDH complex and results in decreased ATP production and a metabolic 
shift to anaerobic metabolism (314). The related compounds arsine and phosgene 
have similar effects. 

Sodium fluoroacetate, commonly known as compound 1080, decreases ATP 
production by inhibiting aconitase, an enzyme in the TCA cycle. A secondary effect 
of sodium fluoroacetate is a feedback loop that also inhibits glycolysis, compounding 
the inhibition of cellular respiration (315). The exposure to all these chemical agents 
that inhibit mitochondrial respiration at CI or upstream, are potential treatment 
indications for the cell-permeable succinate prodrug described in paper IV. 

In addition, the drug may also limit toxicity of any chemical agent that decreases ATP 
output due to downstream toxic effects, such as the respiratory chain CIV inhibitors 
cyanide, cyanogen chloride, carbon monoxide and sodium azide (316). Preliminary 
data show that the succinate prodrugs also enhance cellular respiration in partial CIV 
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inhibition. Since the drug does not act on the chemical agent itself, but acts as a 
countermeasure to compensate for decreased mitochondrial respiration and prevent 
subsequent organ failure, the succinate prodrugs may be beneficial to patients for 
hours and days after exposure. 

Metabolic support to prevent brain injury following 
cardiac arrest 

Resuscitation from cardiac arrest is invariably accompanied by ischemia-reperfusion 
injury and subsequent neurological impairment (317). The brain is particularly 
susceptible to severe and permanent injury. Initial survival of cardiac arrest is about 
effective CPR, but in the subsequent hours and days there is a reduction in oxidative 
phosphorylation in the brain (318, 319).  ETC function, particularly of CI, is 
significantly reduced immediately after ischemia-reperfusion injury and for the 
following hours and days (318, 319). Several studies suggest that CII-driven 
respiration is critical and rescues ATP generation in the first several hours following 
cerebral ischemia (320, 321). Administering cell-permeable succinate to bypass a 
dysfunctional CI and thereby reduce the bioenergetic crisis may improve survival and 
neurologic outcomes after cardiac arrest. 
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Svensk populärvetenskaplig 
sammanfattning 

Mitokondrien brukar oftast liknas vid cellens kraftverk. Majoriteten av den energi vi 
får i oss via maten omvandlas i mitokondrien till den energirika molekylen ATP. 
Denna molekyl kan liknas vid cellens energivaluta och när cellen utför energikrävande 
uppgifter kan ATP frigöra den energi som behövs. ATP produceras i 
elektrontransportkedjan som är lokaliserad i mitokondriens innermembran. 
Elektrontransportkedjan består av fyra proteinkomplex benämnda I, II, III och IV. 

Energin i till exempel kolhydrater, som succesivt brutits ner till mindre beståndsdelar 
via glykolysen och citronsyrecykeln, doneras i form av elektroner till 
elektrontransportkedjan. Energin i elektronerna används sedan för att pumpa 
protoner över mitokondriens innermembran. Detta skapar en protongradient över 
membranet som sedan används av det så kallade ATP-syntaset, som protonerna flödar 
tillbaka igenom i motsatt riktning, samtidigt som ATP produceras. ATP-syntaset kan 
därmed liknas vid en turbin i ett vattenkraftverk som omvandlar den energi som finns 
lagrad i vattnets potentiella energi till elektricitet.  

Hjärnan hos en vuxen person utgör endast någon enstaka procent av den totala 
kroppsvikten men konsumerar syrgas som motsvarar ungefär en femtedel av kroppens 
totala syrgaskonsumtion. Hjärnan är helt beroende av mitokondrien för dess 
energiförsörjning och är ytterst känslig för störningar. Denna avhandling fokuserar på 
en eventuell mitokondriell dysfunktion i hjärnan vid två olika sjukdomstillstånd. Vid 
både dessa tillstånd har andra forskare sedan tidigare föreslagit att mitokondriens 
funktion kan vara av avgörande betydelse för sjukdomsutvecklingen. I arbetet med 
denna avhandling så har vi huvudsakligen använt oss av en metod där man i detalj 
mäter mitokondriernas syrgaskonsumtion för att kartlägga funktionen i 
elektrontransportkedjan. 

Blodförgiftning, även kallat sepsis, är ett syndrom som kännetecknas av en 
organdysfunktion som inte bara är orsakad av den underliggande infektionen utan 
också av en generell och oreglerad inflammatorisk reaktion. Den kliniska bilden 
skiljer sig mycket åt beroende på den specifika infektionen samt hur patientens 
tillstånd var före insjuknandet. Sjukdomsprocessen tros vara multifaktoriell men det 
har föreslagits att mitokondriell dysfunktion kan spela en avgörande roll. Andra 
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forskargrupper har tidigare bland annat påvisat att mitokondrierna i hjärnan blir 
mindre effektiva som en del i sjukdomsprocessen. Förutom antibiotika så finns det 
finns inga läkemedel utöver allmänt stödjande behandling som angriper de 
underliggande sjukdomsprocesserna. 

Traumatisk hjärnskada orsakas av ett yttre fysiskt våld mot huvudet. Den initiala 
skadan kan medföra omedelbar vävnadsdöd och förlust av hjärnvävnad som givetvis 
inte kan behandlas med läkemedel. Efter skadeögonblicket så fortgår dock en 
sekundär sjukdomsprocess under de efterföljande timmarna och dagarna. I denna 
sekundära sjukdomsprocess så tror man att mitokondriell dysfunktion spelar en 
betydande roll för den slutgiltiga utbredningen av hjärnskadan. Utöver allmänt 
stödjande behandling så finns det, i likhet med sepsis, inga tillgängliga läkemedel som 
angriper de underliggande sjukdomsprocesserna. 

I det första delarbetet undersöktes hur den mitokondriella funktionen påverkas av 
sepsis. I en djurmodell undersöktes funktionen i elektronstrasportkedjan i detalj i 
både hjärnan och levern. Resultaten visade att dessa två organ reagerar väldigt olika på 
sepsis. Funktionen i hjärnan kan enklast beskrivas som att mitokondrien blir mindre 
effektiv och att en mindre andel av syrgaskonsumtionen går till att producera ATP. I 
levern däremot så pekade funktionen i elektrontransportkedjan på att ATP-syntaset 
ökade som svar på sepsis. På grund av att vi såg denna skillnad i hur organen 
reagerade så kan man argumentera för att detta är en adaptiv respons och inte 
nödvändigtvis en dysfunktion, vilket även andra forskare argumenterat för tidigare. 

I de följande två delarbetena undersöktes den mitokondriella funktionen efter 
traumatisk hjärnskada, både i en skademodell som ger en fokalt lokaliserad skada, 
samt i en modell som ger en mer generell och diffus skada. I den fokala modellen 
påvisades en bilateralt sänkt funktion i komplex I i elektrontransportkedjan och en 
kontralateral, relativt skadan, ökning i komplex II. Sänkningen i komplex I på samma 
sida som skadan tycks främst beror på att mitokondrier går under och att man således 
får färre mitokondrier.  

I den generella diffusa skademodellen så var det primära fyndet en sänkt effektivitet 
hos mitokondrierna som främst var relaterad till att en mindre andel av 
syrgaskonsumtionen går till att producera ATP. Även i denna modell tycks det 
relativa bidraget av komplex I respektive komplex II ändras som ett resultat av skadan. 
I båda dessa delarbeten som berör traumatisk hjärnskada exemplifieras också 
svårigheten med att normalisera den mitokondriella funktionen. Enkelt förklarat så 
kan man antingen normalisera den mitokondriella funktionen per viktenhet eller med 
olika mått på hur många mitokondrier där finns. Genom att använda sig av de olika 
metoderna kan konklusionerna skilja sig diametralt åt. 

Det fjärde delarbetet beskriver utvecklingen av en helt ny och innovativ 
läkemedelsklass. Som beskrivet kan komplex I vara dysfunktionellt på grund av akut 
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skada, men komplex I kan också fungera dåligt på grund av genetiskt nedärvda 
sjukdomar. Huvuddelen av den energi vi får i oss via maten utvinns via 
nedbrytningsvägar som går via komplex I i elektrontransportkedjan. Succinat, även 
kallat bärnstenssyra, donerar däremot sina elektroner till komplex II och 
administrering av succinat har därför föreslagits som läkemedelsstrategi för sjukdomar 
som innefattar en dysfunktion i komplex I. Problemet är dock att succinat inte kan 
passera över cellens membran och är därför sannolikt inte användbart som läkemedel. 
Vi utvecklade dock ett antal så kallade prodroger av succinat som gjorde dem 
cellpermeabla. Enkelt beskrivet så modifierade vi den kemiska strukturen genom att 
koppla på molekylgrupper som gjorde succinat cellpermeabelt. När läkemedlet väl 
kommer in i cellen klyvs dessa påkopplade molekylstrukturer av, genom enzymer som 
finns i alla celler, och succinat frigörs. Vi visade att läkemedelskonceptet fungerar i en 
mängd olika mänskliga celler, samt hjärtbiopsier från patienter. 

I det femte delarbetet utvecklades en djurmodell för utvärdering av 
läkemedelskandidaterna som utvecklades i det fjärde delarbetet. Administration av ett 
toxin som specifikt inhiberar komplex I resulterade i en markant laktatstegring i 
blodet. Laktat, även kallat mjölksyra, kan öka på grund av antingen dålig 
mitokondriell funktion alternativt dålig syrgastillförsel på grund av sekundära effekter. 
De sammantagna resultaten i det femte delarbetet visade att laktatstegringen specifikt 
berodde på en mitokondriell dysfunktion i komplex I och inte på grund av att 
vävnaden var dåligt syresatt. Konklusionen är att modellen kan användas för att 
utvärdera läkemedelskandidater som har till syfte att motverka eller överbrygga en 
dysfunktion i komplex I. 

Det sista delarbetet i denna avhandling utvärderar ett läkemedel som heter 
ciklosporin, som redan idag används vid transplantationer för att trycka ner kroppens 
immunförsvar. Man har dock tidigare även visat att läkemedlet verkar på en 
sjukdomsprocess relaterat till mitokondrien samt, främst i studier på främst möss och 
råttor, påvisat att läkemedlet kan skydda hjärnan efter traumatisk hjärnskada. Vi 
utförde en avancerad studie i grisar enligt en standard som oftast bara tillämpas i 
kliniska studier på människa och kunde påvisa en minskad volym på hjärnskadan på 
hela 35%.  

Sammanfattningsvis så handlar avhandlingen om förändringar i hjärnans 
mitokondriella funktion relaterat till elektrontransportkedjan och dess roll vid sepsis 
och traumatisk hjärnskada. Forskningen visar att nya läkemedel som verkar på 
mitokondrierna kan vara en lovande strategi. Utöver de sjukdomsprocesser som denna 
avhandling handlar om så har mitokondriell dysfunktion i komplex I föreslagits i en 
mängd olika sjukdomsprocesser. Man kan därför tänka sig att de 
läkemedelskandidaterna som beskrivs i delarbete IV även kan användas vid andra 
sjukdomstillstånd. 
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ABSTRACT—Mitochondrial function is thought to play a role in sepsis-induced multiple organ failure. However, the temporal
and organ-specific alterations in mitochondrial function have yet to be fully elucidated. Many studies show reduced
phosphorylating capacity, while others have indicated that mitochondrial respiration is enhanced. The objective of this study
was to evaluate the temporal dynamics of brain and liver mitochondrial function ina mousemodel of sepsis. Sepsis was induced
by cecal ligation and puncture. Controls were sham operated. Using high-resolution respirometry, brain and liver homogenates
from 31 C57BL/6 mice were analyzed at either 6 or 24 h. Reactive oxygen species (ROS) production was simultaneously
measured in brain samples using fluorometry. Septic brain tissue exhibited an early increased uncoupling of respiration.
Temporal changes between the two time points were diminutive and no difference in ROS production was detected. Liver
homogenate from the septic mice displayed a significant increase in the respiratory control ratio at 6 h. In the 24-h group, the
rate of maximal oxidative phosphorylation, as well as LEAK respiration, was significantly increased compared with controls
and the resultant respiratory control ratio was also significantly increased. Maximal protonophore-induced respiratory
(uncoupled) capacity was similar between the two treatment groups. The present study suggests a diverse and tissue-
specific mitochondrial respiratory response to sepsis. The brain displayed an early impaired mitochondrial respiratory
efficiency. In the liver the primary finding was a substantial activation of the maximal phosphorylating capacity.

KEYWORDS—Brain, fluorometry, liver, respirometry, rodent

INTRODUCTION

The pathogenesis of sepsis-induced multiple organ failure
(MOF) is complex and our understanding of the pathophysi-
ology is incomplete. There is an ongoing controversy regarding
O2 delivery in MOF and hypoperfusion of the organs certainly
plays a role. However, it has been argued that perhaps the
problem does not only relate to O2 delivery and tissue hypoxia.
Tissue oxygen levels can apparently be normal or even higher
than normal in organ failure, and it has been shown that failing
organs show limited cell death and failed organs have the
potential for recovery (1–3). Elevated tissue oxygenation
may compound organ failure due to the production of reactive
oxygen species (ROS). The majority of the oxygen delivered to
cells is consumed by mitochondria for oxidative phosphoryl-
ation and mitochondrial respiratory dysfunction has been
suggested to play a role in the pathogenesis of sepsis-induced

multiple organ failure, although the precise pathological mech-
anisms are not clear (4).

One proposed theory is that of cytopathic hypoxia, which
suggests that mitochondrial dysfunction is caused by an
inability to utilize available oxygen (5). However, the com-
posed data on the subject are seemingly contradictory. Studies
have indicated altered mitochondrial respiratory function in
human muscle tissue as well as in diverse animal models
examining various tissues and different tissues seem to
respond differently to sepsis (6–10). Many studies show
reduced phosphorylating capacity (11), whereas other studies
have indicated enhanced mitochondrial respiration in sepsis
(12, 13). Further, as a framework for this study, it has
previously been shown in a rodent model that sepsis can
induce increased uncoupling of the oxidative phosphorylation
system in brain homogenates (14, 15).

The somewhat contradictory results obtained not only seem
to depend on the model used but also on the specific organ from
which the mitochondria are obtained as well as the studied
time-point during the disease progression. The pathogenesis is
multifaceted and sepsis is clearly a dynamic process. Mito-
chondrial biogenesis occurs together with the respiratory alter-
ations and we have previously demonstrated, in human
platelets, that an early increase in uncoupling is followed by
a gradual increase in respiration during the first week of sepsis
and that the increase was most pronounced in non-survivors,
likely correlated to the severity of the septic insult (13).
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The aim of the present study was to evaluate the mitochon-
drial respiratory function in two different organs commonly
affected in sepsis and the subsequent multiple organ failure, the
brain and the liver. By also analyzing two different time-points
we wanted to evaluate the temporal dynamics of mitochondrial
function. In addition, the tissue generation of ROS was eval-
uated in the brain tissues simultaneously to respiratory
measurements.

MATERIALS AND METHODS

Chemicals used were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan) if not stated otherwise.

Animals and study design

The ethical committee of animal experiments at Tokyo Medical University
(H-24013) approved the study. Animals were kept under standard conditions
with ad libitum access to food and water and maintained at a 12-h day and night
cycle. The population consisted of 31 pathogen-free 8-week-old male C57BL/6
mice. Sepsis was induced by cecal ligation and puncture (CLP) as previously
described, but with a few alterations (16). In short, the mice were anesthetized
using continuous inhalation of isofluorane. Laparotomy was performed with a
10-mm incision. After the cecum was exposed using blunt anatomical forceps,
75% of the cecum was ligated right below the ileocecal valve. Before perfor-
ation, feces was gently relocated toward the distal cecum. The cecum was
perforated by a single through and through (mesenteric to antimesenteric)
puncture using a 21-G needle at half way from tip to ligation. A small droplet of
feces was then gently squeezed through the punctures. The cecum was then
returned to the peritoneal cavity with careful attention so that feces did not
contaminate the margins of the abdominal and skin wound. The muscle and skin
incisions were closed using 4-0 interrupted sutures. This method represents a
high-grade sepsis with a 100% mortality in 72 h (16). The animals were
resuscitated directly postoperatively by 1.0-mL subcutaneous injection of saline
(378C). Controls were sham operated and underwent the same procedure,
except the ligation and the puncture of the cecum.

Termination and preparation of homogenates

The mice were selected at a predetermined time point, regardless of
symptoms, at either 6 h (!15 min) or 24 h (!30 min) after surgery. The mice
were video filmed for later unbiased evaluation of clinical status. The clinical
parameters assessed included convulsions, loss of balance, loss of gripping
reflex, paralysis, ruffled fur, and a score was assigned from the clinical
assessment table (Table 1). The mice were subsequently terminated by cervical
dislocation. Body temperature was measured directly after cervical dislocation
using a digital rectal probe (BWT-100, Bio Research Center Co, Ltd., Nagoya,
Japan) and blood glucose was measured (Terumo Finetouch, Tokyo, Japan).
The organs for analysis were harvested, beginning with the brain, by rapid
but gentle dissection and then immediately transferred into ice-cold buffer
solution (320 mM sucrose, 2 mM EGTA, 10 mM Trizma base, pH 7.4).
The tissues were weighed and manually homogenized in a 5-mL Potter-
Elvehjem teflon-glass homogenizer to a concentration of 1 mg wet weight
tissue/10 mL MiR05 buffer (0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobi-
onate, 20 mM Taurine, 10 mM KH2P04, 20 mM HEPES, 110 mM sucrose, 1 g/L
BSA, pH 7.1). The entire procedure was performed on ice and all buffer
solutions were ice-cold.

High-resolution respirometry

Mitochondrial respiration was measured using a high-resolution Oxygraph-
2k (Oroboros Instruments, Innsbruck, Austria). Mitochondrial respiration was
corrected for instrumental oxygen flux, measured separately for automatic
correction. Calibration was performed daily with air-saturated MilliQ water. An
oxygen solubility factor relative to H2O was set to 0.92 for MiR05. Experiments
were carried out at a controlled constant temperature of 378C. Experiments
were started by the addition of 22 mL of brain homogenate (2.2 mg wet weight
brain tissue) into chamber prefilled with MiR05 to a final concentration in the
closed chamber of 1 mg/mL. Oxygen concentration and oxygen flux were
monitored and recorded in real-time using DatLab 5.1 software (Oroboros
Instruments).

Fluorometric measurements of ROS

Measurement of ROS production in brain homogenates was carried out using
the add-on module O2k-Flourescence LED2 (Oroboros Instruments) to allow
simultaneous measurement of ROS production and mitochondrial respiration.
ROS production was detected using the Amplex Red (N-acetyl-3,7 dihydrox-
yphenoxazine) hydrogen peroxide (H2O2) assay. In the presence of horseradish
peroxidase, Amplex Red reacts with H2O2 to produce the fluorescent compound
resorufin. The addition of superoxide dismutase ensures that all superoxide is
converted into H2O2.

Amplex red (5 mM), horseradish peroxidase (1 U/mL), and Superoxide
dismutase (10 U/mL) were added to the chamber prior to adding homogenates.
Calibration of fluorometric signal was conducted prior to each measurement
by the addition of 100 nM H2O2. Hydrogen peroxide for calibration was
diluted daily from 1 M stock solution. Measurements of ROS were not
performed in liver homogenates due to the high content of endogenous cytosolic
antioxidants that interfere with the Amplex red assay and the measurement of
H2O2 production.

Protocol for assessment of mitochondrial respiratory
function

A substrate, uncoupler and inhibitor titration (SUIT) protocol with con-
secutive additions was utilized as previously described, but with a few modi-
fications (17). By using complex-specific substrates and inhibitors it is possible
to examine the respiratory capacities with electron flow through both Complex I
(CI) and Complex II (CII), as well as the convergent electron input through the
Q-junction (CIþ II). The maximal phosphorylating and non-phosphorylating
respiration were measured as stimulated by combined NADH-linked substrates
and succinate. Digitonin was added to brain homogenates for permeabilization
of the synaptosomes. The homogenates were then allowed to stabilize at basal
respiration without exogenous substrates in MiR05 when calibration of the
fluorometric signal was conducted in the brain homogenate. The remaining
protocol was identical for both brain and liver homogenates as follows. Malate
(5 mM) and pyruvate (5 mM) were added followed by ADP (1 mM) and
glutamate (5 mM) attaining oxidative phosphorylation (OXPHOS) capacity
supported through CI (OXPHOSCI), driven by the NADH-related substrates.
OXPHOS respiration is an ATP-producing state where the electron flow is
controlled by the ATP synthase. Subsequently, succinate (20 mM) was added
stimulating maximal OXPHOS capacity by convergent input through CI and CII
(OXPHOSCIþII). Oxidative phosphorylation was inhibited by oligomycin, an
ATP-synthase inhibitor, inducing LEAK respiration state (LEAKCIþII), i.e.,
mitochondrial respiration independent of ATP production. LEAK respiration
reveals the respiration related to electron flow through the electron transport
system (ETS) necessary to uphold the membrane potential compensating for
leakage of protons independent of the ATP synthase. Maximal convergent
respiratory capacity of the ETS (ETSCIþII) was then evaluated by titrating the
protonophore, carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP)
until no further increase in respiration was detected. ETSCIþII reveals respir-
ation related to electron flow, through both CI and CII, when it is not restricted
by the ATP synthase. To measure the ETS capacity supported by succinate alone
through CII (ETSCII) rotenone was added to inhibit CI. The complete electron
flow through the ETS was inhibited by the addition of the complex III (CIII)
inhibitor antimycin-A (1 mg/mL) revealing the residual oxygen consumption
not related to the ETS. This value was subtracted from the different respiratory
states in the final analysis. Finally, an addition was made of ascorbate and
N,N,N 0,N 0-Tetramethyl-p-phenylenediamine dihydrochloride (TMPD), which
is an artificial substrate for reducing cytochrome c, to measure the activity of
cytochrome c oxidase (CIV). Sodium azide was subsequently added for
evaluation of the level of auto-oxidation which was subtracted from the TMPD
value. Respiratory control ratios were calculated for OXPHOSCI, the conver-
gent OXPHOSCIþII, and max ETS by dividing each separate rate with LEAK
respiration rate. Control ratios were also calculated for ETS divided by

TABLE 1. Clinical scoring criteria

Score Observation

0 No discernible clinical signs
1 Hunched back, slightly ruffled fur
2 Very ruffled fur, reduced rate of movement, developing

motor impairments
3 Very ruffled fur, impaired balance/coordination, severe motor

impairments such as ataxia, hemiplegia and paraplegia,
convulsions, fitting

4 Very little movement, convulsions, fitting
5 Loss of consciousness/coma
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OXPHOSCI and OXPHOSCIþII. The duration of the complete titration protocol
was approximately 1 h.

