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Introductory remarks 
 

The prevalence of diabetes has now reached epidemic proportions, and is still increasing 

rapidly.  This metabolic disease, characterized by hyperglycemia and long-term complications 

affecting the eyes, kidneys, nervous system and large vessels, is now affecting up to 5 – 10 % of 

population in some countries (e.g. 7 % in United States of America*).  The number of adults with 

diabetes worldwide is expected to rise from 171 million in 2000 to 366 million in the year 2030 

(316).  With the increasing incidence and prevalence of diabetes, especially in younger individuals, 

the economical burden to the health care systems will be huge (229, 327). 

Diabetes mellitus is a metabolic disease described by defects in secretion and action of 

insulin, a hormone that not only ensures normal glucose metabolism but also regulates fat and 

protein metabolism.  There are 2 main types of diabetes: type 1 (previously referred to as insulin 

dependent) and type 2 (previously referred to as non-insulin dependent), accounting for 5 – 10 % 

and 90 – 95 % of those with diabetes, respectively (8).  Type 1 diabetes, usually manifesting early 

in life, is caused by the immune-mediated destruction of the insulin-producing β-cells in the 

pancreas and is marked by absolute insulin deficiency.  Type 2 diabetes, the form of the disease 

that is more common among older adults, is caused by an inadequate compensatory insulin 

secretion response of β-cells to another fundamental abnormality: resistance of glucose and lipid 

metabolism to insulin action.  Insulin resistance and impairment of insulin secretion are already 

manifest many years before the onset of the disease.  This is referred to as ‘pre-diabetes’. In these 

persons mild blood glucose elevations are demonstrable in the fasting state and/or after a glucose 

challenge (214). 

The metabolic disturbances, including chronic hyperglycemia, may result in functional and 
structural abnormalities in nerves and blood vessels, which in turn may lead to failure of various 
organs, especially the eyes, kidneys, nerves and heart.  The clinical consequences include coronary 
heart disease and stroke, high blood pressure (hypertension), blindness, kidney disease, nervous 
system disease, peripheral vascular disease (20, 197, 251).  As a result, individuals with diabetes 
have a severely elevated risk of fatal cardiovascular disease (301) and due to the increased 
prevalence of diabetes the mortality through this disease is expected to increase in the future (327). 

In contrast to type 1 diabetes, where the etiology is relatively well known, type 2 diabetes 
remains poorly understood.  Now it is considered to be a multifactorial, heterogeneous group of 

disorders with insulin resistance and β-cell dysfunction as the prime underlying disorders.  Genetic 
and environmental factors determine the susceptibility to diabetes.  Main risk factors include age, 
obesity and physical inactivity.  Although type 2 diabetes is associated with a strong genetic 
predisposition (reviewed in (196)), it is the interaction with different environmental factors that is 
thought to determine the occurrence and phenotype of the disease.  In genetically predisposed 
individuals, the final occurrence of type 2 diabetes is associated with progressive obesity, 
especially visceral adiposity.  The consumption of unhealthy diets and lack of physical activity 

                                                 
*American Diabetes Association, http://www.diabetes.org/diabetes-statistics.jsp 
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have been leading to increased prevalence of overweight and obesity worldwide (1).  In turn 
obesity is considered to be one of the main factors causing insulin resistance and impairment of 
insulin secretion (306). 

Not surprisingly, the complexity underlying type 2 diabetes has made identification of the 
contributing molecular mechanisms difficult.  Currently diabetes research is following various lines 
of investigation also including genetics of diabetes, role of adipose tissue, and alterations in 

mitochondrial and β-cells function (see special issue of Science, 21st of January, vol. 307, 2005).  
The work described in this thesis was designed to increase our understanding of the molecular 