Measurements of citrate synthase

Citrate synthase activity was used as a marker for mitochondrial content
(18). After sonication of samples, citrate synthase activity was measured in a
spectrophotometric plate-reader using a commercially available kit according
to the manufacturer’s instructions (Citrate Synthase Assay Kit, CS0720,
Sigma).

Statistical analysis

The data from two control mice in the original design of 33 mice were
excluded altogether due to evident laboratory error related to contamination.
One analysis of liver tissue from a 24-h control was removed due to technical
laboratory error related to substrate titration. Statistical analysis was carried out
using PRISM 6.0 software (GraphPad Software Inc, La Jolla, CA, USA). To
calculate if the differences in separate respiratory states between the treatment
groups were statistically significant Student t test was used. The respiratory
control ratios, clinical scores, and temperatures were not considered to be
normally distributed and a Mann–Whitney non-parametric test was used.
Differences were considered significant where P< 0.05.

RESULTS

Clinical signs of sepsis

The CLP-treated mice developed clinical signs of sepsis and
lowered body temperatures compared with controls. The
median temperature dropped from 36.8- to 31.7- (P< 0.001)
in the 6-h group and from 37.6- to 30.8- (P< 0.01) in the 24-h
group. The median clinical score went from 0 in both controls
to 2 in the 6-h group (P< 0.001) and to 3 in the 24-h group
(P< 0.01). Clinical parameters are summarized in Table 2.

Mitochondrial function in brain homogenates following
sepsis

No statistically significant differences were detected in
citrate synthase activity between the groups (data not shown).
The respiratory capacities of OXPHOSCI, OXPHOSCIþCII,
LEAKCIþCII, ETSCIþCII, ETSCII, and CIV were evaluated for
each treatment group, as illustrated in Table 3. All respiratory
data were normalized to wet weight of tissue.

As shown in Figure 1A the respiratory control ratio (RCR) of
OXPHOSCIþII and LEAKCIþCII was significantly (P< 0.05)
decreased in the septic mice in the 6-h group compared with
controls. This was mainly due to an underlying increase in the
oligomycin-induced LEAKCIþCII state in septic mice compared
with controls (P< 0.05) (Table 3).

At the 24-h time point there was a non-significant decreased
respiratory control ratio of OXPHOSCIþII and LEAKCIþII

(P¼ 0.055) in the septic mice (Fig. 1B). OXPHOSCI, OXPHO-
SCIþCII, and LEAKCIþII separately all showed similar trends at
both time points of decreased oxidative phosphorylation and
increased LEAK respiration. ETSCIþCII, ETSCII, and CIV did

not differ significantly between septic mice and controls at each
separate time-point. FCCP titration (ETSCIþCII) did not
increase respiration further compared with OXPHOS (Table 3).

The maximal phosphorylating capacity as a ratio of maximal
uncoupled ETS capacity (OXPHOSCIþII/ETSCIþII) was just
above 1.0 for both groups at both time-points (Table 3),
suggesting that the respiratory capacity was not restricted by
the ATP synthase. Despite being similar at 6 h the median
difference of the ratio (control 1.06; sepsis 1.03, i.e., 2.8%
decrease) was statistically significant (Fig. 1, C and D).

ROS production was in control mice significantly altered at
different respiratory states and inhibiting the ATP synthase
increased ROS production dramatically. However, there were
no differences in ROS production between septic mice and
controls at either time-point, neither were there any differences
in ROS production between the time-points of the two septic
groups (Fig. 2).

Mitochondrial function in liver homogenates following
sepsis

The liver samples displayed no statistically significant
changes in citrate synthase activity between the groups (data
not shown). The respiratory capacities of OXPHOSCI, OXPHO-
SCIþCII, LEAKCIþCII, ETSCIþCII, ETSCII, and CIV were eval-
uated for each treatment group, as illustrated in Table 4. All
respiratory data presented were normalized to wet weight.

Contrary to the brain, the RCR of OXPHOSCIþCII and
LEAKCIþCII was increased (P< 0.001) at 6 h (Fig. 3A). In
the 6-h group there was also a general trend toward lower rates
of respiration in the septic mice for all respiration states, except
OXPHOSCIþCII (e.g., P¼ 0.054 for OXPHOSCI). LEAK state
respiration also tended to be, differing to the brain, lower in
septic mice (P¼ 0.11) at 6 h.

At 24 h the RCR of OXPHOSCIþCII and LEAK was also
increased (P< 0.05), as shown in Figure 3B. The respiration
associated with oxidative phosphorylation using CI (OXPHO-
SCI) and CIþII substrates (OXPHOSCIþCII) in liver from septic
mice was dramatically increased compared with controls at
24 h (Table 4) (P< 0.01 and P< 0.0001 respectively). There
was also an increased LEAK in the septic mice (P< 0.001)
compared with control at 24 h (Table 4).

The maximal uncoupled ETS capacity (ETSCIþCII) was
comparable between control and septic mice at both time-
points. When comparing the phosphorylating capacity as a
ratio of maximal uncoupled ETS capacity (OXPHOSCIþII/
ETSCIþII), at 6 h the septic mice exhibited a trend toward an
increased ratio (P¼ 0.072) (Fig. 3C) and at 24 h the median
ratio of the controls was 0.44, whereas the septic mice had a
median ratio of 0.75 (P< 0.001) (Fig. 3D). The respiratory

TABLE 2. Clinical characteristics at termination

6 h 24 h

Control (n¼8) Sepsis (n¼7) Control (n¼7) Sepsis (n¼9)

Clinical score 0 (0–1) 2 (2–3) 0 (0) 3 (1–4)
Blood glucose 8.65 mmol/L (7.90–9.00) 9.30 mmol/L (6.80–10.2) 9.50 mmol/L (7.90–9.70) 5.30 mmol/L (4.15–5.65)
Temperature 36.88 (36.2–37.4) 31.78 (29.6–33.1) 37.68 (36.9–38.0) 30.88 (26.4–36.4)

Clinical score presented as median (range). Blood glucose and temperature presented as median (IQR).
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capacity was thus to a lesser extent restricted by the phosphor-
ylating capacity in the septic mice.

DISCUSSION

The present study indicates a diverse and tissue-specific
mitochondrial respiratory response to sepsis-induced multiple
organ failure. The brain tissue displayed a slightly impaired
mitochondrial respiratory efficiency already at an early stage of
sepsis, but the temporal dynamics of the brain mitochondrial
function were diminutive. The most interesting finding is that
there seems to be an activation of the phosphorylating capacity
in the liver by the septic insult, most evidently, after 24 h. The
maximal uncoupled ETS capacity was comparable between
the two groups, whereas the insult dramatically increased
the phosphorylating capacity in the septic mice. It is not the
difference between the treatment groups in the same tissue that
is the main finding, a difference that indeed is quite small with
significant overlap in the data. The main finding is the fact that
the tissues respond very differently to the septic insult. We
therefore argue that the mitochondrial respiratory response in
sepsis is clearly organ specific and that we need to move
beyond a simplistic view of a mitochondrial dysfunction in
sepsis when directing further preclinical research toward the
clinical setting.

In this study, we chose to analyze homogenates instead of
isolated mitochondria to reveal possible short acting factors
affecting mitochondrial respiration. In isolated mitochondria it
is also possible that defective mitochondria are, to a higher
extent, removed in the isolation process and the process may
also affect the structure and function of the mitochondria (19).
A previous study of mitochondrial respiratory function in both
brain and liver found that homogenates were comparable to that
of isolated mitochondria (20). In brain homogenates formation
of synaptosomes takes place. For substrate access to mitochon-
dria trapped within synaptosomes digitonin was used to
permeate the plasma membrane. However, it has been demon-
strated that digitonin produces swelling and cytochrome c
release in brain mitochondria (21). Therefore, careful titration
of digitonin was conducted before setting the protocol to find
the appropriate dose. Exogenously administered cytochrome c
did not induce any significant effect on respiration with the
digitonin dose used in the present study, indicating intact
integrity of the outer mitochondrial membrane.

Brain and liver specifically were selected for both methodo-
logical and clinical purposes. Brain mitochondrial respiratory
alterations have previously been shown in a rodent model using
similar techniques and could therefore be used as a benchmark
(14, 15). Furthermore, our group recently published that sepsis
alters cerebral redox status (22). Both organs are also

TABLE 3. Brain homogenates—mitochondrial respiration

6 h 24 h

Respiratory parameters Control (n¼8) Sepsis (n¼7) Control (n¼7) Sepsis (n¼9)

OXPHOSCI 87.74!10.3 76.88!15.1 95.61!9.72 84.37!13.0
OXPHOSCIþCII 152.1!10.9 147.6!14.1 158.5!9.81 150.7!15.4
LEAKCIþCII 24.64!1.84 27.29!2.56* 25.24!1.67 26.40!2.17
ETSCIþCII 142.1!12.0 143.6!12.5 152.9!9.80 144.7!15.0
ETSCII 74.83!4.59 76.88!7.39 75.20!3.87 75.08!6.49
CIV 240.6!23.4 256.1!22.5 246.1!15.6 250.8!25.1
RCROXPHOS CI 3.64 (3.12–3.74) 3.04 (2.25–3.42)* 3.57 (3.38–4.21) 3.04 (2.85–3.74)*

RCROXPHOS CIþII 6.16 (5.74–6.49) 5.66 (5.05–5.94)* 6.11 (5.90–6.60) 5.53 (5.29–6.21)
OXPHOSCIþCII/ETSCIþCII 1.06 (1.05–1.10) 1.03 (0.99–1.08)* 1.03 (1.01–1.06) 1.05 (1.02–1.06)

Values presented as mean!SD. Ratios presented as median (IQR). OXPHOS respiration associated with ATP synthesis by oxidative phosphorylation,
ETS respiration associated with maximal protonophore stimulated flux through the electron transport system, LEAK idle respiration without ATP-
synthase activity, RCR indicates respiratory control ratio. CI, complex I, CII, complex II, CIV, complex IV. Statistical comparison to control at the same
time-point.
*¼P<0.05.
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FIG. 1. Brain mitochondrial function. A, Brain: 6 h. The respiratory control ratio (RCR) at 6 h of OXPHOSCIþII/LEAKCIþCII was significantly decreased
(P<0.05) in septic mice compared with controls. B, Brain: 24 h. At 24 h there was a similar trend that however did not reach significance (P¼0.055). OXPHOSCIþII

was measured using the NADH-linked substrates malate, pyruvate, and glutamate as well as CII substrate succinate. LEAKCIþII respiration, i.e., mitochondrial
respiration independent of ATP production, was induced by the ATP-synthase inhibitor oligomycin. C, Brain: 6 h. At 6 h the OXPHOSCIþII/ETSCIþII ratio was
significantly decreased, but both groups displayed ratios just above 1.0. D, Brain: 24 h. At 24 h there was no statistical difference in OXPHOSCIþII/ETSCIþII ratio
and likewise both groups displayed ratios just above 1.0, indicating that the respiratory capacity was not restricted by the phosphorylating capacity. The maximal
uncoupled ETS capacity (ETSCIþCII) was induced by FCCP titration. Line at median. *¼P<0.05.
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unquestionably of key relevance to MOF. Due to technical
aspects of the Oroboros Oxygraph-2k, which is limited to only
two chambers per machine, it is not possible to measure
additional organs when using fresh tissue. Previous experience
in our group, as well as pilots specifically for this project, has
indicated that it is not feasible to store tissue for sequential
analysis. Another advantage of analyzing brain and liver
specifically, in contrast to most other tissues, is that almost
identical methods and protocols for tissue preparation and
analysis could be used, therefore decreasing the influence of
confounding factors.

In a protocol with consecutive titrations the order of addi-
tions may affect the absolute values of the respiratory states
obtained. However, by measuring these different respiratory
states, it is possible to determine more specifically how and
where the mitochondrial respiration is effected. The protocol
used was designed to include evaluation of maximal OXPHOS
and ETS capacities, and complex I, II, and IV function, as well
as LEAK respiration.

The present data indicated that there was no difference in
ROS production in the brain between the groups. A previous

study indicated lower ROS production in brain from septic mice
(14). Higher LEAK will most likely also mean a lower proton
motive force, which could decrease ROS production. Strength
in the present study is that ROS-production measurements were
done simultaneously to the respiratory measurements in the
same sample. ROS production was therefore also measured
during respiration with electron flow through both CI and the
convergent electron input through the Q-junction (CIþ II).

Increased LEAK will be detrimental to ATP production and
at a certain level the cell will no longer be able to uphold its
energy demand. But perhaps increased LEAK respiration
should not necessarily be viewed as a pathological mechanism
but rather as an adaptive and protective metabolic response to
conceivably decrease ROS production and increase heat pro-
duction (23).

The increased phosphorylating capacity seen in the liver
seems to be adaptive to the insult and is possibly caused by
increased levels of catecholamines. A previous study showed
that norepinephrine increased the activity of hepatic succinate
dehydrogenase (24) and in another study epinephrine has been
shown to enhance the activity of mitochondrial phosphoryl-
ation and ATP production, increasing oxygen consumption
(25). There are, however, apparently conflicting data in the
literature, using isolated swine liver mitochondria it has also
been shown that catecholamines impair the efficiency of mito-
chondrial complex I respiration in vitro (26). Regardless of
mechanism, the organ-specific response with increased oxi-
dative phosphorylation in the liver is noteworthy and is also
supported by previous research. In an equivalent study but with
heart and liver mitochondria, in rats that responded to endo-
toxin, the heart mitochondria showed decreased oxidative
activity, whereas the liver mitochondria showed increased
oxidative phosphorylation compared with both non-responders
and controls (27).

The two separate groups of controls of liver at 6 and 24 h,
respectively, displayed some differences. All 6-h mice were
consistently done at a different time during the day than the
24-hour mice, although the septic and control mice at each time
point were performed at the same time during the day. The
differences observed in the controls could be due to post-
translational circadian and nocturnal metabolic changes.
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FIG. 2. ROS production in brain homogenates. Fluorescent measure-
ment of ROS production using the Amplex Red assay. H2O2 levels measured
in the presence of superoxide dismutase that ensures that all superoxide is
converted into H2O2. Comparing ROS production under convergent CIþCII
respiration and LEAK respiration state. Inhibiting ATP synthase increases
ROS production dramatically as expected. No statistical significant differ-
ences between the groups. Data presented as pmol H2O2/(s*mg).

TABLE 4. Liver homogenates—mitochondrial respiration

6 h 24 h

Respiratory parameters Control (n¼8) Sepsis (n¼7) Control (n¼6) Sepsis (n¼9)

OXPHOSCI 65.13!11.7 53.17!9.90 36.93!3.15 56.86!12.2*

OXPHOSCIþCII 157.6!39.2 174.8!17.1 112.6!20.2 180.6!21.4*

LEAKCIþCII 40.45!5.53 36.34!3.30 28.04!3.14 38.47!5.46*

ETSCIþCII 284.4!21.6 264.1!22.1 244.6!13.3 249.8!17.2
ETSCII 251.7!30.1 236.6!9.41 228.2!12.9 227.4!15.4
CIV 390.0!36.8 388.8!34.7 359.5!25.6 353.1!34.5
RCROXPHOS CI 1.71 (1.32–1.85) 1.54 (1.41–1.68) 1.28 (1.20–1.43) 1.39 (1.24–1.76)
RCROXPHOS CIþII 4.17 (3.59–4.33) 4.76 (4.63–4.98)* 3.85 (3.62–4.62) 4.90 (4.25–5.12)*

OXPHOSCIþCII/ETSCIþCII 0.57 (0.47–0.64) 0.65 (0.63–0.72) 0.44 (0.41–0.50) 0.75 (0.68–0.78)*

Values presented as mean!SD. Ratios presented as median (IQR). OXPHOS respiration associated with ATP synthesis by oxidative phosphorylation,
ETS respiration associated with maximal protonophore-stimulated flux through the electron transport system, LEAK idle respiration without ATP-
synthase activity, RCR indicates respiratory control ratio. CI, complex I, CII, complex II, CIV, complex IV. Statistical comparison to control at the same
time-point.
*¼P<0.05.
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Changes in rodent mitochondrial respiratory function due to
nocturnal changes have been known for a long time, in one
study the rate of succinate oxidation in liver mitochondria from
rats was 40% greater at night (28). One study indicated that the
activity oscillations of succinic dehydrogenase showed a
tendency to 24-h rhythmicity (29). In another study, they found
that darkness induces a more efficient phosphorylation, as
indicated by a higher ratio of ATP synthase/ATPase activity
(30). Another pivotal study on circadian changes in metabolism
revealed the influence of clock-driven acetylation on multiple
mitochondrial proteins involved in metabolic pathways in both
glycolysis and the citric acid cycle demonstrating how the
circadian clock can regulate the metabolic state of the cell
(31). One important finding of this study is that the circadian
alterations seem to affect primarily the ATP synthase, as ETS
capacity was similar, but not OXPHOS capacity. These alter-
ations could perhaps be modulated by PGC-1b, as in one study
using PGC-1b KO mice an altered expression in a number of
nuclear-encoded genes governing mitochondrial and metabolic
functions was detected in both brain and liver. The PGC-1b KO
mice showed decreased activity during the dark cycle and also
had altered thermoregulation and developed abnormal hypo-
thermia when exposed to cold compared with wild type,
perhaps because of an inability to increase uncoupling. Inter-
estingly when involuntary subjected to exercise on a treadmill
they showed equivalent endurance (32). The animals in this
study had ad libitum access to food and water, which could also
have implications for liver mitochondrial function (33). These
changes are perhaps not surprising as the liver plays an
important role as a metabolic pacemaker, changing full body
metabolism back and forth, from anabolic to catabolic states in
an oscillatory manner. For these reasons we chose to only
compare the data to each respective control.

The cecal ligation and puncture (CLP) method to induce
sepsis in rodents is widely used and is considered to be the gold
standard, corresponding to a bowel perforation with a sub-
sequent peritonitis and polymicrobial sepsis. Small alterations
in needle size, number of punctures, etc., will drastically
change mortality rates. The precise procedure used was chosen
to avoid unwanted selection between the groups due to
mortality, but still ensuring that the animals would also be

severely affected at the 24-h endpoint (16,34). The effects of
anesthetics are a major concern of mitochondrial research as
studies have shown interference with mitochondrial function
(35). For ethical and practical reasons anesthetics must be used
for the CLP procedure. In the present study, continuous gas
anesthesia using isoflurane was chosen. Also isoflurane may
interfere with mitochondrial respiration by, for example, open-
ing the mitochondrial permeability transition pore (mPTP)
(36). This is one of the reasons why it was important to use
separate controls for each time point as the effects of isoflurane
could possibly be short acting.

Care needs to be taken when extrapolating the findings of
altered respiratory function in this mouse model to humans in a
clinical setting. Mice do not respond to infection with a rise in
temperature but with a decreased body temperature. Septic
mice, in general, had higher LEAK than controls and this
could be an adaptive response to low body temperature, with
an up regulation of uncoupling proteins to produce more heat.
Therefore, interpreting the data related to uncoupling (LEAK)
and the hypothermic response is challenging. For obvious
reasons obtaining brain and liver samples from septic patients
is not feasible. But, nonetheless, animal models can indeed only
complement human data and the present data need to be viewed
in the context of previous human data.

Concerning the controversy regarding O2 delivery in MOF, the
present study does not resolve this issue. Preferably venous O2

saturation and lactate, for example, should have been measured
to provide basic information related to oxygen delivery. The lack
of these data, including other functional parameters, is a limita-
tion. However, one can also argue that this type of data would not
be sufficient to fully answer a question related to O2 delivery.
Venous O2 saturation and lactate does not necessarily reflect
the tissue oxygenation and microcirculation of the organs. An
increase in lactate could reflect a mitochondrial inhibition and
an increased anaerobic glycolysis.

The theory one embraces regarding mitochondrial respir-
ation in sepsis will have implications on which strategy one
should pursue for pharmaceutical development. As indicated by
the results in this study, the target needs to be organ specific.
One strategy could be to find methods to support and restore
function by optimized and specific substrate supply and
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FIG. 3. Liver mitochondrial function. A, Liver: 6 h. The respiratory control ratio (RCR) at 6 h of OXPHOSCIþII/LEAKCIþCII was significantly increased
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essentially increasing respiration and the phosphorylating
capacity (37). Another strategy could be to help protect the
mitochondria and a possible adaptive metabolic change during
the insult. Sepsis is a dynamic process and perhaps a combi-
nation of strategies is best suited during the initial development
and hopefully later recovery from sepsis. Nonetheless, the
mitochondria seem to be affected and therefore might be a
suitable pharmaceutical target for the treatment of sepsis.

In conclusion, the present study suggests a diverse and tissue-
specific mitochondrial respiratory response to sepsis-induced
multiple organ failure. The brain displayed an early impaired
mitochondrial respiratory efficiency. Interestingly, as a possible
response to an increased metabolic demand, the liver increased
the phosphorylating capacity as a response to the septic insult.
The liver also displayed increased uncoupling of oxidative
phosphorylation at 24 h.
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Traumatic brain injury (TBI) is one of the leading causes of death in children worldwide. Emerging evidence
suggests that alterations in mitochondrial function are critical components of secondary injury cascade initiated
by TBI that propogates neurodegeneration and limits neuroregeneration. Unfortunately, there is very little
known about the cerebral mitochondrial bioenergetic response from the immature brain triggered by traumatic
biomechanical forces. Therefore, the objective of this studywas to perform a detailed evaluation ofmitochondrial
bioenergetics using high-resolution respirometry in a high-fidelity large animalmodel of focal controlled cortical
impact injury (CCI) 24 h post-injury. This novel approach is directed at analyzing dysfunction in electron
transport, ADP phosphorylation and leak respiration to provide insight into potential mechanisms and possible
interventions for mitochondrial dysfunction in the immature brain in focal TBI by delineating targets within
the electron transport system (ETS). Development and application of these methodologies have several
advantages, and adds to the interpretation of previously reported techniques, by having the added benefit that
any toxins or neurometabolites present in the ex-vivo samples are not removed during the mitochondrial
isolation process, and simulates the in situ tricarboxylic acid (TCA) cycle by maximizing key substrates for
convergentflowof electrons through both complexes I and II. To investigate alterations inmitochondrial function
after CCI, ipsilateral tissue near the focal impact site and tissue from the corresponding contralateral side were
examined. Respiration per mg of tissue was also related to citrate synthase activity (CS) and calculated flux
control ratios (FCR), as an attempt to control for variability in mitochondrial content. Our biochemical analysis
of complex interdependent pathways of electron flow through the electron transport system, by most measures,
reveals a bilateral decrease in complex I-driven respiration and an increase in complex II-driven respiration 24 h
after focal TBI. These alterations in convergent electron flow though both complex I and II-driven respiration
resulted in significantly lower maximal coupled and uncoupled respiration in the ipsilateral tissue compared
to the contralateral side, for all measures. Surprisingly, increases in complex II and complex IV activities were
most pronounced in the contralateral side of the brain from the focal injury, and where oxidative phosphoryla-
tion was increased significantly compared to sham values. We conclude that 24 h after focal TBI in the immature
brain, there are significant alterations in cerebral mitochondrial bioenergetics, with pronounced increases in
complex II and complex IV respiration in the contralateral hemisphere. These alterations in mitochondrial
bioenergetics present multiple targets for therapeutic intervention to limit secondary brain injury and support
recovery.
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1. Introduction

Estimates predict that traumatic brain injury (TBI) will become the
third leading cause of death and disability in the world by 2020 (Gean
and Fischbein, 2010). In the United States the Center for Disease Control
(CDC) estimates nearly 500,000 emergency department visits annually
for TBI in children aged 0–14 years (Faul et al., 2010). In addition,
children under the age of four have the highest rate of TBI-related
emergency department visits, with over 1200 per 100,000 children
(Langlois et al., 2005). These staggering numbers contribute to a child-
hood mortality rate of approximately 33 per 100,000 children in
the United States, making TBI a leading cause of death in children
(Coronado et al., 2011).

TBI is a heterogeneous insult to the brain induced by traumatic
biomechanical forces. TBI precipitates a complex, secondary pathophys-
iological processwhich can result in a cascade of deleterious side effects
often far from the site of the initial injury, and which places tissue that
survives the initial insult at risk for functional failure, neurodegenera-
tion, apoptosis, and death (Hattori et al., 2003; Marcoux et al., 2008b;
Ragan et al., 2013; Xu et al., 2010). A growing body of literature suggests
that a main component of this secondary injury cascade is altered
mitochondrial bioenergetics and cerebral metabolic crisis (Gilmer
et al., 2009; Robertson et al., 2006). Mitochondria play a pivotal role in
cerebral metabolism and regulation of oxidative stress, excitotoxicity,
and apoptosis (Balan et al., 2013; Gilmer et al., 2009; Lifshitz et al.,
2003; Robertson, 2004). Cerebral metabolic crisis displays regional
heterogeneity, varies temporally post-injury and with gradation of
injury severity, and is often sustained for a prolonged period of time
(Lifshitz et al., 2003; Marcoux et al., 2008b; Ragan et al., 2013;
Robertson et al., 2006, 2009; Saito et al., 2005). Unfortunately, despite
evidence that such processes may vary significantly with maturation,
response to cerebral metabolic and mitochondrial alterations following
TBI in the immature brain is not well defined (Kilbaugh et al., 2011).
Adult TBI data is difficult to extrapolate to pediatric models because
critical mitochondrial characteristics are very different between young
and adult animals. Differences include the number and density of
complexes of the electron transfer chain, antioxidant enzyme activity
and content, and lipid content (Bates et al., 1994; Del Maestro and
McDonald, 1987). The immature brain's response to each type of TBI
appears to change rapidly during development from infancy through
adolescence (Armstead and Kurth, 1994; Duhaime et al., 2000b;
Durham and Duhaime, 2007; Raghupathi and Margulies, 2002). These
unique features of the developing brain make it imperative to under-
stand the mechanisms associated with bioenergetic failure and cell
death cascades following TBI in the immature brain in order to develop
age-specific and injury-specificmitochondrial-directed neuroprotective
and neuro-resuscitative approaches.

Previously we reported differences in the regional mitochondrial
responses in infant rodent focal injury (Kilbaugh et al., 2011). Here we
investigate the regional mitochondrial functional responses of a porcine
model of focal cortical impact TBI in toddler-aged animals. We deter-
mined mitochondrial bioenergetics in tissue from peri-contusional
and contralateral region to focal injury, by performing in-depth assess-
ments of respiratory capacity of electron transport system (ETS) com-
plexes utilizing high-resolution respirometry (HRR) in ex-vivo tissue
homogenates obtained 24 h post-injury to analyze and pursue mecha-
nistic insight of the bioenergetic response to TBI.

2. Materials and methods

All procedures were approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania. Female, 4-week-old
piglets (8–10 kg), which have comparable neurodevelopment to a
human toddler, were used for the study (Armstead, 2005; Duhaime,
2006). Females were chosen to limit heterogeneity between genders
based on prior work (Missios et al., 2009). Sixteen piglets were

designated into a injury cohort and corresponding sham group: con-
trolled cortical impact (CCI) at the rostal gyrus (n = 10 injured-CCI,
n = 6 naïve shams-CCI). Injured animals were sacrificed 24 h after CCI.

2.1. Animal preparation

Piglets were premedicated with an intramuscular injection of
ketamine (20 mg/kg) and xylazine (2 mg/kg) followed by 4% inhaled
isoflurane in 1.0 fraction of inspired oxygen via snout mask, until
abolishment of response to a reflexive pinch stimulus. Endotracheal
intubation was followed by a decrease in fraction of inspired oxygen
to 0.21 and maintenance of anesthesia with 1% inhaled isoflurane.
Buprenorphine (0.02 mg/kg) was delivered intramuscularly for analge-
sia prior to injury. Using a heating pad, core body temperature was kept
constant between 36 and 38 °C and monitored via a rectal probe. Non-
invasive blood pressure, oxygen saturation, heart rate, respiratory rate,
and end-tidal CO2 were continuously monitored throughout the exper-
iment (VetCap model 2050081; SDI, Waukesha, WI). If necessary,
mechanical ventilation was utilized to maintain normoxia and
normocarbia before injury, otherwise piglets maintained spontaneous
ventilation.

2.2. Controlled cortical impact (CCI) injury

While maintained on isoflurane, the vertex of the head was clipped
and prepped with chlorhexidine solution. After infiltration of a local
anesthetic (1% lidocaine with epinephrine 1/100,000), the right coronal
suture was exposed, and a craniectomy performed over the rostral
gyrus allowing a 1 cm margin around the indenter tip of the cortical
impact device described previously (Duhaime et al., 2000a). The
exposed dura was opened in a stellate fashion to reveal the cortical
surface, and the device was stabilized against the skull with screws.
The spring-loaded tip rapidly (4 ms) indented to a depth of 0.7 cm of
the cortical rostral gyrus (Duhaime et al., 2000a). The device was re-
moved, the dura re-approximated, and the surgical flap sutured closed.
After emergence from isoflurane, piglets were extubated when they
met the following criteria: return of pinch reflex, spontaneously breath-
ing and able to maintain oxygenation and ventilation, normotensive,
and stable heart and respiratory rate. Following extubation, animals
displayed initial depressed activity and gait instability, but apnea and
hypotension were never observed after CCI. Animals were recovered
and returned to the animal housing facilitywhen theymet the following
criteria: vocalization without squealing, able to ambulate, devoid of ag-
gression or avoidance behavior, absence of piloerection, and proper
feeding and drinking behaviors. Animals were more hypoactive and
spent more time recumbent than non-injured littermates following in-
jury, but were able to drink and eat unassisted. These injuries are best
described as mild-to-moderate in severity, based on parallels with
human clinical severity classifications (Adelson et al., 2012; Miller
et al., 2012).

2.3. Sample acquisition for mitochondrial assessments

At 24 h post-TBI, animals were re-anesthetized with 1% isoflurane.
A bilateral craniectomy was performed to expose the brain, tissue was
rapidly extracted from two locations of interest from the injury cohort
and shams while simultaneously receiving a pentobarbital overdose.
Locations of interest, included: a 2 cm2 region of cortex of visibly viable
tissue was resected immediately adjacent to the rostral edge of the
contusion, along with a mirrored corresponding 2 cm2 region from the
contralateral hemisphere. Tissue was removed within seconds, and
placed in ice-cold isolation buffer (320 mM sucrose, 10 mM Trizma
base, and 2 mM EGTA), where the blood and blood vessels, as well as,
any adherent necrotic tissue from the contused area were dissected
and disposed. In addition, subcortical white matter was removed from
the cortex. Following dissection tissue was placed on drying paper to
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absorb excess buffer andweighed. Tissuewas then gently homogenized
on ice in MiR05 (110 mM sucrose, 0.5 mM EGTA, 3.0 mM MgCl2,
60 mM K-lactobionate, 10 mM KH2PO4, 20 mM taurine, 20 mM HEPES
and 1.0 g/l fatty acid-free BSA) using a 5 ml Potter–Elvehjem teflon-
glass homogenizer to a concentration of 1 mg wet weight tissue/10 μl
MiR05 buffer.

2.4. Mitochondrial high-resolution respirometry (HRR)

A final concentration of tissue homogenate with MiR05 analyzed
was 1 mg/ml at a constant 37 °C, and the rate of oxygen consumption
was measured utilizing a high-resolution oxygraph and expressed in
pmols / [s ∗ mg of tissue homogenate], (OROBOROS, Oxygraph-2 k and
DatLab software all from OROBOROS Instruments, Innsbruck, Austria).
All experiments were performed between 75 and 220 μM of oxygen,

and re-oxygenation was performed routinely prior to addition of the
complex IV electron donor described below. The oxygraphwas calibrat-
ed daily, and oxygen concentration was automatically calculated from
barometric pressure and MiR05 oxygen solubility factor set at 0.92 rel-
ative to pure water.

A substrate, uncoupler, inhibitor titration (SUIT) protocol previously
used for rodent brain tissue (Karlsson et al., 2013) was further devel-
oped and optimized in preliminary studies in porcine brain tissue.
Sequential additions were used to acquire a detailed representation of
mitochondrial respiration (Figs. 1a and b). Respiratory capacities with
electron flow through both complex I (CI) and complex II (CII) were
evaluated separately as well as the convergent electron input through
the Q-junction (CI + II) using succinate and nicotinamide adenine
dinucleotide (NADH)-linked substrates (Gnaiger, 2009). Plasma mem-
branes were permeabilized with the detergent digitonin to allow non-

Fig. 1. Graphical representation of the substrate, uncoupler, inhibitor titration (SUIT) protocol used to study the integrated function of individual components of the electron transport
system (ETS). Induced respiratory states and respiratory complexes activated are outlined by boxes: ROX, residual oxygen consumption due to non-mitochondrial respiration induced
by the inhibition of the complex III by antimycin A; ETS (ETSCI + CII), respiration that is uncoupled capacity from ATP synthase induced by the optimum titration of the protonophore
FCCP; LEAK (LEAKCI + CII), State 4o, is the resting non-phosphorylating electron transfer across the mitochondrial inner membrane due to uncoupling of ATP synthase by Olgiomycin;
OXPHOS (OXPHOSCI + CII) coupled capacity of oxidative phosphorylation measure convergent respiration of both complex I (Malate, Pyruvate, Glutamate) and II (Succinate) substrates.
The SUIT protocol employed in these experiments also utilized the complex I inhibitor, Rotenone, to measure individual complex II-driven respiration (ETSCII) separately from complex I.
In addition, TMPD/ascorbate and azide were administered to measure complex IV respiration.
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membrane permeable substrates and ADP access to the subpopulations
of mitochondria trapped within synaptosomes. Furthermore, in order
to achieve similar results in brain tissue homogenates and isolated
brain mitochondria, with a combination of both sub-populations,
Pecinova and colleagues demonstrated that digitonin is necessary in
brain homogenate preparations (Pecinova et al., 2011; Sims and Blass,
1986). Without the addition of digitonin oxidative phosphorylation
capacity would likely be greatly underestimated. Thus, in preliminary
experiments a careful digitonin dose titration was completed, in the
presence of exogenously administered cytochrome c, which did not
induce any significant effect on respiration with the digitonin dose
used in the present study, indicating intact integrity of the outer mito-
chondrial membrane (data not shown). Routine mitochondrial respira-
tionwas established by the concomitant addition of malate (5mM) and
pyruvate (5 mM), followed by ADP (1 mM) and glutamate (5 mM),
to measure the oxidative phosphorylation capacity of complex I
(OXPHOSCI), driven by the NADH-related substrates. Sequential addi-
tions followed. Succinate (10 mM) was added to stimulate maximal
phosphorylating respiration capacity via convergent input through
complexes I and II (OXPHOSCI + CII). Oligomycin, an inhibitor of ATP-
synthase, induced mitochondrial respiration independent of ATP
production across the inner mitochondrial membrane, commonly
referred to as LEAK respiration (LEAKCI + CII) or State 40. Maximal
convergent non-phosphorylating respiration of the electron transport
system (ETSCI + CII) was evaluated by titrating the protonophore,
carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) until
no further increase in respiration was detected. Rotenone inhibited
complex I-driven respiration and revealed complex II-driven respira-
tion, the ETS capacity through complex II alone (ETSCII). The complex
III inhibitor antimycin-A (1 μg/ml) was added to measure the residual
oxygen consumption (ROX) that is independent of the ETS. Therefore,
residual value measured with antimycin-A was subtracted from
each of the measured respiratory states to report ETS function devoid
of ROX. Antimycin-A was chosen to measure ROX, so that in this
sequential protocol, complex IV activity could also be measured at the
end of the protocol. Finally, complex IV activity was determined by
the addition of ascorbate (ASC, 0.8 mM) and N,N,N′,N′-tetramethyl-p-
phenylenediamine (TMPD, 0.5 mM), an electron donor to complex IV.
Due to the high level of auto-oxidation of TMPD, the complex IV-
inhibitor sodiumazide (10mM)was added and the remaining chemical
background was subtracted from the ascorbate/TMPD-induced oxygen
consumption to assess complex IV activity. Integrated ETS analysis
with internal normalization was generated using flux control ratios
(FCR) calculated by dividing each respiratory state by the maximal,
uncoupled mitochondrial respiration (ETSCI + CII).

2.5. Citrate synthase activity

Upon completion of the HRR measurements, chamber contents
were frozen for subsequent citrate synthase (CS) activity quantification.
CS (μmol/mL/min)was used as amarker of brainmetabolism secondary
to its location within the mitochondrial matrix and importance as the
first step of the tricarboxylic acid cycle (TCA). In addition, CS is used
by some investigators, as a surrogate measure of mitochondrial content
permgof tissue (Bowling et al., 1993; Larsen et al., 2012). Later, samples
were thawed, and a commercially available kit (Citrate Synthase Assay
Kit, CS0720, Sigma) was used according to the manufacturer's instruc-
tions to determine the CS activity.

2.6. Data analysis

The oxygen flux traces were analyzed with a customized Matlab
(Mathworks, Natick, MA) program designed to extract the oxygen flux
plateau at each phase of the SUIT protocol (Fig. 1b), with the exception
of TMPD/ASC, when the peak oxygen fluxwas extracted. “Side” for focal
CCI was defined as ipsilateral and contralateral to the site of injury.

Statistical evaluation was performed using JMP Pro (SAS Institute Inc.,
version 10.0, Cary, NC, USA). We compared tissue mitochondrial respi-
ration between injured and sham subjects with an unpaired, non-
parametricWilcoxon ranked sum testwithDunn'smultiple comparison
test. A paired Wilcoxon ranked sum test was used to compare sides
within sham and injury groups. Differences were considered significant
where p b 0.05. All results are reported asmean± standard error of the
mean (SEM).

3. Results

3.1. Controlled cortical impact injury (CCI)

We measured CS activity per mg of tissue and found no differences
between sides of the brain in the sham animals (Fig. 2). Following
focal CCI injury, the ipsilateral peri-contusional side exhibited a signifi-
cant reduction in CS activity, nearly 50%, compared to both ipsilateral
CS activity in sham animals and contralateral tissue in injured animals.

HRR was performed on ex-vivo tissue homogenates (pmols O2 /
s ∗mg of tissue homogenate) in shamCCI animals to determine cerebral
mitochondrial respiration. Analysis revealed no statistical difference in
respiration between sides in sham animals for all measures of mito-
chondrial respiration (OXPHOSCI, ETSCII, OXPHOSCI + CII, ETSCI + CII,
LEAKCI + CII, and complex IV) (Table 1). The overall direction of the re-
sponse of individual respiratory states following CCI, reported as, per
mg of tissue, FCR, and CS are depicted in Table 2.

After CCI, complex I-driven respiration (OXPHOSCI)was significantly
decreased bilaterally permg of tissue when compared to corresponding
shams (Table 1). These reductions for OXPHOSCI remained significant
when compared to maximal ETS capacity: FCR (Fig. 3A). When com-
pared to CS (pmols O2 / s ∗ mg ∗ CS), there was still a statistical trend
for a decrease in OXPHOSCI respiration in ipsilateral tissue (p b 0.09);
however, when compared to sham the contralateral side following CCI
displayed no difference (p = 0.55) (Table 1).

In contrast to complex I-driven respiration, complex II-driven respi-
ration (ETSCII) per mg of tissue in the ipsilateral side was maintained at
sham levels 24 h post-CCI, while the contralateral brain post-CCI was
significantly increased compared to sham (p b 0.02) and the ipsilateral
brain after injury (p b 0.03) (Table 1). ETSCII FCR was significantly
increased in both sides of the injured brain compared to corresponding
shams (Fig. 3A). This bilateral increase in ETSCII respiration remained
significant when respiration was normalized to CS (Table 1).

Fig. 2. Citrate synthase activity. Citrate synthase (CS) activity per mg of tissue 24 h after
controlled cortical impact (CCI). There were no differences between sides of the brain in
the shamanimals, (p= 0.99). Following focal CCI injury, therewas a nearly 50% reduction
in CS activity in the ipsilateral peri-contusional side (9.9 ± 0.7 μmol/mL/min), compared
to both the ipsilateral CS activity in sham animals, 18.2 ± 0.8 μmol/mL/min, (p b 0.001)
and contralateral tissue in injured animals, 16.4 ± 0.6 μmol/mL/min, (p b 0.01). All values
are mean ± SEM. Contra: contralateral side of brain, Ipsi: ipsilateral side of brain.
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Maximal coupled, phosphorylating respiration (OXPHOSCI + CII) per
mg of tissue, was significantly decreased (p b 0.01) on the ipsilateral
side after injury compared to sham (p b 0.04) and the contralateral
injured brain (p b 0.02) (Table 1). However, in the contralateral brain
following injury, OXPHOSCI + CII per mg of tissue was significantly
increased compared to sham (p b 0.01). Similar to respiration per mg
of tissue, OXPHOSCI + CII FCR remained significantly decreased in the
ipsilateral brain after injury compared to sham and the contralateral
injured brain (Fig. 3A). OXPHOSCI + CII normalized to CS on the contra-
lateral side post-CCI was significantly increased compared to sham
animals (p b 0.03) and the ipsilateral brain post-CCI (p b 0.05), similar
to respiration reported per mg of tissue (Table 1).

Maximal uncoupled, non-phosphorylating respiration (ETSCI + CII),
initiated by the protonophore FCCP following ATP synthase inhibition
with oligomycin, also decreased on the ipsilateral side after CCI, and
increased on the contralateral side compared to sham animals when
reported per mg of tissue; as well as, when reported per CS (Table 1).

When complex IV respiration (isolated respiration of complex IV
stimulated by the addition of the artificial electron donor TMPD) was
analyzed permg of tissue, the contralateral brain was altered; increased
compared to both sham (p b 0.01) and the ipsilateral injured brain
(p b 0.01), whereas the ipsilateral was not changed compared to sham
(Table 1). Complex IV FCR was not altered post-CCI (Fig. 3B). Complex
IV respiration normalized to CS was significantly increased bilaterally
after CCI compared to sham (Table 1).

LEAK (LEAKCI + CII), or State 4o respiration, per mg of tissue was
significantly decreased in the ipsilateral brain compared to sham and
the contralateral injured brain (Table 1). Similarly, LEAKCI + CII FCR
displayed a significant decrease in the ipsilateral brain compared to
corresponding sham (Fig. 3B). LEAKCI + CII permg of tissue in the contra-
lateral brain post-CCI was significantly decreased compared to sham.
When normalizing LEAKCI + CII to CS, only the contralateral brain post-
CCIwas altered; increasing compared to sham(p b 0.05) and the injured
ipsilateral side (p b 0.001) (Table 1).

Respiratory ratios for evaluating phosphorylation coupling efficien-
cy and the relative contributions of CI and CII to maximal respiration
were calculated for sham and CCI animals (Table 3). Post-CCI contralat-
eral OXPHOSCI + CII/LEAK respiration was significantly increased
(p b 0.03) compared to sham animals and the ipsilateral brain post-
CCI (p b 0.05) (Table 3). On the ipsilateral side of the brain there was
no statistical change in OXPHOSCI + CII/LEAK after CCI compared to
shams. The complex I contribution to convergent respiration of
complexes I and II within the ETS post-CCI (ETSCI/ETSCI + CII) decreased
bilaterally after CCI compared to sham (contralateral; p b 0.02 and
ipsilateral; p b 0.004), with a corresponding increase in the complex II
(ETSCII/ETSCI + CII) contribution, consistent with greater reliance on
complex II after CCI in both ipsilateral and contralateral regions post-
CCI (Table 3).

4. Discussion

4.1. High-resolution respirometry

Here we report the development and application of methodologies
that may have several advantages over previously reported techniques
to investigate mitochondrial function in the immature brain following
injury (Kilbaugh et al., 2011). In this research, we used a more sensitive
oxygraph, measuring pmol (10−12) changes in oxygen (Oxygraph-2 k,
OROBOROS, Instruments, Innsbruck, Austria), which enabled analysis
of more subtle changes in mitochondrial function. In addition, we
utilized whole tissue homogenates for analysis of mitochondrial bioen-
ergetics instead of using differential centrifugation to isolate mitochon-
drial populations. This technique adds to the analysis of isolated
mitochondria by improving ex-vivo mitochondrial health, since isola-
tion techniquesmay remove greater than 60% of the totalmitochondrial
population compared to brain tissue homogenates, and may disrupt

Table 1
Respiration of brain tissue homogenates from sham and focal controlled cortical impact TBI.
Mitochondrial respiration of brain tissue homogenates from the ipsilateral (Ipsi) and contralateral (Contra) side in two cohorts: sham and 24 h post-controlled cortical impact injury (CCI).
Respiration is expressed per mg of tissue (pmols O2 / s ∗ mg). Presented as mean ± SEM; for definitions of respiratory states and substrates utilized, please see Fig. 1.

Respiratory parameters Per mg of tissue (pmols O2 / s ∗ mg) Per CS activity (pmols O2 / s ∗ mg ∗ CS)

Sham (n = 6) CCI (n = 10) Sham (n = 6) CCI (n = 10)

Ipsi Contra Ipsi Contra Ipsi Contra Ipsi Contra

OXPHOSCI 30.2 ± 1.8 28.8 ± 2.8 13.3 ± 1.8⁎ 20.6 ± 1.8⁎,# 1.7 ± 0.1 1.5 ± 0.2 1.2 ± 0.2 1.3 ± 0.1
ETSCII 18.6 ± 0.7 18.3 ± 1.4 17.8 ± 2.1 36.8 ± 3.5⁎,# 1.0 ± 0.03 1.0 ± 0.1 1.7 ± 0.2⁎ 2.2 ± 0.2⁎

OXPHOSCI + CII 47.9 ± 2.7 46.3 ± 3.7 31.6 ± 3.9⁎ 69.8 ± 5.7⁎,# 2.6 ± 0.1 2.6 ± 0.2 3.2 ± 0.3 3.7 ± 0.3⁎,#
ETSCI + CII 31.2 ± 1.5 30.6 ± 2.6 23.6 ± 2.9⁎ 49.5 ± 3.9⁎,# 1.7 ± 0.1 1.7 ± 0.1 2.3 ± 0.2 3.0 ± 0.3⁎,#
Complex IV 52.9 ± 4.3 59.2 ± 3.9 51.1 ± 4.5 95.4 ± 9.3⁎,# 2.9 ± 0.2 3.3 ± 0.4 5.1 ± 0.1⁎ 5.8 ± 0.7⁎
LEAKCI + CII 12.4 ± 0.6 13.2 ± 0.8 7.1 ± 0.6⁎ 13.8 ± 0.9# 0.68 ± 0.03 0.73 ± 0.02 0.70 ± 0.04 0.84 ± 0.05⁎,#

⁎ p b 0.05 significant difference from corresponding sham side.
# p b 0.05 significant difference from paired injured side.

Table 2
Summary of electron transport system response to injury.
Summary of significant electron transport system (ETS) respiratory response to CCI per
mg of tissue, FCR, and normalized CS compared to corresponding sham and injured sides
of brain. Irrespective of normalization methods there are patterns of mitochondrial ETS
response to injury. Ipsi = ipsilateral; Contra = contralateral CCI: controlled cortical
impact.

CCI Ipsi vs.
Sham Ipsi

CCI Contra vs.
Sham Contra

CCI Ipsi vs.
CCI Contra

OXPHOSCI
Per mg tissue ↓ ↓ ↓
FCR ↓ ↓ ←→
CS ←→ ←→ ←→

ETSCII
Per mg tissue ←→ ↑ ↓
FCR ↑ ↑ ←→
CS ↑ ↑ ←→

OXPHOSCI + CII

Per mg tissue ↓ ↑ ↓
FCR ↓ ←→ ↓
CS ←→ ↑ ↓

ETSCI + CII

Per mg tissue ↓ ↑ ↓
FCR N/A N/A N/A
CS ←→ ↑ ↓

Complex IV
Per mg tissue ←→ ↑ ↓
FCR ←→ ←→ ←→
CS ↑ ↑ ←→

LEAKCI + CII

Per mg tissue ←→ ←→ ↓
FCR ↓ ↓ ←→
CS ←→ ↑ ↓
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mitochondrial structure and function to a greater extent than perme-
abilization/homogenization of whole tissue (Pecinova et al., 2011;
Picard et al., 2011a,b). Whole tissue homogenates also carry the added
benefit that any toxins or neurometabolites present in the ex-vivo
samples are not removed during the mitochondrial isolation pro-
cess. Beyond the use of a more sensitive instrument and tissue
homogenates, our analysis extends conventional bioenergetic
protocols that utilize only complex I NADH linked substrates

(pyruvate + malate + glutamate) with the addition of the complex II
substrate, succinate (pyruvate + malate + glutamate + succinate).
This addition maximizes oxidative phosphorylation capacity (ATP pro-
duction) by simulating the in situ tricarboxylic acid (TCA) cycle and
maximizing key substrates for convergent flow of electrons through
complexes I and II (Gnaiger, 2009; Karlsson et al., 2013). This novel ap-
proach is directed at analyzing dysfunction in electron transport, ADP
phosphorylation and leak respiration across the inner membrane
(State 4O) to provide insight into potential mechanisms and possible in-
terventions for mitochondrial dysfunction in the immature brain in
focal TBI by delineating targetswithin the ETS. In order to reach subpop-
ulations of mitochondria within the synaptosome, we utilized digitonin
after in our experimental protocol only after careful dose–response ti-
tration studies, but we acknowledge that it may have effect overall res-
piration rates (Brown et al., 2004). Currently, to our knowledge, there is
limited research on biomarkers of mitochondrial content (CS activity,
cardiolipin content, mitochondrial DNA content, complexes I–IV pro-
tein, and complexes I–IV) that validates these surrogates against mor-
phologic measures following acute brain injury, such as transmission
electron microscopy (Chepelev et al., 2009; Larsen et al., 2012). In
order to differentiate if changes in absolute rates of respiration per
amount of tissue were due to changes in global mitochondrial content
and function or specific to each respiratory state,we used two strategies
to normalize the values. First, we used the common approach of

Fig. 3. Mitochondrial flux control ratios from CCI injured and shams normalized by electron transport system (ETS) capacity (ETSCI + CII) measured 24 h post TBI. Sham contralateral
(Contra) and ipsilateral (Ipsi) sides were not significantly different for any measure. A) Controlled cortical impact (CCI) injury resulted in a significant decrease in the contribution of
complex I respiration (OXHPHOSCI) to maximal electron transport (ETSCI + CII), in injured tissue bilaterally, compared to corresponding sham regions. Complex II-driven respiration
(ETSCII) was significantly increased in injured tissue bilaterally, compared to corresponding sham regions. Maximal coupled, phosphorylating respiration (OXPHOSCI + CII), stimulated
by both complex I and complex II substrates, was significantly decreased post-CCI in the injured ipsilateral tissue compared to injured contralateral tissue and compared to ipsilateral
sham. B) There was no significant alteration in CIV driven respiration post-CCI compared to corresponding sham in either side. State 4o (LEAKCI + CII) was significantly reduced in the
ipsilateral and contralateral brain post-CCI compared to corresponding sham. Presented as mean ± SEM. For definitions of respiratory states and substrates utilized please see Fig. 1.
Bars, p b 0.05. CCI: controlled cortical impact.

Table 3
Respiratory ratios of brain tissue homogenates from sham and focal controlled cortical
impact TBI.

Respiratory ratios Sham (n = 6) CCI (n = 10)

Ipsi Contra Ipsi Contra

OXPHOSCI + CII/LEAK 3.9 ± 0.2 3.5 ± 0.2 4.2 ± 0.3 5.2 ± 0.3⁎,#
ETSCI/ETSCI + CII 0.40 ± 0.01 0.40 ± 0.02 0.25 ± 0.03⁎ 0.27 ± 0.02⁎

ETSCII/ ETSCI + CII 0.60 ± 0.01 0.60 ± 0.02 0.75 ± 0.03⁎ 0.73 ± 0.03⁎

ETSCII/ ETSCI 1.49 ± 0.09 1.53 ± 0.12 4.04 ± 1.0⁎ 2.94 ± 0.25⁎

Respiration ratios were calculated. ETSCI was calculated by subtracting ETSCII from ETSCI +
CII. Presented as mean ± SEM; for definitions of respiratory states and substrates utilized
please see Fig. 1. Ipsi = Ipsilateral; Contra= Contralateral CCI: controlled cortical impact.
⁎ p b 0.05 significant difference from corresponding sham side.
# p b 0.05 significant difference from paired injured side.
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measuring CS activity as a mitochondrial marker of content. However,
the enzyme itself may be altered following injury devoid of any alter-
ation in mitochondrial content (Chepelev et al., 2009). In addition,
flux control ratios were assessed as an internal normalization of the re-
spiratory states to the maximal uncoupler-induced rate of respiration
within the ETS, a method that may be independent of tissue heteroge-
neity (Aidt et al., 2013). All of these methods have strengths and weak-
nesses, thus we decided to present data for each respiratory state in
response to injury multiple ways: tissue mass, FCR, CS activity, as well
as ratios for evaluating coupling of respiration to ATP production and
the relative contribution of complex I- and II-driven respiration tomax-
imal flux. This approach revealed distinct patterns of mitochondrial res-
piration 24 h after TBI in the immature brain. Because response to injury
severity and time course likely varies between injury, we focused our
study on regional variations in response to 24 h after TBI. Future studies
are planned to identify the role of injury type, injury severity, and the
post-TBI time course on regional tissue responses.

Our biochemical analysis of complex interdependent pathways of
electron flow through the ETS, by most measures, reveals a bilateral
decrease in complex I-driven respiration and an increase in complex
II-driven respiration 24 h after focal TBI. Despite significant increase in
complex II activity in the ipsilateral brain following injury, convergent
complex I- and complex II-driven respiration is limited in its ability to
maintain or stimulate oxidative phosphorylation compared to baseline
shammitochondrial respiration. However, surprisingly, the contralater-
al brain primarily relying on increases in complex II activity is able to
maintain maximal oxidative phosphorylation, and for most measures,
is able to increase respiration at 24 h after a focal injury. These alter-
ations present multiple targets for therapeutic intervention to limit
secondary brain injury, which we present below.

Complex I-driven respiratory dysfunction is a persistent characteris-
tic of early mitochondrial dysfunction within 6–8 h following traumatic
and ischemic injury in the brain, and even in other organ systems such
as the heart (Almeida et al., 1995; Gilmer et al., 2009; Kunz et al., 2000;
Lemieux et al., 2011; Niatsetskaya et al., 2012; Robertson, 2004; Singh
et al., 2006; Suchadolskiene et al., 2014). Previous studies in focal TBI,
in both mature and immature rodents, have shown a recovery of
complex I-driven respiration to sham levels by 24 h post-CCI in the
ipsilateral brain, an observation that differs from those in our study
(Kilbaugh et al., 2011; Singh et al., 2006). Interestingly, Pandya and
colleagues, in mature rodents showed that complex I respiration was
significantly decreased at both 24 and 48 h; however, this study unlike
the previously mentioned, sampled the core/penumbra while the other
studies sampled thewhole ipsilateral cortex (Pandya et al., 2009). These
differences may be predicated by a species-related difference or to
techniques of analyzing mitochondrial function, due to the fact that all
previous studies utilized isolatedmitochondrial preparations that select
for relatively uninjuredmitochondria based on density. Investigating an
extended time course in tissue homogenates post-CCI, a recent study
measured mitochondrial respiration at two time points and showed
a reduction in complex-I driven cortical respiration at 7 days, with a re-
covery to sham levels at 17 days (Watson et al., 2013). Interpreting
these studies and our data, creates an important time course, and we
speculate that complex I-driven respiration is rapidly impaired within
hours in the ipsilateral brain following CCI, andmay remain significantly
depressed for a minimum of 7 days. We speculate that the duration of
reduction in complex I respiration and timing of recovery to maintain
bioenergetic output is likely critical for neuronal survival, recovery
and regeneration. In fact, chronic alterations in complex I function,
loss of mitochondrial bioenergetic function, and production of ROS
have been implicated in exacerbating chronic inflammation and cellular
destruction in chronic traumatic encephalopathy (Navarro and Boveris,
2009; Walker and Tesco, 2013). However, the inhibition of complex I-
driven respiration may be a theoretical, compensatory advantage by
limiting ROS generation and improving Ca2+ buffering capacity by
inhibiting the reversal of electron transport flow from complex II to

complex I, a major source of ROS generation from the ETS, a combined
process that may be an important protective process to limit secondary
pathologic cascades (Loor et al., 2011; Niatsetskaya et al., 2012). Further
research is needed to determine whether attenuation or supplementa-
tion of complex I as a potential therapeutic target in TBI.

Contrasting complex I-driven respiration at 24 h, ours is the first
study to show an increase in complex II-driven respiration in the imma-
ture brain following TBI at any time point. In fact, our study shows that
by 24 h post-CCI, complex II-driven respiration is at least maintained, if
not significantly increased in peri-contusional tissue; and, interestingly
is also stimulated by focal injury in regions remote from the impact in
the contralateral brain. The consequence of convergent respiration,
the convergence of non-linear electron flow from both complexes I
and complex II to the Q-junction, and dependence on complex II
respiration post-TBI is further supported by the overall decrease in
ETSCI/ETSCI + CII in both sides of the injured brain and an overall increase
in ETSCII/ETSCI + CII compared to sham. Therefore, we speculate that
complex II-driven respiration may be a compensatory response to
maintain an increased bioenergetic output in the face of increased
demand and depressed complex I respiration following CCI, at least at
24 h post-TBI. Further support for compensatory mechanisms is the
increased complex IV activity. Our study suggests similar findings to a
published report in neonatal mice where global cerebral complex II
FAD-linked respiration takes priority over complex I NAD-linked respi-
ration following hypoxic ischemia (Niatsetskaya et al., 2012). In
contrast, other published data available suggests that complex II-
driven respiration is significantly reduced in mature brain following
CCI within hours of the injury and persists up to 17 days; however, in
these studies alterations in the ipsilateral brain were reported as a
percent of contralateralmitochondrial respiration using the contralater-
al side from an injured animal as an internal control (Gilmer et al., 2009;
Watson et al., 2013).; which, as our data suggest, may not be a surrogate
for sham respiration due to the significant increase in complex II-driven
respiration in the injured contralateral side. We speculate that the
differing response is due to the developmental age of the animals
studied; however, it is difficult to drawfinal conclusionswithout similar
control groups. Future studies will be critical to understand an age
specific time course of mitochondrial alterations following CCI, and
whether supplementation of complex II-driven respiration offers a ther-
apeutic advantage in pediatric traumatic brain injury.

As discussed, although contralateralmitochondrial respiration in the
injured brainmay not be comparable to shams, it may still be important
to compare contralateral and ipsilateral mitochondrial bioenergetics
following injury. Our results of global changes in bioenergetic function
occurring in the contralateral hemisphere following focal injury in a
large animal model correlates with rodent data depicting global alter-
ations in oxidativemetabolism (Scafidi et al., 2009) and neuropathology
(Hall et al., 2008), as well as human imaging data utilizing positron
emission tomography (Vespa et al., 2005). Compensatory increases in
contralateral mitochondrial respiration post-CCI may represent an
increase in mitochondrial respiration stimulated after injury that may
be necessary to limit secondary cascades of TBI in face of increasedmet-
abolic demand (Marcoux et al., 2008a; Robertson et al., 2006; Wright
et al., 2013). Therefore, there remains a significant difference between
the contralateral and ipsilateral sides of the injured brain for maximal
coupled and uncoupled oxidative phosphorylation by all measures; as
well as, a significant evolving lesion volume beyond 24 h (evaluated
with neuropathology and significant behavioral changes in our model;
data not shown); and other limited studies in rodents (Vespa et al.,
2005; Watson et al., 2013). Future research should focus on identifying
and targeting mitochondrial bioenergetic demands that improve out-
comes and are correlated to invasive neuromonitoring, neuroimaging,
and neurobehavioral outcomes (Kilbaugh et al., 2011; Scafidi et al.,
2010; Vespa et al., 2005; Watson et al., 2013). This is a critical step for
the screening and development of mitochondrial-targeted therapies
and the development of pre-clinical trials.
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LEAK respiration, State 4o, 24 h post-CCI of the ipsilateral side
displays no difference or is significantly decreased for all measures
(permg of tissue, FCR, and CS) compared to shams and the contralateral
side post-CCI. Once again this differs from reported results inmature ro-
dent models of CCI, which displayed a significant increase in State 40
respiration at 24 h in isolated mitochondria from ipsilateral tissue com-
pared to shams (Singh et al., 2006). This increase in State 40 respiration
seen at 24 h by Singh and colleagues in mature rodents is the primary
determinant of a decreased respiratory control ratio (RCR: State 3/
State 40; an indicator of overall phosphorylation coupling efficiency), a
result we do not find in the immature brain following CCI, where
RCRs are similar to sham RCRs at 24 h. The increase in LEAK, State 4o,
in the contralateral brain post-CCI combined with an increase in
OXPHOSCI + CII compared to sham likely represents an increase in
coupled convergent respiration. However, a limitation to comparing
our studies with conventional “Chance and Williams” State 3 and 4
respiration using only CI substrates, is that our study measures conver-
gent input from complex I and complex II substrates which produces a
higher proton motive force. The leak respiration (State 4o) under
these circumstances may differ. This could certainly affect the RCR
negatively and should be taken into account when making strict com-
parisons between techniques. Furthermore, FCCP titration before the
addition of oligomycin (OXHPOS state) would likely result in higher
maximal respiration but it would also prevent the possibility ofmeasur-
ing LEAK respiration in the same protocol. The findings demonstrate
that ATP-synthase/complex V activity is not rate limiting in immature
swine brain homogenate because the FCCP-induced respiration was
not higher than OXPHOS. The relative difference between the treatment
groups should however not be influenced since the protocol was identi-
cal. In addition, with these pilot studies in large animals it is possible
that techniques for harvesting and measuring respiration will improve
over time, as will coupled respiration, and we will certainly report this
in the future.

Finally, the profound reduction of citrate synthase activity within
the ipsilateral tissue post-CCI, by nearly 50%, is a critical finding since
CS is generally assumed to be the rate-limiting enzyme of the TCA
cycle and possibly a biomarker of mitochondrial content. We speculate
that decreased CS activity in the ipsilateral tissue may be associated
with significant oxidative injury in the at risk peri-contusional tissue
following focal impact, reflecting oxidative inactivation of CS, and/or a
loss of mitochondrial content (Chepelev et al., 2009). If CS is associated
with mitochondrial content, this is a staggering loss of functional
mitochondria following CCI in the ipsilateral tissue. We speculate that
macroautophagy or, more specifically, mitophagy may play a role in
the loss ofmitochondrial content seen at 24 h post-CCI, given the pauci-
ty of evidence of necrosis and cellular loss at this timepoint on neuropa-
thology in this peri-contusional region (Duhaime et al., 2003; Grate
et al., 2003;Weeks et al., 2014). Ourfindings at 24 h post-CCI are consis-
tent with findings in cortical tissue homogenates harvested from the
peri-contusional regions in adult rodents depicting significantly
decreased CS activity at 7 days post-TBI. Thus, by combining our results
with those previously published, we begin to delineate a time course of
rapid oxidative injury and/or decreased mitochondrial content, with a
rapid loss within 24 h and persisting for at least 7 days. Therefore, we
propose that interventions should be instituted early to limit the reduc-
tion of CS in tissue with potential viability and increased bioenergetic
demand (Watson et al., 2013).

5. Conclusion

We have evaluated the mitochondrial bioenergetic response to TBI
in a unique large animal translational platform of focal impact injury
and conclude that there are significant alterations in mitochondrial
respiration in the immature brain 24 h after TBI that vary by location
from focal injury. Alterations in complex I- and complex II-driven
respiration following injury identify opportunities for therapeutic

interventions in the immature brain to limit secondary injury and
support post-traumatic bioenergetic demand by substrate-directed re-
suscitation. Finally, this translational model expands our knowledge of
evolving mitochondrial techniques as well as the bioenergetic
response to a spectrum of TBI pathology in the immature brain; impor-
tantly, these techniques and findings will continue to inform advanced
pre-clinical trials in pediatric TBI.
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Traumatic brain injury (TBI) is an important health problem, and a leading cause of death in children worldwide.
Mitochondrial dysfunction is a critical component of the secondary TBI cascades. Mitochondrial response in the
pediatric brain has limited investigation, despite evidence that the developing brain's response differs from that
of the adult, especially in diffuse non-impact TBI. We performed a detailed evaluation of mitochondrial bioener-
getics using high-resolution respirometry in a swine model of diffuse TBI (rapid non-impact rotational injury:
RNR), and examined the cortex and hippocampus. A substrate-uncoupler-inhibitor-titration protocol examined
the role of the individual complexes as well as the uncoupled maximal respiration. Respiration per mg of tissue
was also related to citrate synthase activity (CS) as an attempt to control for variability in mitochondrial content
following injury. Diffuse RNR stimulated increased complex II-driven respiration relative to mitochondrial con-
tent in the hippocampus compared to shams. LEAK (State 4o) respiration increased in both regions, with de-
creased respiratory ratios of convergent oxidative phosphorylation through complex I and II, compared to
sham animals, indicating uncoupling of oxidative phosphorylation at 24 h. The study suggests that proportion-
ately, complex I contribution to convergent mitochondrial respiration was reduced in the hippocampus after
RNR, with a simultaneous increase in complex-II driven respiration. Mitochondrial respiration 24 h after diffuse
TBI varies by location within the brain. We concluded that significant uncoupling of oxidative phosphorylation
and alterations in convergent respiration through complex I- and complex II-driven respiration reveals therapeu-
tic opportunities for the injured at-risk pediatric brain.

© 2015 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Traumatic brain injury (TBI) is an important health problem and is
set to become the third leading cause of death and disability in the
world by 2020 (Coronado et al., 2011; Gean and Fischbein, 2010).

Diffuse TBI triggers a heterogeneous insult to the brain induced by
traumatic biomechanical shearing forceswhen the head is rapidly accel-
erated and/or decelerated, such as during player-to-player contacts in
sports settings, impacts after falls, or whiplash injuries in car crashes.

Axonal shear stretch leads to the opening of voltage-gated calcium
channels that, ultimately, precipitates mitochondrial dysfunction, bio-
energetic failure, and the release of secondary messengers that end in
apoptosis and death (Balan et al., 2013; Glenn et al., 2003; Lifshitz
et al., 2003; Marcoux et al., 2008; Ragan et al., 2013; Xu et al.,
2010).Thus, mitochondria play a central role in cerebral metabolism
and regulation of oxidative stress, excitotoxicity, and apoptosis in
acute brain injury; however, the mechanistic response and time course
followingdiffuse TBI, especially in the immature brain at differingdevel-
opmental stages, has limit investigation (Balan et al., 2013; Gilmer et al.,
2010; Lifshitz et al., 2004; Robertson et al., 2009). Furthermore, the chal-
lenge of extrapolating adultmodels of diffuse TBI to pediatricmodels in-
cludes developmental differences in biomechanical properties and
biological responses that vary in the infant, toddler, adolescent, and
adult (Grate et al., 2003; Ibrahim et al., 2010; S. Sullivan et al., 2015;
Weeks et al., 2014). In addition, there are critical differences in mito-
chondrial characteristics in the developing brain as it matures, such as
the number and density of complexes of the electron transfer chain,
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antioxidant enzyme activity and content, and lipid content (Bates et al.,
1994; Del Maestro andMcDonald, 1987). Taken together, the immature
brain's response to TBI changes during development from infancy
through adolescence and differs with injury mechanism (Armstead,
2005; Duhaime, 2006; Duhaime et al., 2000; Durham and Duhaime,
2007). These unique features of the developing brain underscore the
importance of characterizing the bioenergetic failure and cell death cas-
cades following TBI in the immature brain in order to develop age-
specific mitochondrial-directed neuroprotective approaches.

Previously we reported differences in the regional mitochondrial re-
sponses in neonatal piglets, age 3–5 days, followingdiffusewhitematter
injury using our large animal model (Kilbaugh et al., 2011). In our cur-
rent investigation, we have expanded our investigation to the 4-week
old animals with comparable neurodevelopment to a human toddler.
Furthermore, we expanded our previous techniques to investigate func-
tional mitochondrial respiration, within integrated mitochondrial net-
works of fresh brain tissue, to focus on pathologic metabolic pathways
following TBI.

2. Materials and methods

This study was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health, and was approved by the Institutional An-
imal Care and Use Committee of the University of Pennsylvania (Num-
ber: 803401). Four-week old (8–10 kg) piglets, with comparable
neurodevelopment to a human toddler, were studied (Armstead,
2005; Duhaime, 2006). In an effort to limit heterogeneity, only females
were used based on our prior work (Missios et al., 2009). Twenty-eight
piglets were randomly assigned to sham or injury cohorts, consisting of
a single rapid non-impact rotational injury in the sagittal plane (n= 18
injured-RNR, n = 10 naïve sham-RNR). Animals were sacrificed 24 h
after TBI.

2.1. Animal preparation

Anesthetic regimen included: 1) premedicationwith an intramuscu-
lar injection of ketamine (20 mg/kg) and xylazine (2 mg/kg), 2) induc-
tion: 4% inhaled isoflurane in 1.0 fraction of inspired oxygen via snout
mask, until abolishment of response to a reflexive pinch stimulus,
3) maintenance: 1% inhaled isoflurane via endotracheal tube with frac-
tion of inspired oxygen to 0.21. Buprenorphine (0.02 mg/kg) was also
delivered intramuscularly for analgesia prior to injury. A circulating
water blanket kept core body temperature constant between 36 and
38 °C (monitored via a rectal probe), and non-invasive blood pressure,
oxygen saturation, heart rate, respiratory rate, and end-tidal CO2 were
continuously monitored throughout the experiment (Surgivet Advisor
V9204; Smith Medical, Waukesha, WI).

2.2. Rapid non-impact rotational (RNR) injury

Diffuse closed head TBI was induced using an established rapid head
rotation technique described previously (Eucker et al., 2011; Ibrahim
et al., 2010; Raghupathi et al., 2004). While maintained on isoflurane,
the head of the piglet was secured to a bite plate by a snout strap.
Isoflurane was withdrawn immediately prior to injury, and the head
was rotated rapidly (10–15 ms) ventral-to-dorsal in the sagittal plane
with the center of rotation at the cervical spine. The peak angular veloc-
ity was nearly constant across the injured group, averaging 126 ± 0.72
rad/s.

Immediately after the RNR, the animal was removed from the injury
device. At this angular velocity, rotation direction, and age animals ex-
perienced a brief period of hypoactivity, irritability and gait instability.
Animals did not experience apnea or hemodynamic instability follow-
ing TBI.

Following RNR, animals had significant neurologic deficits, including
lethargy and longer periods of recumbancy, and unsteady gait com-
pared to shams. However, animals eventuallywere able to vocalize, am-
bulate, maintain body temperature and exhibit proper feeding and
drinking behaviors. These injuries are best described as mild-to-
moderate in severity, based on parallels with human clinical severity
classifications (Adelson et al., 2012; Miller et al., 2012) and neuropa-
thology findings 6 days after RNR (Weeks et al., 2014).

2.3. Preparation of tissue homogenates

At 24 h post-RNR, a craniotomywas performed and a 2 cm2 region of
left frontal cortexwas resected and both hippocampal regions extracted
rapidly (less than 10 s) and combined. As a starting point for our initial
large animal studies we chose 24 h as our terminal time-point for two
critical reasons: 1) we have documented significant injury with neuro-
pathology, imaging and behavior at this time point in our model of dif-
fuse TBI (Jaber et al., 2015; Kilbaugh et al., 2011, 2015; Weeks et al.,
2014), and 2) other investigators have documented bioenergetic and
mitochondrial alterations in rodents following diffuse TBI at this partic-
ular time point. The hippocampus and cortex were studied as the areas
of interest for two critical factors: 1) previous studies from our laborato-
ry have documented significant neuropathology and mitochondrial
dysfunction within these regions following RNR (Coats and Margulies,
2006; Eucker et al., 2011; Kilbaugh et al., 2011; Weeks et al., 2014),
and 2) if our hypothesis was consistent with previous findings in adults
and infants, and these areas of interest do exhibit alterations in mito-
chondrial functional pathways, then these findings would be instru-
mental in the evaluation of neurobehavioral outcomes in future
studies, linking mitochondrial bioenergetics and long-term outcomes
(S. Sullivan et al., 2013). Following extraction, tissue was placed imme-
diately in ice-cold isolation buffer (320 mM sucrose, 10 mM Trizma
base, and 2 mM EGTA). Blood and vasculature was dissected and 1 mg
of wet weight tissue was gently homogenized on ice in MiR05 buffer
(110mM sucrose, 0.5 mMEGTA, 3.0 mMMgCl2, 60 mMK-lactobionate,
10mMKH2PO4, 20mMtaurine, 20mMHEPES and 1.0 g/l fatty acid-free
BSA) using a 5 ml Potter–Elvehjem teflon-glass homogenizer to a con-
centration of 1 mg wet weight tissue/10 μl MiR05 buffer.

2.4. Mitochondrial high-resolution respirometry (HRR)

High-resolution Oxygraph-2 k (Oroboros Instruments, Innsbruck,
Austria) was used to measure mitochondrial respiration. The instru-
mentwas calibrated daily, as previously described, and respirationmea-
surements were obtained at a constant 37 °Cwith the addition of tissue
homogenates to a final concentration of 1 mg per ml of Mir05 buffer
(Kilbaugh et al., 2015). Oxygen consumption and oxygen flux were re-
corded using DatLab software (5.1, Oroboros Instruments, Innsbruck,
Austria).

A substrate, uncoupler, inhibitor titration (SUIT) protocol previously
used was specifically designed for porcine brain tissue (Kilbaugh et al.,
2015). Complex specific substrates and inhibitors allowed for the as-
sessment of respiratory capacities of the integrated electron transport
system (ETS) (Fig. 1). Complex I (CI), and complex II (CII) respiratory
capacities in brain tissue were evaluated separately; as well as with
pathways of convergent electron input through the Q-junction
(CI + II) using succinate and nicotinamide adenine dinucleotide
(NADH)-linked substrates (Gnaiger, 2009). An optimized dose of digi-
tonin, 1 μl (50mg/ml), necessary to achieve accurate and consistent ox-
idative phosphorylation capacity within synaptasomes using water-
soluble substrates, and achieve similar results in brain tissue homoge-
nates and isolated brain mitochondria (Kilbaugh et al., 2015, 2011). Ex-
ogenously administered cytochrome c did not induce a significant effect
on mitochondrial respiration at the optimal digitonin dose, indicating
an intact outer mitochondrial membrane (data not shown)
(Brustovetsky et al., 2002; Sims and Blass, 1986). Sequential additions
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included: malate (5 mM) and pyruvate (5 mM), followed by ADP
(1 mM) and glutamate (5 mM), measuring oxidative phosphorylation
capacity of complex I (OXPHOSCI), driven by the NADH-related sub-
strates. Succinate (10 mM) was added to stimulate maximal phos-
phorylating respiration capacity via convergent input through
complexes I and II (OXPHOSCI+CII). Oligomycin, an ATP-synthase in-
hibitor, stopped oxidative phosphorylation, inducing LEAK respira-
tion (LEAKCI+CII) or State 4o respiration. Maximal convergent non-
phosphorylating respiration of the electron transport system
(ETSCI+CII) was evaluated by titrating the protonophore, carbonyl
cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP), until no fur-
ther increase in respiration was detected. ETS capacity supported by
succinate was measured by adding a complex I inhibitor, Rotenone,
to reveal complex II-driven respiration (ETSCII). ETS electron flow
was inhibited by the complex III inhibitor antimycin-A (1 μg/ml), to
measure the residual oxygen consumption. This residual value was
subtracted from each of the measured respiratory states in the final
analysis. Finally, an addition of ascorbate (ASC, 0.8 mM) and
N,N,Nʹ,Nʹ-tetramethyl-p-phenylenediamine (TMPD, 0.5 mM), an
electron donor to complex IV, measured the activity of cytochrome
c oxidase. Complex IV-inhibitor sodium azide (10 mM) was added
and the remaining chemical background was subtracted to assess
complex IV activity, due to the high level of auto-oxidation of
TMPD. The protocol was identical in timing and sequence amongst
all groups, sham and injured.

2.5. Citrate synthase measurements

Following the completion of respirometry measurements, chamber
contents were stored and subsequently analyzed for citrate synthase
(CS) activity (μmol/mL/min) quantification (Citrate Synthase Assay
Kit, CS0720, Sigma). CS was used as a marker of brain metabolism sec-
ondary to its location within the mitochondrial matrix and importance
as the first step of the tricarboxylic acid cycle (TCA). In addition, some
investigators use CS as a surrogate measure of mitochondrial content
per mg of tissue (Bowling et al., 1993; Larsen et al., 2012).

2.6. Data analysis

Oxygen flux traces were measured automatically with a customized
Matlab (Mathworks, Natick,MA) (Kilbaugh et al., 2015). Statistical eval-
uation was performed using JMP Pro (SAS Institute Inc., version 10.0,
Cary, NC, USA).We compared tissuemitochondrial respiration between
injured and sham subjects with an unpaired, non-parametric Wilcoxon

ranked sum test with Dunn's multiple comparison tests. In addition,
pairedWilcoxon ranked sum testswere used to compare regionswithin
sham and injury groups. Differences were considered significant where
p b 0.05. All results are reported as mean ± standard error of the mean
(SEM).

3. Results

3.1. Mitochondrial content

We measured CS activity per mg of tissue; there were no differ-
ences between brain regions in sham animals (with cortical tissue
24.7 ± 4.5 μmol/mL/min and hippocampal 25.3 ± 6.7 μmol/mL/min,
p = 0.93) (Fig. 2). Diffuse RNR did not stimulate a significant decrease
in mitochondrial content following injury in either region (cortex
17.8 ± 0.4 μmol/mL/min, and hippocampus 16.8 ± 0.4 μmol/mL/min)

Fig. 1.Oxygen concentration and consumption example trace fromSUIT protocol. The graph depicts an illustrative trace of oxygen consumption rate using a substrate, uncoupler, inhibitor
titration (SUIT) protocol. Induced respiratory states and respiratory complexes activated are outlined below the x-axis. After stabilization at basal respiration with endogenous substrates,
and in the presence of digitonin, the SUIT protocol was executed as indicated above the oxygen concentration trace. M&P, malate + pyruvate; Glu, glutamate; Succ, succinate; Oligo,
oligomycin; Rot, rotenone; Anti-A, antimycin-A; ASC/TMPD, ascorbate and TMPD.

Fig. 2. Citrate synthase activity. In 24 h post-RNR there was no significant decrease in cit-
rate synthase activity in either region compared to sham animals (p=0.19 hippo and p=
0.29 cortex). Boxplots: Horizontal lines represent the median CS activity, with the box
representing the 25th and 75th percentiles, the whiskers the 5th and 95th percentiles,
and the outliers.
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compared to sham animals (cortex 24.7 ± 4.5 μmol/mL/min, p = 0.1
and hippocampus 25.3 ± 6.7 μmol/mL/min, p = 0.8) (Fig. 2). All mea-
sures of respiratory capacity within the mitochondrial ETS for each an-
imal were normalized to mitochondrial content by CS activity.

3.2. Rapid non-impact rotational (RNR) injury

We utilized a large animal model of diffuse TBI and evaluated mito-
chondrial respiration in two regions of interest following RNR injury:
cortex and hippocampus (Table 1). In sham animals, mitochondrial res-
piration by all measures were consistently higher in the hippocampus
compared to the cortex, and reached significance for ETSCII (p b 0.04)
and ETSCI+CII (p b 0.04) respiration when values were normalized for
mitochondrial content. Post-RNR, all measures of ETS respiration were
significantly higher (p b 0.001) in the hippocampal region compared
to cortical respiration (OXPHOSCI, ETSCII, OXPHOSCI+CII, ETSCI+CII,
LEAKCI+CII, and complex IV) following normalization for mitochondrial
content (Fig. 3).

We then compared each measure per CS and per mg of tissue in
sham and RNR injured animals, region by region. Complex I-linked res-
piration (OXPHOSCI) did not differ between RNR and sham animals in
the hippocampus (p = 0.4) or cortex (p = 0.6) when normalized by
CS activity (Fig. 3); however, OXPHOSCI expressed per mg of tissue
was significantly decreased (p b 0.05) in the cortex compared to
sham. Complex II-linked respiration (ETSCII) per CSwas significantly in-
creased by nearly 20% in the cortex (p b 0.05) and hippocampus (p =
0.02) post-RNR, compared to shams. Furthermore, unlike complex I-
driven respiration in the cortex, complex II-driven respiration normal-
ized by tissue weight was not significantly reduced following RNR in ei-
ther region. Maximal phosphorylating respiration (OXPHOSCI+CII) per
CS was significantly increased in the hippocampus post-RNR compared
to OXPHOSCI+CII in shams (p b 0.05), but was not altered in the cortex
by RNR injury (p = 0.3) (Fig. 3A). Maximal uncoupled non-
phosphorylating respiration (ETSCI+CII) per CS post-RNR did not change
from shams in either the hippocampus (p = 0.3) or cortex (p = 0.6)
(Fig. 3B). Both OXPHOSCI+CII and ETSCI+CII were significantly reduced
(p b 0.02) per mg of tissue in the cortex post-RNR compared to sham.
Following diffuse TBI, complex IV respiration per CS measured from
thehippocampus (p=0.4) and cortex (p=0.7)was similar to complex
IV respiration from corresponding regions in shams (Fig. 3B). LEAK
(LEAKCI+CII), or State 4o respiration, was significantly increased post-
RNR in hippocampal tissue when normalized by CS activity (p b 0.03)
(Fig. 3B), and per mg of tissue (p b 0.01) compared to shams. Cortical
tissue post-RNR also exhibited a significant increase in LEAK respiration
per CS (p b 0.02) compared to shams; and per mg of tissue (p b 0.05)
compared to shams.

Respiratory ratios were calculated for sham and RNR animals
(Table 2). The control ratio for OXPHOSCI+CII (OXPHOSCI+CII/LEAK) de-
creased significantly post-RNR compared to shams in the cortex
(p b 0.01) and hippocampus (p b 0.05) (Table 2). ETSCI+CII control

ratio (ETSCI+CII/LEAK) also decreased significantly post-RNR, compared
to sham animals (cortex: p b 0.006; Hippocampus: p b 0.01). The com-
plex I contribution to convergent respiration post-RNR (ETSCI/ETSCI+CII)
was significantly decreased in the hippocampus compared to sham (p b
0.05), and nearly significantly decreased in the cortex following RNR
compared to shams (p = 0.08) (Table 2). Consequently, the complex
II contribution to convergent respiration (ETSCII/ETSCI+CII) was signifi-
cantly greater in the hippocampus post-RNR compared to shamanimals
(p b 0.05), and the increase in the cortex post-RNR nearly reached sig-
nificance compared to sham (p = 0.06).

4. Discussion

We report differences inmitochondrial respiration between the cor-
tex and hippocampus in the uninjured immature brain. Our data differs
from the uninjured mature rodents where there were no reported dif-
ferences in basal mitochondria respiration in samples isolated from
the striatum, cortex and hippocampus (Sauerbeck et al., 2011).
Twenty-four hours after a diffuse traumatic injury to the immature
brain, interesting mitochondrial bioenergetic responses emerged, with
diffuse injury inducing a significant uncoupling of oxidative and non-
oxidative phosphorylation in both the cortex and hippocampus. LEAK
respiration, State 4o, was significantly increased in both the injured cor-
tical and hippocampal tissues compared to their corresponding regions
in sham animals. This increase in LEAK respiration (State 4o) in both re-
gions is the predominant factor that influences a significant decrease in
RCRs (OXPHOSCI+CII (State 3)/LEAK (State 4o)), especially in the hippo-
campuswhereOXPHOSCI+CII is significantly increased compared to hip-
pocampal respiration in shams. Our assessments of functional
mitochondrial bioenergetics, 24 h after diffuse TBI, differs from our pre-
viously published data in focal injury at the same time-point (Kilbaugh
et al., 2015). While there seems to be a common dependence on com-
plex II-driven respiration following both focal and diffuse TBI, diffuse
TBI displayed significant uncoupling of oxidative phosphorylation
which was not seen in injured tissue following focal TBI (Kilbaugh
et al., 2015). The differences inmitochondrial response followingdiffuse
and focal TBI, at similar time-points, emphasizes the heterogeneity of
brain injury pathology. Thus, investigations of mitochondrial metabolic
pathways following differing injury mechanisms are essential to direct
future mitochondrial intervention trials in TBI.

Control ratios ETSCI/ETSCI+CII and ETSCII/ETSCI+II further support the
notion that complex I respiration is impaired to some degree following
injury, especially in the hippocampus, while convergent respiration via
complex II respiration is stimulated at 24 h post-RNR. This potential
compensatory response in convergent respiration may stimulate a sig-
nificant increase inmaximal phosphorylating respiration anda trend to-
ward increased maximal non-phosphorylating respiration in the
hippocampus compared to hippocampal mitochondrial respiration in
shams. The relative increase in complex II-driven respiration in the cor-
tex and hippocampus when normalized for mitochondrial content may

Table 1
Respiration of brain tissue homogenates from sham and diffuse rapid non-impact rotational TBI.

Respiratory parameters Per mg of tissue (pmols O2/s ∗ mg) Per CS activity (pmols O2/s ∗ mg ∗ CS)

Sham (n = 10) RNR (n = 18) Sham (n = 10) RNR (n = 18)

Cortex Hippo Cortex Hippo Cortex Hippo Cortex Hippo

OXPHOSCI 38.0 ± 2.7 39.6 ± 2.8 29.7 ± 1.8⁎ 35.9 ± 2.8 1.6 ± 0.2 1.9 ± 0.3 1.8 ± 0.1 2.3 ± 0.1
ETSCII 41.6 ± 2.1 47.3 ± 3.1 36.7 ± 2.4 47.8 ± 3.3 1.9 ± 0.1 2.4 ± 0.4 2.3 ± 0.1⁎ 3.2 ± 0.1⁎
OXPHOSCI+CII 76.0 ± 4.0 80.6 ± 6.0 67.7 ± 1.9⁎ 82.4 ± 3.5 3.4 ± 0.4 4.0 ± 0.6 3.9 ± 0.1 5.2 ± 0.2⁎

ETSCI+CII 61.2 ± 3.1 67.6 ± 3.9 51.2 ± 1.8⁎ 66.1 ± 2.3 2.7 ± 0.3 3.4 ± 0.5 3.0 ± 0.1 4.1 ± 0.1⁎

Complex IV 106.4 ± 5.5 121.5 ± 8.3 98.3 ± 5.9 118.5 ± 3.5 5.1 ± 0.6 5.9 ± 0.9 5.7 ± 0.4 7.3 ± 0.2⁎

LEAKCI+CII 13.9 ± 0.9 16.3 ± 0.8 16.1 ± 0.9⁎ 19.2 ± 0.6⁎ 0.67 ± 0.2 0.86 ± 0.1 0.93 ± 0.2⁎ 1.2 ± 0.04⁎

Mitochondrial respiration of brain tissue homogenates from the cortex (cortex) and hippocampus (hippo) region in two cohorts: sham and 24 h post-Rapid non-impact rotational injury
(RNR). Respiration is expressed per mg of tissue (pmols O2/s ∗mg), and per citrate synthase activity (pmols O2/s ∗ CS) to normalize data for mitochondrial content. Presented as mean±
SEM; For definitions of respiratory states and substrates utilized, please see Fig. 1.
⁎ p b 0.05 significant different from corresponding sham region.
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be a compensatory response at 24 h in an attempt to increasemitochon-
drial bioenergetic output.We also speculate that the increase in regional
hippocampal maximal phosphorylating mitochondrial respiration
(OXPHOSCI+CII) may be related to increased excitability of hippocampal
tissue secondary to pathologic changes in inhibitory function following
TBI, triggering increased bioenergetic need to compensate for ongoing
secondary injury (Witgen et al., 2005). Yoshino and colleagues present-
ed evidence in rats that hypermetabolism occurred post injury in both
the cortex and hippocampus, with an especially marked response in
the hippocampus (84.4–91% higher than control) compared to the cor-
tex (30.1–46.6%); however, this hypermetabolic phase only lasted 6 h

before the rodents transitioned to a hypometabolic phase lasting as
long as 5 days (Yoshino et al., 1991). With limited research available,
the time course and mechanistic response to a purely diffuse injury re-
mains unclear. Future research will need to be conducted to establish
correlations between alterations in mitochondrial bioenergetics and
outcomes in diffuse immature brain injury.

In addition, an increase in LEAK respiration may represent mito-
chondrial membrane permeability transition (mPT) and a loss of func-
tional integrity with a dissipation of the proton motive force, or a
“protective” uncoupling that limits ATP production to inhibit secondary
injury. State 4o or LEAK respiration is determinedmainly by proton leak
across the inner membrane mediated by endogenous uncoupling pro-
teins (UCPs), which utilize free fatty acids energy potential to translo-
cate protons. When LEAK respiration increases, there is a resultant
reduction in themitochondrial membrane potential (ΔΨ) and ATP pro-
duction; however, despite the loss of ATP production transient or mild
uncouplingmay confer neuroprotective properties by limiting ROS gen-
eration, mitochondrial Ca2+ uptake, and limiting excitotoxic neuronal
death (Brand, 2000; Brookes, 2005; Mattiasson et al., 2003;
Perez-Pinzon et al., 2012; P. G. Sullivan et al., 2004). This may involve
the release of free fatty acids (FFA) that stimulate UCPs, especially
UCP2, as a protective anti-ROSmechanism; and, future study will eluci-
date the mechanism and time courses involved in the immature brain.
The timing and mechanism is extremely important, because this
uncoupling may limit the ability of mitochondria to increase oxidative
phosphorylation in response to ongoing and persistent bioenergetic

Fig. 3.Mitochondrial respiration from RNR injured and shams normalized by mitochondrial content (citrate synthase) measured 24 h post TBI. A) At 24 h post-RNR Complex II-driven
respiration, ETSCII and maximal, coupled phosphorylating respiration OXPHOSCI+CII was significantly increased compared to hippocampal respiration from sham animals. B) In addition,
LEAKCI+CII respiration is significantly increased in both injured regions compared to corresponding regions in sham animals. Presented asmean±SEM. For definitions of respiratory states
and substrates utilized please see Fig. 1. Bars, p b 0.05.

Table 2
Respiratory ratios of brain tissue homogenates from sham and diffuse rapid non-impact
rotational TBI.

Respiratory ratios Sham (n = 10) CCI (n = 18)

Cortex Hippo Cortex Hippo

OXPHOSCI+CII/LEAK 5.7 ± 0.4 5.0 ± 0.3 4.3 ± 0.2⁎ 4.3 ± 0.2⁎

ETSCI+CII/LEAK 4.6 ± 0.4 4.3 ± 0.2 3.3 ± 0.2⁎ 3.4 ± 0.1⁎
ETSCI/ETSCI+CII 0.32 ± 0.02 0.31 ± 0.02 0.29 ± 0.04 0.28 ± 0.04⁎
ETSCII/ETSCI+CII 0.68 ± 0.02 0.69 ± 0.02 0.71 ± 0.01⁎ 0.72 ± 0.04⁎
ETSCII/ETSCI 2.32 ± 0.23 2.40 ± 0.17 3.1 ± 0.34⁎ 3.33 ± 0.33⁎

Respiratory ratios were also calculated. ETSCI was calculated by subtracting ETSCI+CII

minus ETSCII. Presented as mean ± SEM; For definitions of respiratory states and sub-
strates utilized, please see Fig. 1.
⁎ p b 0.05 significant different from corresponding sham region respiratory ratio.
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needs following TBI. Future studies will be performed to delineate the
exact molecular cascades and injury timelines in response to diffuse
injury.

In our previous study of 3–5-day-old infant piglets we showed that
24 h after RNR there was a significant reduction in maximal phosphory-
lating respiration (State 3) and a trend toward increases in State 4o respi-
ration compared to sham respiration in both the hippocampus and the
cortex, lowering the overall respiratory control ratio (Kilbaugh et al.,
2011). To compare the injury severity between these studies, the total in-
jury volume was measured by β-APP reactivity and hematoxylin and
eosin stain via histopathology in a group of N = 10 4-week-old piglets
with the sameRNR in the sagittal direction as the current study,which re-
sulted in an average total injured volume of 0.79± 0.08%. In our previous
study with 3–5-day-old piglets (n = 5), also with a sagittal RNR injury,
there was a significantly higher average injured volume of 2.18 ±
0.02%. Based on these findings we postulate that a greater severity of in-
jury post-RNR stimulates a greater reduction inmitochondrial respiration.
This postulate correlates with previous work in mature rodents that
shows TBI results in the disruption of brain bioenergetics and the resul-
tant bioenergetic deficits are proportional to the degree of severity
(Marklund et al., 2006). In more severe brain injury, levels of ATP and
other indicators of mitochondrial bioenergetics are significantly reduced
at 24 h and remain depressed for days or weeks (Tavazzi et al., 2005).
Conversely, animals with mild TBI (mTBI) had the lowest value of ATP
levels at 6 h with a gradual resolution near sham levels by 24 h that
showed no statistical difference by 5 days post-injury with control ani-
mals (Signoretti et al., 2001). A limitation of drawing a direct comparison
from our study to studies that quantified ATP levels is that respirometry
provides a functional surrogate marker of ATP synthesis by measuring
maximal coupled and uncoupled respiration. The difference between
our current study and the previous post-RNR study may be due to devel-
opmental differences between infant and toddler, differences in method-
ology with isolated mitochondrial and tissue homogenates, or the
possibility that itmay be secondary to injury severity and its effects onmi-
tochondrial function. Further study is critical to understand age-related
alterations in mitochondrial bioenergetics, time course of mitochondrial
dysfunction, and the effect of injury severity on both age and time course.

4.1. Limitations

Our pilot study of functional, integrated mitochondrial bioenergetic
pathways following diffuse TBI generates questions about the complex
mechanisms of secondary brain injury following diffuse TBI. Future
studies will expand our molecular investigations, including isolated mi-
tochondria and spectrophotometric analysis, to further interrogate the
electron transport complex and develop a more complete understand-
ing of the adaptive response and ongoing secondary injury. Finally, in
our current experiment there is some variability in our CSmeasurement
in the sham animals which we have not found in our previous studies
(Kilbaugh et al., 2015). This was a large animal study with smaller
group sizes, and although a small number of animals fell outside of
the standard deviationwedid not feel that it was appropriate froma rig-
orous scientific/statistical standpoint to exclude these animals from the
sham cohort. We presented the data in multiple ways, including data
measures independent of the CS, and drew our conclusions based on
all measures of the data.

5. Conclusion

We conclude that there are significant alterations in mitochondrial
respiration 24 h after diffuse TBI that vary by location within the
brain. In addition, our data suggest that followingdiffuse TBI there is sig-
nificant uncoupling of oxidative phosphorylation and alterations in con-
vergent respiration through complex I- and complex II-driven
respiration. Thus, the results of our immature translational large animal
model suggest therapeutic benefit for strategies that support oxidative

phosphorylation and bioenergetic output in the developing brain after
TBI.
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Paediatric mitochondrial disease due to complex I (CI)
deficiency is a heterogeneous group of disorders, and can be
due to alterations in either the nuclear or mitochondrial

genome. It is the most prevalent defect in the respiratory chain in
paediatric patients and often leads to serious or fatal neurological
presentations, such as Leigh syndrome1. There are currently very
limited evidence-based treatment options directed towards
mitochondrial respiratory chain dysfunction2,3. Succinate is a
mitochondrial substrate metabolized through complex II (CII).
It is not cell membrane-permeable and exogenously given
succinate has limited uptake into cells.

Here we describe that cell membrane-permeable prodrugs of
succinate provide increased ATP-linked mitochondrial oxygen
consumption in CI-deficient human cells and tissues, which offers
a potential future intervention for patients with metabolic
decompensation due to mitochondrial CI dysfunction.

Results
Drug development and screening. In a drug discovery program,
450 different prodrugs of succinate4 were designed, synthesized
and evaluated for cell permeability and ability to support
respiration independent of CI in human peripheral blood cells
from healthy donors (platelets and mononuclear cells (PBMCs))
using an Oroboros O2k respirometer. Three compounds were
selected for further evaluation: NV101-118 (NV118, diacetoxy-
methyl succinate), NV101-189 (NV189, bis-(1-acetoxy-ethyl)
succinate) and NV101-241 (NV241, 1-acetoxyethyl acetoxy-
methyl succinate) (Fig. 1a). This article focuses on NV189, but
qualitatively the results for all three prodrugs were similar and data
on the other compounds are presented as Supplementary Figs.

Increased CII-linked respiration. At 100mM, NV189 increased
mitochondrial oxygen consumption in intact platelets with CI
inhibition induced by the mitochondrial toxin rotenone (2 mM).
Neither succinate nor monomethyl succinate, a monoester of
succinate previously reported to be cell permeable5, increased
mitochondrial respiration (Fig. 1b; Supplementary Fig. 1a).
In cells with normal CI function, oxygen consumption was
also increased upon addition of 100mM NV189 (Fig. 1c;
Supplementary Fig. 1b). To exclude the possibility that
increased respiration was due to an induction of proton leak
through the mitochondrial inner membrane (uncoupling), the
platelets were treated with the ATP synthase inhibitor
oligomycin. This prompted a significant decrease in oxygen
consumption, which indicates the extent of respiration linked to
ADP phosphorylation (Fig. 1c; Supplementary Fig. 1b). Increased
substrate supply, rather than uncoupling, was further
demonstrated by measuring mitochondrial inner membrane
potential with the positively charged membrane-permeable
probe tetramethylrhodamine methyl ester (TMRM) in non-
quench mode using fluorescence-activated cell sorting. TMRM
fluorescence was increased in CI-inhibited human platelets
upon addition of 250 mM NV189 and fluorescence increased
further with ATP synthase inhibition, indicating mitochondrial
membrane hyperpolarization (Fig. 1d). Cells with maximal
uncoupled respiratory chain activity via titration of the
protonophore carbonyl cyanide p-(trifluoromethoxy) phenyl-
hydrazone (FCCP) increased oxygen consumption even more
with addition of 250 mM NV189, further indicating increased
substrate supply to the respiratory chain (Fig. 1e; Supplementary
Fig. 1c). In blood cells, pre-permeabilized with the detergent
digitonin, 250mM NV189 did not induce any increase in
respiration, while succinate control did, showing the need for
intracellular metabolism for succinate to be released and made
available to the mitochondria (Fig. 1f; Supplementary Fig. 1d).

To confirm that the increase in respiration is specifically due
to respiration through CII, a cell-permeable prodrug of the
CII inhibitor malonate, NV01-161, (NV161, diacetoxymethyl
malonate, Fig. 1h) was designed, synthesized and evaluated
(Supplementary Fig. 2). Intact cells exposed to succinate prodrugs
were treated with NV161 with ensuing decrease in respiration
(Fig. 1g; Supplementary Fig. 1e). The applicability of the platelet
data to other cell types was evaluated by assessing respiration in
PBMCs treated with NV189 with or without CI inhibition with
similar results to those in platelets (Fig. 1i,j; Supplementary
Fig. 1f,g).

Paediatric mitochondrial diseases primarily display symptoms
from energy intense organs such as the liver, brain, muscles,
retina and cochlea. In some reports, 30–40% of paediatric patients
with respiratory chain CI dysfunction present with cardio-
myopathy6,7, a condition that is linked to higher mortality8.
Human atrial heart muscle biopsies from elective surgery were
acquired and the fibres gently separated using forceps. The fibres
were incubated with the CI inhibitor rotenone and subsequently
treated with succinate prodrug, eliciting an increase in oxygen
consumption (Fig. 1k; Supplementary Fig. 1h).

Attenuated lactate production. A hallmark of mitochondrial
disease is lactic acidosis. When the mitochondrial energy pro-
duction fails to comply with demand, pyruvate is converted to
lactate to maintain the NADþ pool, causing increased lactate
levels and decreased pH in blood and cerebrospinal fluid in the
patients. About 80% of patients with mitochondrial disease
show signs of lactate accumulation6,8,9. We incubated human
platelets with or without 2 mM rotenone and measured lactate
accumulation in media over time. With CI inhibition, the cells
displayed a significantly higher lactate production than control,
4.30±0.24 mmol lactate per 109 cells per hour compared
with control level 1.73±0.5 (regression slope±s.d.), but with
incubation with NV189 the rotenone-induced lactate production
was similar to control level (1.26±0.19). To verify the viability of
the cell preparation, the glycolytic pathway upon drug addition
and the specificity of CII-mediated ATP supply, cells were
incubated with NV189, rotenone and an inhibitor of the
downstream respiratory chain complex III (antimycin A,
1 mg ml" 1), eliciting lactate production at the level of that of
rotenone alone (4.44±0.19; Fig. 1m,n; Supplementary Fig. 1i).

Metabolomics confirms metabolism of delivered succinate. To
elucidate the intracellular metabolism of NV189, a metabolomic
assay was performed on PBMCs from four healthy donors. Cells
were incubated with or without rotenone and with or without
NV189 for 20 min. Using quantitative capillary electrophoresis
mass spectrometry (CE-MS), the concentrations of 116 metabolites
were determined. Delivery of intracellular succinate and ana-
plerosis of tricarboxylic acid (TCA) cycle intermediates were
confirmed (Fig. 2a; Supplementary Fig. 3). The lactate:pyruvate
ratio was increased when cells were inhibited with rotenone and
normalized when the cells were treated with NV189 (Fig. 1l).
No conclusive alterations due to drug treatment in metabolism of
succinyl-CoA-related amino acids or glycolysis could be shown.
Levels of cysteine were decreased, which could indicate oxidative
stress. To investigate the time course of intracellular metabolism of
delivered succinate, [1, 2, 3, 4-13C4]NV118 was synthesized,
whereby the carbon atoms in NV118 that upon release would
comprise the four carbon atoms in succinate were enriched with
the stable isotope 13C. This distinguishes between endogenous
TCA cycle intermediates and metabolites originating from the
prodrug-delivered succinate. NV118 rather than NV189 was used
due to relatively less complex synthesis. Human platelets were then
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incubated with [1, 2, 3, 4-13C4]NV118 for 7.5, 15, 30, 120 and
240 min. Even at the first time point, [13C4]malate and
[13C4]citrate were observed, demonstrating rapid entry of
[13C4]succinate into the TCA cycle (Fig. 2b). There was also
[13C6]citrate present, which indicates that [13C]oxaloacetate or

[13C]malate had converted to pyruvate and through acetyl-CoA
formed citrate with [13C4]oxaloacetate (Fig. 2b; Supplementary
Fig. 4), demonstrating continuous metabolism in the TCA cycle.
The ratio of labelled species gradually declined with time but still
after 240 min, there was a supply of labelled succinate available.
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Respiration increased in Leigh syndrome patient fibroblasts.
To evaluate the effect of NV189 on patient cells, fibroblasts from
a patient with Leigh syndrome due to recessive nuclear DNA
mutations in the structural CI gene NDUFS2 and three control
cell lines were investigated using a Seahorse Bioscience XFe 96
Extracellular Flux Analyzer (Fig. 3; Supplementary Fig. 5). The
patient fibroblasts have previously been shown to exhibit severely

decreased activity of CI, decreased CI assembly and lower
expression of CI structural proteins10. Pooled data from all
experiments (Fig. 3c,d; Supplementary Fig. 5c,d) revealed a 25%
decrease in basal oxygen consumption rate (OCR) and a 42%
reduction in maximum uncoupled respiration in the Leigh
syndrome patient cells compared with the mean of the control
cell lines. After addition of NV189, the OCR was similar between
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Figure 2 | Intracellular metabolism of exogenous prodrug-delivered succinate. (a) TCA cycle intermediates in peripheral blood mononuclear
cells after 20 min incubation with or without rotenone and NV189 quantified using capillary electrophoresis mass spectrometry, n¼4. Data presented
as mean and s.d. (b) Fraction of [13C] isotope labelled carbons in TCA cycle intermediates and related metabolites in human platelets incubated with
[1, 2, 3, 4-13C4]NV118 for 7.5, 15, 30, 120 or 240 min. Mean of n¼ 2. 2-OG, 2-oxoglutaric acid.

Figure 1 | Effects of mitochondrial complex II stimulation by the succinate prodrug NV189. (a) Structures of NV118, NV189 and NV241, succinate
highlighted in red. (b) Respiration in platelets (plts) with rotenone-induced mitochondrial complex I (CI) inhibition. (c) ATP-generating respiration in
platelets. (d) Mitochondrial membrane potential in complex I-inhibited platelets, ratio of basal TMRM fluorescence, n¼4. (e) Respiration in platelets with
FCCP-induced uncoupling. (f) Respiration in digitonin-permeabilized platelets. (g) Effect on respiration in platelets with addition of the cell-permeable
complex II inhibitor NV161, * indicate significant difference between NV161 and vehicle, n¼4. (h) Structure of NV161, malonate highlighted in red.
(i) Respiration in peripheral blood mononuclear cells (PBMCs) with rotenone-induced CI inhibition, n¼4. (j) Convergent respiration in PBMCs, n¼4,
* indicate significant difference between pre and post dosing. (k) Respiration in human heart muscle fibres (HHMFs), n¼ 5. (l) Lactate:pyruvate ratio in
PBMCs at baseline, after rotenone CI inhibition and after treatment with NV189, n¼4. * indicates significant difference using Friedmans non-parametric
paired test with Dunn’s multiple comparisons test of all groups against control. For three data points, pyruvate was below detection limit and the estimated
lower-quantification limit was used for calculating the ratio. (m) Lactate accumulation in 2 ml buffer containing 400$ 106 platelets, incubated with or
without rotenone, antimycin A and NV189, n¼ 5. (n) Lactate production in platelets, data quantification from previous panel. Mean with 95% confidence
interval. All respirometric experiments in human platelets were performed with n¼6 individuals donors if not otherwise stated. All data presented as mean
and s.e. if not otherwise stated. In all experiments, blood cells from separate donors are used for each n. *Po0.05, **Po0.01, ***Po0.001 (two-tailed
paired or unpaired Student’s t-test as appropriate, difference between test compound and control if not otherwise stated).
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patient and controls (Fig. 3d; Supplementary Fig. 5d). The patient
cells had lower maximum respiration compared with control
cells, but in the presence of NV189 the OCR of patient cells was
similar to that of untreated control cells (Fig. 3e and
Supplementary Fig. 5e). After rotenone inhibition of CI, both
cell types elicited clear remaining respiratory activity in cells
treated with NV189 (Fig. 3f; Supplementary Fig. 5f). The relative
contribution of flux through CII to maximum uncoupled
respiration for NV189 was 4.8% in the control cell lines and
3.8% in the Leigh syndrome cells. With treatment, this increased
to 15.9% in control cells and to 28.8% in patient cell (Fig. 3g,h;
Supplementary Fig. 5g,h), illustrating the dependence of CII
substrates in the patient cells to reach normal respiratory
function. When patient cells were treated with the prodrugs,
the spare respiratory capacity (respiratory reserve, the ability of
the cells to increase respiration from the endogenous baseline) as

percentage of the endogenous baseline was similar to that of the
control cell lines (Fig. 3i; Supplementary Fig. 5i). Succinate or
dimethyl succinate (an ester previously suggested to be cell
permeable11,12) did not exert any effects on either cell type
(Supplementary Fig. 6).

Discussion
Mitochondrial disorders frequently present early in life with
failure to thrive, myopathy and neuropathy, but the symptoms
are very diverse13. At least 1 in 8,000 births will develop a
mitochondrial disease14. Mitochondrial diseases are usually
progressive and have a fluctuating clinical course. Periods of
deterioration, such as during an intercurrent viral infection,
are prompted by the increase in metabolic demand that the
mitochondria cannot compensate for, resulting in metabolic
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Figure 3 | Succinate prodrug treatment of mitochondrial complex I-deficient Leigh syndrome patient fibroblasts. (a,b) Oxygen consumption rate (OCR)
in three control fibroblast cell lines and a mitochondrial complex I-deficient cell line (recessive NDUFS2 mutation) treated with NV189 or vehicle.
(c–f) Quantification of OCR in control and patient fibroblasts for each respiratory state. (g,h) Relative contribution of complex I- and complex II-linked
respiration to maximum uncoupled respiration in patient cells and control cell lines. (i) Spare respiratory capacity, defined as per cent increase from
endogenous baseline to maximum uncoupled respiration. Data presented as mean and s.e. of n¼ 3 experiments from separate cell culture flasks performed
with eight technical replicates each time for each cell lines. Data from the three control cell lines are pooled. *Po0.05 (two-tailed unpaired Student’s t-test,
difference between Leigh and control cell lines).
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decompensation15. It is an area of large unmet medical need as
few evidence-based treatment options are available2. We describe
here three model compounds of the first generation of a new
pharmacological strategy to metabolically support these patients
during time of metabolic decompensation. The current
compounds lack sufficient plasma stability to be suitable for
in vivo use. A cell-permeable prodrug of succinate can enter the
cell independent of active uptake and subsequently release
succinate. By supplying the mitochondria with substrates for
CII, cells that are unable to comply with metabolic demand due to
limitations at CI, or upstream thereof, may increase ATP
production through oxidative phosphorylation, demonstrated
here by the normalization of spare respiratory capacity in
metabolically defect patient cells (Fig. 3i). By supporting aerobic
metabolism, the relative dependence on glycolysis for ATP
generation is alleviated and lactate production is attenuated
(Figs 1n and 4). Utilizing a cell-permeable prodrug strategy to
deliver a TCA cycle intermediate to the intracellular space is a

feasible pharmacologic strategy with potential benefit in
conditions affecting mitochondrial function, such as CI
dysfunction or TCA cycle intermediate depletion in organic
acidemias. Here we demonstrate that prodrug-delivered succinate
can alleviate metabolic decompensation due to CI-related
mitochondrial dysfunction.

Methods
Human peripheral blood cells. The blood cell protocols were approved by the
regional ethics committee of Lund University, Sweden (permit no. 2013/181), and
written informed consent was acquired from each participant. From healthy
volunteers, venous blood was drawn to K2EDTA tubes (Vacutainer, BD, Franklin
Lakes, USA) via venous puncture. Platelets were isolated with consecutive
centrifugation steps as previously described16. Peripheral blood mononuclear cells
(PBMCs) were isolated using Lymphoprep (Axis-Shield, Dundee, Scotland).
Erythrocytes and PBMCs were loosely pelleted by 10 min centrifugation at 500g.
The pellet was resuspended in saline, layered on a Ficoll gradient and
centrifuged at 800g for 20–30 min. The resulting leukocyte layer was collected,
resuspended in saline and pelleted by 5 min centrifugation at 250g. The supernatant
was removed and the pellet resuspended in 100–200 ml of saline. Blood cells were
counted using an automated hematocytometer (SweLab Alfa, Boule Diagnostics,
Sweden). The number of biological replicates (blood cells derived from different
individual donors) are provided in the respective figure legends for all experiments.

Human cardiac muscle samples. Biopsies of human cardiac muscle were
obtained at the Department of Cardiothoracic Surgery, Skåne University Hospital,
Lund, Sweden. Pre-surgery informed consent was obtained from patients under-
going planned open-heart surgery such as mitral valve repair or maze procedure
for treatment of atrial fibrillation. Only superfluous tissue that otherwise would
have been discarded or located behind the suture line for the cannulation catheter
was collected (up to 2 g was collected, 50–100 mg used for each experiment).
Ethical permission was granted by the regional ethical review board of Lund,
Sweden (permit no. 2013/271, 2013/701). The biopsy was immediately transferred
to ice-cold preservation solution (BIOPS; 10 mM Ca-EGTA buffer, 0.1 mM free
calcium, 20 mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM dithiothreitol,
6.56 mM MgCl2, 5.77 mM ATP and 15 mM phosphocreatine, pH 7.1). It was
thereafter dissected under microscope using forceps to gently separate the fibres
and remove any fat and connective tissue. Biopsy wet weight was obtained before
respiratory measurements (Precisa 40SM-200A, Abbot, USA).

Cultured fibroblasts. Permit for research on fibroblasts was granted by the
Newcastle and North Tyneside 1 NRES Committee (REC reference 2002/205).
A cultured skin fibroblast cell line from a patient with clinical Leigh syndrome due
to a deficiency in the nuclear encoded structural mitochondrial CI protein NDUFS2
(p.Arg118Gln; p.Met292Thr mutations), and relevant control cell lines from
healthy donors were provided by the Wellcome Trust Centre for Mitochondrial
Research at Newcastle University, UK10. The fibroblasts were cultured in minimum
essential medium (MEM) supplemented with 10% fetal bovine serum, 1% MEM
vitamins, 1% MEM non-essential amino acids, 2 mM L-glutamine, 50 mg ml" 1

streptomycin, 50 U ml" 1 penicillin, 50 mg ml" 1 uridine and 1 mM sodium
pyruvate at 37 !C and 5% CO2. Cells were collected using trypsin and split or used
for analysis at B70–80% confluence and counted using an automated cell counter
(TC20, Bio-Rad, Hercules, USA).

Respirometry. For cells in monolayers, the Seahorse Bioscience XFe 96
Extracellular Flux Analyser (Seahorse Bioscience, North Billerica, USA) was the
instrument of choice, and for cells in suspension such as blood cells the Oroboros
O2k (Oroboros Instruments, Innsbruck, Austria) was used. Respiratory measure-
ments using Oroboros O2k were performed in stirred (750 r.p.m.) 2 ml glass
chambers at 37 !C. The media MiR05 (sucrose 110 mM, HEPES 20 mM, taurine
20 mM, K-lactobionate 60 mM, MgCl2 3 mM, KH2PO4 10 mM, EGTA 0.5 mM and
bovine serum albumin 1 g l" 1, pH 7.1) was used in all experiments16,17. Data were
recorded using the DatLab software version 4, 5 or 6 (Oroboros Instruments).
Correction for instrumental background and air calibration was performed
according to the manufacturer’s instructions.

All experiments with platelets were performed with cell concentrations of
200$ 106 cells per ml and all experiments with PBMCs with 5$ 106 cells per ml.
In experiments with human heart fibres, B10 mg of tissue was used in each run.
To inhibit mitochondrial CI, rotenone (2 mM) was used and to inhibit
mitochondrial complex III, antimycin A (1mg ml" 1) was used. ATP synthase was
inhibited using oligomycin (1mg ml" 1), evaluating the contribution of respiration
independent of ADP phosphorylation. Maximum uncoupled respiration of the
electron transport system was induced by titration of the protonophore carbonyl
cyanide FCCP until no further increase in respiration was detected. The test
compound or control substances (succinate, dimethyl succinate, monomethyl
succinate, malonate, dimethyl malonate or dimethylsulphoxide (DMSO)) were
dosed as indicated in each figure.
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Respirometric measurements in fibroblasts were performed using a Seahorse
Bioscience XFe 96 Extracellular Flux Analyzer. The day before the experiment,
fibroblasts were seeded out at 25,000 cells per well in cell growth medium in
collagen-coated 96-well plates and kept at 37 !C and 5% CO2 overnight. Before the
experiment, the growth medium was replaced by XF-Base Medium containing
2 mM L-glutamine, 5 mM sodium pyruvate and 10 mM glucose (pH 7.4) and the
cells were kept at 37 !C 1 h at atmospheric O2 and CO2. Oxygen consumption was
measured at routine state and after addition of 500 mM of NV241 or NV189, its
vehicle DMSO, dimethyl succinate or disodium succinate, followed by different
concentrations of FCCP (0.125, 0.5, 1.0 and 1.5 mM), 2 mM rotenone and 1 mg ml" 1

antimycin A. After FCCP and drug addition, the first data point was generally used,
if not another data point was clearly higher, and for the remaining states the last
data point before the subsequent addition was used. The FCCP dosing resulting in
the highest uncoupled respiration was chosen for analysis for each experiment with
each cell line and treatment.

All respirometric measurements, with the exception of the human heart fibre
data, were corrected for non-mitochondrial oxygen consumption, obtained after
the addition of antimycin A.

Lactate. Platelets (n¼ 5 individual donors, 200$ 106 cells per ml) were incubated
in PBS for 4 h with rotenone (2 mM), rotenone and antimycin A (1mg ml" 1)
combined or the vehicle for rotenone (DMSO). At t¼ 60 min, additions of 250 mM
NV118, NV189, NV241 or vehicle (DMSO) were initiated and repeated every
30 min throughout the experiment. Lactate levels were determined every 30 min
using a Lactate ProTM 2 blood lactate meter (Arkray, Alere AB, Lidingö,
Sweden)18. Incubation was performed at 37 !C at a stirrer speed of 750 r.p.m.

Mitochondrial membrane potential. Mitochondrial membrane potential in
isolated human platelets (200$ 106 ml" 1) was measured using a flow cytometer
FACSAria III (BD, Franklin Lakes, USA) with Diva version 7.0 acquisition
and analysis software, using the probe TMRM (Life Techologies, Ref: T668),
in non-quench mode (30 nM)19 excited by 561 nM 40 mW laser and collected on
582/15 band pass filter. CD41a-APC (BD Pharmingen, Clone HIP8, Ref: 559777) at
18 times dilution was used to assess platelet activation. Samples were incubated
with the probes in MiR05 for 30 min at room temperature. CI was inhibited using
2 mM rotenone. NV189 (250 mM) or DMSO control was added to the samples,
followed by oligomycin (1 mg ml" 1), FCCP (20 mM) and antimycin A (1mg ml" 1),
the two latter additions as internal controls. Data software used was FlowJo 10
(Tree Star, Ashland, USA). Statistical analyses were performed, and all figures were
generated using Prism 6 (GraphPad Software).

Metabolomics. Isolated human PBMCs (16–25$ 106 ml" 1) were incubated at
37 !C in 2 ml MiR05 with 5 mM glucose and with rotenone 2mM or DMSO control.
NV189 (250mM; 0.5 mM total) or DMSO control was added in two subsequent
additions. Samples were centrifuged at 4,600g for 4 min and the supernatant dis-
carded in two cycles with resuspension of pellet in 1.5 ml of 5% mannitol solution
before the second run. To each sample, 800ml of methanol and 550ml of solution of
the internal standard (H3304-1002, Human Metabolome Technologies Inc., Tsur-
uoka, Japan) were added and 1 ml of the extracted solution was taken for cen-
trifugation at 2,300g at 4 !C for 5 min. Thereafter, 400ml of the supernatant was
filtered at 9,100g at 4 !C until no liquid remained. The extract was dried in a
centrifugal evaporator (1,500 r.p.m., 1,000 Pa) and put in " 80 !C until analysis.
Samples were analysed using capillary electrophoresis time-of-flight mass spectro-
metry (CE-TOFMS) for cationic compounds and capillary electrophoresis tandem
mass spectrometry (CE-MS/MS) for anionic compounds (Agilent Technologies,
Santa Clara, USA), as previously described20. Peaks detected in CE-TOFMS analysis
were extracted using automatic integration software (MasterHands ver.2.16.0.15
developed at Keio University) and those in CE-MS/MS analysis were extracted using
automatic integration software (MassHunter Quantitative Analysis B.06.00, Agilent
Technologies) to obtain peak information including m/z, migration time and peak
area. The peak area was then converted to relative peak area. The peaks were
annotated based on the migration times in CE and m/z values determined by
TOFMS. Putative metabolites were then assigned from Human Metabolome
Technologies (HMT) metabolite database on the basis of m/z and migration time.
All the metabolite concentrations were calculated by normalizing the peak area of
each metabolite with respect to the area of the internal standard and using standard
curves, which were obtained by three-point calibrations. The lactate:pyruvate ratio
was analysed using Friedman’s non-parametric paired test for comparison between
three groups or more with Dunn’s multiple comparisons test of all groups against
control. For three data points (one data point in the group treated with only
rotenone and two data points in the group treated with rotenone and NV189),
pyruvate was below the quantification limit. The estimated lower-quantification limit
for pyruvate was between 16.96 and 20.55 pmol per 106 cells and a mean of these two
values was used for calculating the lactate:pyruvate ratio for the missing data points.
Experiments were performed by the service provider Human Metabolome
Technologies Inc. (Tsuruoka, Japan). Cells from the same four healthy volunteers
were used for each experimental group.

Isotope labelling. NV118 was synthesized incorporating all four carbons in the
central succinate structure of the molecule with [13C] isotopes. Isolated platelets
(800$ 106 ml" 1) were kept at 37 !C in 2 ml MiR05 containing 5 mM glucose. [1, 2,
3, 4-13C4]NV118 was added in two boluses to a final concentration of 0.5 mM and
the samples were incubated for 15, 30, 120 or 240 min. Extracts were prepared as
described above. Metabolome measurements were carried out through Human
Metabolome Technology Inc., Tsuruoka, Japan. Target metabolites and their
isotopomers were annotated based on their theoretical m/z value and migration
time21. Cells from the same two healthy volunteers were used for each experimental
group.

Statistics. Statistical analyses were performed, and all figures generated, using
Prism 6 (GraphPad Software, La Jolla, USA) if not otherwise stated. A P value of
o0.05 was considered statistically significant. No blinding or randomization was
performed, except for the metabolomics assays, where the lab performing the
analyses was blinded to the intervention allocated to the samples. Data from blood
cell respirometry have previously been reported to be normally distributed and
parametric tests were used16.

Data availability. All relevant data are contained within the paper and
Supplementary Information files or available from the authors upon request.
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Metabolic crisis is a clinical condition primarily affecting patients with inherentmitochondrial dysfunction in sit-
uations of augmented energy demand. To model this, ten pigs received an infusion of rotenone, a mitochondrial
complex I inhibitor, or vehicle. Clinical parameters, blood gases, continuous indirect calorimetry, in vivomuscle
oxygen tension, ex vivomitochondrial respiration andmetabolomicswere assessed. Rotenone induced a progres-
sive increase in blood lactate whichwas paralleled by an increase in oxygen tension in venous blood and skeletal
muscle. There was an initial decrease in whole body oxygen utilization, and there was a trend towards inhibited
mitochondrial respiration in platelets.While levels of succinatewere decreased, other intermediates of glycolysis
and the TCA cycle were increased. This model may be suited for evaluating pharmaceutical interventions aimed
at counteracting metabolic changes due to complex I dysfunction.

© 2016 Published By Elsevier B.V. on behalf of Mitochondria Research Society.
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1. Introduction

NADH:ubiquinone oxidoreductase, more commonly referred to as
Complex I (CI), is the largest complex of the mitochondrial electron
transport chain (ETC) (Carroll et al., 2006). CI dysfunction is a common
pathophysiological mechanism involved in several mitochondrial disor-
ders. Various other inborn errors of metabolism (IEM) may also cause
secondary inhibition of CI (Brusque et al., 2002). Further, in a general pa-
tient population drug-induced CI dysfunctionmay occur, for example in
metformin-induced lactic acidosis (Brunmair et al., 2004; Dykens et al.,
2008; Piel et al., 2015; Protti et al., 2012b). CI dysfunction is also impli-
cated in the pathophysiology of several other conditions, including neu-
rodegenerative disorders such as Parkinson's disease, cardiac ischemia-
reperfusion injury, traumatic brain injury and sepsis (Kilbaugh et al.,
2015; Paradies et al., 2004; Protti et al., 2007; Schapira et al., 2014).

Even though our knowledge about the pathophysiology underlying
mitochondrial respiratory chain disorders in recent years has increased
considerably, this has not been paralleled by the development of new

pharmaceutical treatment options (Dimauro and Rustin, 2009). In a
Cochrane review from2012 it is concluded that there is presently no ev-
idence supporting the use of any pharmacological intervention in mito-
chondrial disorders (Pfeffer et al., 2012).

A cornerstone of effective pharmaceutical development is a relevant
and reliable animal model. A few models related to mitochondrial
respiratory diseases exists, for instance transgenic mice (Koene et al.,
2011; Kruse et al., 2008; Tyynismaa and Suomalainen, 2009;
Wallace and Fan, 2009), among them specific CI models such as
the WB NDUFS4−/− KO mouse, the CWB NDUFS4−/− KO mouse
(Roestenberg et al., 2012) and the NDUFS6−/− KO mouse with cardiac
specific defects (Ke et al., 2012). There is also the Harlequin mouse,
where the phenotype of the natural mutant has been attributed to CI
dysfunction (Vahsen et al., 2004). In order to allow for adequate clinical
monitoring with invasive measurements and control of the ventilation,
resembling an intensive care unit, a large-animal model is preferable.
Further, a larger animal also grants the possibility of collecting multiple
blood samples, where the blood volume of a rodent would be insuffi-
cient. A pig model of metformin-induced lactic acidosis has recently
been published (Protti et al., 2012a), where inhibition of mitochondrial
CI respiration by metformin is likely a major mechanism for lactate
accumulation (Piel et al., 2015).

In general, mitochondrial disorders affect organs with high energy
requirements. The development of lactic acidosis is a common feature
related to the shift from aerobic mitochondrial respiration to anaerobic
glycolysis as the cells strive to uphold ATP production (Jackson et al.,
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1995; Sue et al., 1998). Lactate overproduction can be due to either
hypoxia or dysoxia, with the former representing true lack of oxygen
in the tissue regardless of cause and the latter representing abnormal
tissue oxygen metabolism in the presence of normal tissue oxygen
supply (Robin, 1977).

The objective of this study was to establish an in vivo pig model of
acute mitochondrial CI dysfunction with associated changes in metabo-
lism to be used to evaluate pharmaceutical interventions aimed at
counteracting these changes, and to show that the detected systemic ef-
fects, and specifically the increase in lactate, were primarily due to a
shift towards non-mitochondrial metabolism and not only due to tissue
hypoperfusion or other secondary cardiovascular effects of rotenone.
The model aims at mimicking a clinical situation of acute metabolic
crisis involving CI dysfunction.

2. Material and methods

2.1. Animals and rotenone infusion

The regional animal experimental ethics committee of Stockholm ap-
proved the study (N29/13). Ten female Yorkshire/landrace hybrid pigs
(mean body weight 37.8 kg range 30.4–46 kg, age 12–14 weeks) were
included. Before transportation to the test facility the animals were
pre-medicated with intramuscular administration of Zoletil (tiletamine;
1.5 mg/kg and zolazepam; 1.5 mg/kg), Domitor (medetomidine hydro-
chloride; 0.06 mg/kg) and atropin (0.033 mg/kg).

The pigs were anaesthetized by a combination of pentobarbital
(120 mg bolus) and fentanyl (100 μg bolus). Thereafter the animals
were intubated and supplied with assisted ventilation. The rate and
tidal volume of the ventilator was kept constant during the experiment.
ETCO2 and SaO2 were measured continuously and recorded every
15 min. Arterial blood pO2 was kept constant at approximately 13 kPa
by regulating the inspired oxygen concentration, measurements were
done every 15 min and FiO2 was adjusted accordingly. A urine catheter
with a temperature sensor was placed in the urine bladder and a pulse-
oximeter was positioned on either lip or auricle to monitor oxygen
saturation. Anesthesia wasmaintained with continuous intravenous in-
fusions of pentobarbital 7–18 mg/kg/h and fentanyl 2–3 μg/kg/h.
Ringer-Acetate was infused at a rate of 300–1000 mL/h, adjusted ac-
cording to the clinical assessment of urinary output and MAP. Heparin
(5000 IE) bolus doses was administered hourly.

In five of the pigs, after stabilization, the rotenone infusion was ini-
tially 0.25 mg/kg/h for 3 h, thereafter at 0.5 mg/kg/h for 1 h through a
single lumen catheter in the left jugular vein. The remaining five pigs
were infused with vehicle (71% H2O, 25% N-methylpyrrolidone, 4%
polysorbate). The selected rotenone dosing regiment and tolerability
of the vehicle were determined in a prior set of dose-escalation experi-
ments in a total of ten pigs with a rotenone dose starting at 0.3 μg/kg/h
(data not shown).

2.2. Hemodynamic parameters and blood gases

Arterial blood pressure was measured continuously through a cath-
eter in the femoral artery. A Swan-Ganz catheter (CCOmbo V, Edwards
Life sciences, Irvine, USA) was inserted through the right external
jugular vein into the pulmonary artery. Pulmonary artery pressure and
central venous pressure were recorded every 15 min; pulmonary
wedge pressure was measured every 30 min. Cardiac output (CO) was
measured by thermo-dilution from the Swan-Ganz catheter and record-
ed every 15min. Animalswere alsomonitored by ECGduring the exper-
iment to detect serious arrhythmias.

Arterial blood samples were collected from the femoral artery and
venous blood samples were collected from the Swan-Ganz catheter
in the pulmonary artery. Blood gases were analyzed every 15 min
(ABL725 blood gas analyzer, Radiometer Medical Aps, Brønshøj,

Denmark) measuring pH, pCO2, pO2, HCO3, sO2, tCO2(B), tHb, Hct, K+,
Na+, Ca2+, Cl−, glucose, lactate and base excess.

2.3. Continuous indirect calorimetry

Continuous indirect calorimetry was performed using a Quark RMR
ICU (Cosmed, Rome, Italy) measuring whole animal oxygen consump-
tion (VO2) and carbon dioxide production (VCO2). The Quark RMR ICU
measures VCO2 and VO2 using a breath-by-breath technique through
an infrared CO2 and paramagnetic O2 analyzer. The gas is sampled
through a tube attached to the ventilator. Minute ventilation is mea-
sured by a turbine flow meter attached to the ventilator expiratory
port. The Quark software detects any bias flow from the ventilator and
compensates for this when calculating VCO2 and VO2 (Sundstrom
et al., 2013). Data was recorded every 15 min.

2.4. Oxygen tension in skeletal muscle in vivo

Measurement of oxygen tension was conducted with large area sur-
face (LAS)™ oxygen-sensing luminescent optodes (0.7 mmdiameter; 8
mm2) in m. pectineus and m. sternocleidomastoideus for continuous
monitoring of tissue PO2 with data recorded every 15 min. The skin
incisions for placement of probes were sutured. The probes were pre-
calibrated by the manufacturer (Oxylite Pro, Oxford Optronic Ltd,
Abingdon, UK). These fiber optic probes send pulses of light to a
luminophore at the tip of the cable and the emitted light is then carried
back to amonitoring systemwith automatic temperature compensation
(Dyson et al., 2012).

2.5. Mitochondrial respiration ex vivo

In four pigs per treatment group mitochondrial respiratory function
was analyzed ex vivo in platelets and skeletal muscle biopsies using
high-resolution respirometry (Oxygraph-2k, Oroboros Instruments,
Innsbruck, Austria). Oxygen flux was monitored and recorded in real-
time using DatLab 5.1 software (Oroboros Instruments, Innsbruck,
Austria). Samples were collected and analyzed both immediately prior
to infusion and after 3 h.

Using the catheter in the femoral artery, 20 mL of blood was
collected in K2EDTA tubes (Vacuette®, Greiner Bio-One GmbH,
Kremmünster, Austria). Platelets were isolated using sequential cen-
trifugation steps, as previously described (Sjovall et al., 2013). Mito-
chondrial function of intact platelets was analyzed in both the
animal's own plasma and MiR05 solution (0.5 mM EGTA, 3 mM
MgCl2, 60 mM k-lactobionate, 20 mM taurine, 10 mM KH2PO4,
20 mM HEPES, 110 mM sucrose, 1 g/L BSA, pH 7.1). Analysis was ex-
ecuted using an adapted version of a previously published protocol
(Sjovall et al., 2010). After stabilization of routine respiration
with endogenous substrates, carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP) was titrated until no further respiratory in-
crease. Rotenone (2 μM) was added to completely inhibit CI and lastly
antimycin-A (1 μg/mL), a mitochondrial complex III inhibitor, was
added to reveal residual oxygen consumption.

Muscle biopsies were obtained using a 14 G micro-biopsy needle
from the m. pectineus (contralateral to the in vivo oxygen tension
probe described above). The samples were instantaneously transferred
to ice-cold biopsy preservation solution (BIOPS) (10 mM Ca-EGTA buff-
er, 0.1 μM free calcium, 20 mM imidazole, 20 mM taurine, 50 mM K-
MES, 0.5 mMDTT, 6.56 mMMgCl2, 5.77 mMATP, 15mMphosphocrea-
tine, pH 7.1) and thereafter gently dissected using forceps to remove
any fat and connective tissue. The mitochondrial function was then
analyzed in MiR05 (Pesta and Gnaiger, 2012). A titration protocol was
implemented specified at detecting complex I (CI) dysfunction using
NADH-linked substrates at concentrations that were semipermeable
in muscle biopsies. First malate (5 mM), pyruvate (5 mM) and gluta-
mate (5mM) were added, thereafter, FCCP was titrated until no further
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increase in respiration was achieved (mean concentration 1.5 μM).
Subsequently rotenone (2 μM) and finally antimycin-A (1 μg/mL) was
added.

Citrate synthase activity was used as a biomarker for mitochon-
drial content, as a complement to cell-count and tissue weight for
normalization of respiration (Larsen et al., 2012). Citrate synthase
activity was measured using a commercially available kit according
to the manufacturer's instructions (Citrate Synthase Assay Kit, CS0720,
Sigma).

2.6. Metabolomics in muscle biopsies

Assessment of metabolomics profile was performed in a subset of
three control samples and two rotenone treated samples. Muscle biop-
sies were collected as described in the previous section after 3 h of rote-
none or vehicle infusion.

A targeted quantitative analysis of 116 metabolites was performed
using capillary electrophoresis time-of-flight mass spectrometry (CE-
TOFMS) for cationic compounds and capillary electrophoresis tandem
mass spectrometry (CE-MS/MS) for anionic compounds. Focus was on
metabolites involved in glycolysis, pentose phosphate pathway, TCA
cycle and the urea cycle, aswell as polyamine, creatine, purine, glutathi-
one, nicotinamide, choline, and amino acid metabolism. The analysis
(CARCINOSCOPE™) was carried out by Human Metabolome Technolo-
gies Inc. (HMT), Tsoruka, Japan. Samples were handled according to
their instructions and sent to HMT in frozen condition. At HMT the
samples were mixed with 750 μL of 50% acetonitrile in water (v/v) con-
taining internal standards (40 μM for cation and 10 μM for anion mea-
surement) and homogenized. Then 750 μL of 50% acetonitrile in water
(v/v) was added and subsequently centrifuged. The supernatant was
filtrated through a 5-kDa cut-off filter (ULTRAFREE-MC-PLHCC, HMT)
The filtrate was once again centrifuged and thereafter resuspended in
50 μL of ultrapure water before metabolome analysis using CE-MS. All
the metabolite concentrations were calculated by normalizing the
peak area of each metabolite with respect to the area of the internal
standard and by using standard curves, which were obtained by
three-point calibrations.

2.7. Statistical analysis

Statistical analyses of hemodynamic parameters and blood gases
(means, SD, and 2-way repeated measures (RM) ANOVA of interaction
between time and drug)were performed using Prism 7 (GraphPad Soft-
ware, SanDiego, USA). In the repeatedmeasures analysismissing values
were replaced by carrying forward (or backward) the last sampled data.
Data of indirect calorimetry revealed that parameter values differed
substantially between animals at start of the sampling periods and
data was normalized group-wise to the highest initial value. A running
median with a window of 3 min was used to filter drastic spikes in
data caused by adjustments of the inspired oxygen concentration.
Statistical analyses for mitochondrial respiration were performed
using paired t-test. In the analysis of platelet respiration one value was
excluded due to evident laboratory error. A p-value b0.05 was consid-
ered significant. As the magnitude of changes in evaluated parameters
were not pre-specified, power calculation for sample sizewas not appli-
cable in the present study.

3. Results

3.1. Hemodynamic parameters

All animals survived the 4 h infusion period. In both the rotenone
and vehicle treated groups, the major hemodynamic parameters such
as body temperature, oxygen saturation (SaO2), heart rate (HR) and
cardiac output (CO) remained stable throughout the first 3 h of rote-
none infusion at 0.25 mg/kg/h. There was a trend of decreased mean
arterial pressure (MAP) with time for both groups for the first 3 h.
With the higher infusion rate at 0.5 mg/kg/h, the clinical status of the
pigs treated with rotenone rapidly became unstable in regards to vital
hemodynamic parameters (Table 1).

3.2. Lactate, pH and oxygen tension

Rotenone infusion induced a progressive increase in lactate concen-
tration up to 6.1 mmol/L (range: 4.9–7.6 mmol/L) during the first 3 h
(p b 0.05 at 45 min) and up to 10.5 mmol/L (range: 9.4–11.4 mmol/L)

Table 1
Clinical parameters. Rot – Rotenone, Temp – Temperature, SaO2 – Oxygen saturation, HR – Heart rate, MAP –Mean arterial pressure, CO – Cardiac output, CVP – central venous pressure,
MPAP – Mean pulmonary arterial pressure, PCWP – Pulmonary wedge pressure. Data presented as mean (SEM).

Start of infusion
(0.25 mg/kg/h)

Increased rate
(0.5 mg/kg/h)

Time (min) 0 30 60 90 120 150 180 210 240 270
Temp
°C

Control 38.8
(0.29)

38.8
(0.37)

38.8
(0.33)

38.8
(0.31)

39.0
(0.33)

39.0
(0.42)

39.1
(0.46)

39.2
(0.45)

39.3
(0.42)

39.4
(0.42)

Rot 39.3 (0.36) 39.3 (0.43) 39.1 (0.45) 39.2 (0.46) 39.5 (0.41) 39.6 (0.39) 39.6 (0.38) 39.7 (0.33) 39.6 (0.33) 39.5 (0.33)
SaO2% Control 97.4 (0.81) 98.2 (0.49) 98.0 (0.55) 98.0 (0.77) 96.8 (0.86) 97.2 (0.49) 96.6 (0.75) 96.2 (1.46) 97.0 (1.05) 96.6 (0.93)

Rot 98.4 (1.12) 98.0 (1.14) 98.2 (1.32) 97.4 (1.86) 98.6 (0.68) 98.4 (0.87) 97.8 (0.73) 98.0 (0.84) 96.8 (1.02) 92.8 (2.06)
HR
Beats/min

Control 118.6
(9.91)

116.2
(13.3)

104.0
(9.47)

103.2 (5.44) 101.0
(4.39)

103.6 (3.26) 103.8 (3.18) 105.8 (3.48) 106.0 (3.62) 109.8 (4.87)

Rot 114.0 (8.44) 114.8
(6.85)

104.4(8.39) 107.8
(6.34)

109.0
(10.5)

114.4(7.09) 119.2
(5.83)

122.8
(5.96)

173.6 (5.22) 185.0
(16.1)

MAP
mm Hg

Control 101.4
(5.36)

109,2
(4.42)

102.2
(5.36)

96.2
(6.60)

91.0
(6.51)

87.0
(7.08)

84.2
(6.89)

81.2
(7.66)

77.4
(7.38)

80.2
(7.78)

Rot 109.2
(4.13)

105.6
(4.01)

94.60
(3.98)

94.4
(2.71)

82.8
(5.81)

77.6
(4.13)

75.2
(4.73)

71.6
(3.91)

97.4
(4.17)

63.5
(10.1)

CO
L/min

Control 5.18
(0.46)

5.38
(0.23)

4.93 (0.36) 4.80 (0.43) 4.83 (0.53) 4.88 (0.50) 4.88 (0.45) 4.88 (0.46) 4.78 (0.48) 4.98 (0.47)

Rot 4.50 (0.41) 4.62 (0.24) 4.12 (0.36) 4.44 (0.26) 4.70 (0.18) 4.70 (0.22) 4.92 (0.29) 5.16 (0.43) 6.26 (0.50) 5.88 (0.63)
CVP
mm Hg

Control 7.0 (0.63) 7.8
(0.37)

7.8 (0.37) 8.2 (0.49) 8.2 (0.58) 8.2 (0.58) 8.2 (0.66) 8.6 (0.40) 8.0 (0.63) 7.8 (0.66)

Rot 10.6
(2.93)

7.2
(0.80)

7.8
(0.73)

7.0 (0.55) 7.4 (0.75) 7.0 (0.63) 6.8 (0.80) 6.8 (0.80) 6.0 (1.00) 6.2 (0.97)

mPAP
mm Hg

Control 18.7 (0.93) 19.7 (1.38) 19.9 (1.06) 20.0 (0.66) 21.1 (0.79) 20.5 (0.87) 22.1 (1.16) 21.9 (0.98) 21.3 (0.91) 21.5
(0.56)

Rot 24.1 (1.41) 21.3 (1.88) 23.7 (1.71) 20.6 (1.43) 19.1 (1.47) 19.6 (1.47) 19.2 (1.31) 17.7 (1.11) 27.1 (1.37) 22.4 (3.17)
PCWP
mm Hg

Control 8.2 (0.73) 10.8 (1.88) 9.0 (0.63) 9.2 (0.58) 9.0 (0.45) 8.8 (0.49) 8.8 (0.58) 9.0 (0.63) 9.0 (0.45) 8.8 (0.37)
Rot 11.0 (3.07) 11.0 (2.37) 11.0 (2.61) 11.4 (2.29) 10.4 (2.44) 10.4 (2.73) 7.8 (0.86) 8.0 (0.63) 11.6 (3.59) 7.6 (1.29)
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following the higher infusion rate (Fig. 1A). Parallel to the lactate in-
crease, arterial pH progressively decreased as illustrated in Fig. 1B
(p b 0.05 at 60min). Simultaneously, the rotenone treated pigs demon-
strated an increased oxygen saturation in venous blood (Fig. 2A) and an
increase in oxygen tension in skeletalmuscle in vivo (Fig. 2B). Therewas
a biphasic change in blood glucose levels with an initial increase (9.7
mmol/L at 75 min, p b 0.05) that was followed by a later decrease (3.5
mmol/L at 270 min, p b 0.05) compared to control (Fig. 3).

3.3. Continuous indirect calorimetry

Continuous indirect calorimetry showed that rotenone caused a
decrease in whole body oxygen consumption and initially a decrease
in carbon dioxide production as illustrated in Fig. 4A and B. During the
first 30 min of rotenone infusion the oxygen uptake decreased by a
mean of 8.7% (p b 0.0001) (range:−3.5% to −13.3%).

3.4. Oxygen delivery

Oxygen delivery remained steady during the lower infusion rate and
increased with the higher infusion rate (Fig. 5).

3.5. Mitochondrial respiration ex vivo

Analysis of mitochondrial function ex vivo in viable intact platelets
from rotenone treated animals displayed a statistically non-significant
inhibition (p=0.059) of phosphorylating capacity after 3 h of rotenone
infusion. Platelets from the vehicle treated animals on the other hand
displayed a non-significant increase (Fig. 6A–B). This trend was consis-
tently present when platelets were analyzed in both the animals' own

plasma and buffer solution (MiR05) (data not shown). These changes
were seen regardless if respiration was normalized per cell or citrate
synthase activity (data not shown). The trend seen in platelets was
not detected in muscle fibers (Fig. 6C–D).

3.6. Metabolomics

In muscle biopsies from rotenone-treated animals pyruvic acid, the
end product of glycolysis, was increased by 50% and lactic acid levels
were almost doubled (Fig. 7); the resulting mean lactate-to-pyruvate
ratio was increased from 21.9 in the controls (range 19.6–24.5) to 27.7
in the rotenone treated group (range 25.2–30.2). In the analysis of the
tricarboxylic acid (TCA) cyclemetabolites, succinic acid was the only in-
termediate that was decreased, while the others displayed increased
levels. Citric acid levels were doubled and cis-aconitic acid, an interme-
diate in the isomerization of citrate to isocitrate, was increased several
fold (Fig. 7). There was a trend towards higher levels of glycolysis inter-
mediates in the rotenone treated group. Glucose 6-phosphate (G6P),
fructose 6-phosphate (F6P) and glyceraldehyde 3-phosphate (G3P)
were all several fold increased (Fig. 7). The trend was similar but less
pronounced for metabolites downstream of glyceraldehyde 3-
phosphate. Markers of energy state such as ATP, products of ATP hydro-
lysis and phosphocreatine were not altered significantly by rotenone
treatment (Supplementary Table 1). The complete metabolomics data
is available as supplementary material (Supplementary Table 1).

4. Discussion

The composite data indicates that intravenous rotenone infusion de-
creases mitochondrial utilization of oxygen and causes a switch from

Fig. 2. Oxygen tension. The development of lactic acidosis in the rotenone treated animals was paralleled by an increase in oxygen saturation in venous blood (A) and oxygen tension in
skeletal muscle (B). Measurements illustrated in Fig. 2B were acquired fromm. sternocleidomastoideus. p b 0.0001 with 2-way RMANOVA for interaction between time and drug for both
figures. Mean ± SD (one-sided shown in figure). n = 5 animals in each group.

Fig. 1. Lactate and pH. Rotenone infusion induced a progressive increase in blood lactate (A) concentration up to 6.1mmol/L during the first 3 h, reaching 10.5mmol/L following the higher
infusion rate of rotenone. Parallel to the lactate increase, arterial pH (B) progressively decreased. In control animals lactate and pH did not change significantly. p b 0.0001with 2-way RM
ANOVA for interaction between time and drug for both figures. Mean ± SD (one-sided shown in figure). n = 5 animals in each group.
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aerobic to anaerobicmetabolismwith a subsequent rise in arterial blood
lactate and decrease in pH.With the start of rotenone infusion, the glob-
al oxygen consumption rapidly decreased and in the initial phase, the
amount of expired carbon dioxide decreased. Venous and skeletal mus-
cle oxygen tension displayed a progressive increase throughout the ex-
periment, indicating a decreased oxygen extraction through decreased
mitochondrial respiration. These results, together with the observed
metabolic changes in vivo and the trend towards inhibition ofmitochon-
drial respiration in platelets ex vivo suggest that the increased blood lac-
tate levels are triggered by amitochondrial inhibition andnot secondary
to decreased tissue perfusion and cellular hypoxia. The alternative inter-
pretation that the increased tissue oxygen saturation may be due to va-
sodilation cannot be excluded. After the first 3 h there is no manifest
energy decompensation, most likely due to accelerated glycolysis.

The increased blood lactate concentration indicates an accelerated
glycolysis, a compensatory mechanism to mitigate decreased ATP pro-
duction by the mitochondria. Metabolomics data demonstrates a trend
towards higher levels of glycolysis intermediates in the rotenone treat-
ed group. This trend was more prominent upstream of G3P and can be
related to the metabolism of G3P which is the first redox step in glycol-
ysis as NAD+ is reduced to NADH, which can either be oxidized back to
NAD+ at CI or by lactate dehydrogenase coupled to the conversion of
pyruvate to lactate. There was also a trend towards an increased
lactate-to-pyruvate ratio in the rotenone treated group indicating accel-
erated glycolysis and increased lactate productionwith ametabolic shift

frommitochondrial respiration to glycolysis (Huckabee, 1958). Further-
more, the decrease in aspartic acid could be related to its role in themi-
tochondrial matrix and cytosolic redox of NADH and NAD+. All
detected TCA cycle intermediates were trending towards increased
levels except succinic acid, which was slightly decreased. Succinate is
oxidized by complex II of the respiratory chain, which is not inhibited
by rotenone. The limited group size of the metabolomics data is a limi-
tation to the interpretation of the data.

In the ex vivo analyses of mitochondrial respiration, a trend towards
inhibition was detected in platelets while analysis of peripheral skeletal
muscle did not detect such a trend. The discrepancy between the
metabolomic and respiration data of skeletal muscle could possibly be
related to technical aspects of preparing the samples. As the muscle bi-
opsies were rinsed in MiR05 buffer in preparation of respiration mea-
surements, the rotenone was perhaps removed. The platelets, on the
other hand, were suspended in plasma during the preparatory steps of
the protocol and added to the final analysis as platelet-rich plasma,
thereby decreasing the risk of altering the rotenone exposure during
the in vivo - ex vivo transition. It may also be that themitochondrial res-
piration in skeletal muscle was in fact not inhibited by rotenone in vivo
and that the increase in lactate production primarily comes from other
organs.

Due to the successive decrease in pH during rotenone infusion, ex-
pired VCO2 overestimates the metabolic CO2 production as it also en-
compasses the release of stored CO2 due to a continuous leftward shift
in the CO2 - carbonic acid – bicarbonate equilibrium. The metabolic re-
spiratory quotient (RQ) ranges from0.7 to 1.0 depending on the relative

Fig. 5. Oxygen delivery. Oxygen delivery calculated as cardiac output (CO) multiplied by
oxygen content (1.39*Hb*O2Sat/100) + (0.003*PO2). Mean ± SD (one-sided shown in
figure). n = 5 animals in each group.

Fig. 4. Continuous indirect calorimetry. Determination of VO2 (A) and VCO2 (B) using indirect calorimetry demonstrated that rotenone caused a decrease in oxygen uptake and initially a
decrease in carbon dioxide production which resulted in subsequent calculated increased respiratory quotient and decreased energy expenditure. During the first 30 min of rotenone
infusion the oxygen uptake decreased by a mean of 8.7% (p b 0.0001). Data was normalized group-wise and a running median with a window of 3 min was used. Mean ± SD (one-
sided shown in figure). n = 5 animals in each group.

Fig. 3. Blood glucose. Rotenone infusion initially increased blood glucose levels (p b 0.05 at
45 min), however over time the blood glucose dropped and approached hypoglycemic
levels towards the end of the experiment. p b 0.0001 with 2-way RM ANOVA for
interaction between time and drug. Mean ± SD (one-sided shown in figure). n = 5
animals in each group.

60 M. Karlsson et al. / Mitochondrion 31 (2016) 56–62



proportions of carbohydrate and fat metabolism (Krogh and Lindhard,
1920). The measured respiratory exchange ratio (RER, VCO2/VO2) was
above 1.0 in the rotenone treated group demonstrating a partial in-
crease in elimination of CO2 not related to production of CO2 in the mi-
tochondria. As there was no steady state metabolism the decrease in
energy expenditure cannot be accurately determined, but the corre-
sponding decrease in VO2, was as previously stated, 8.7% during the
first 30 min after start of rotenone infusion.

This in vivo large animal model would be suitable for evaluating
pharmaceutical therapies for changes in energy metabolism involving
mitochondrial CI dysfunction. Our group recently published a paper
presenting the concept of succinate prodrugs as a potential treatment
for mitochondrial CI deficiency (Ehinger et al., 2016). It has also been
suggested that standard succinate can recover mitochondrial function
in septic skeletal muscle (Protti et al., 2007). Methyl succinate and
heptanoate, a short odd-chain fatty acid, has also been evaluated for
the treatment of CI dysfunction (Doctor et al., 1994; Hinke et al.,
2007). Furthermore, methylene blue has been shown to bypass com-
plex I and II inhibition in models of drug-induced mitochondrial dys-
function (Lee et al., 2015). These different potential pharmacological

strategies have been tested in vitro and in small animal in vivo models.
A potential next step in the development could be a large-animal
in vivo model. More refined models are warranted for specific diseases,
but the model presented here may be suitable for initial testing.

5. Conclusions

In conclusion, rotenone infusion decreases whole animal extraction
of oxygen due to mitochondrial CI inhibition and causes a switch from
mitochondrial metabolism to glycolysis. Interestingly the rather dra-
matic increase in lactate corresponded to a moderate decrease in VO2.
This model may be well suited for future studies of pharmacological in-
terventions aiming at counteracting acute changes in energy metabo-
lism due to inherited as well as drug-induced mitochondrial CI
dysfunction.
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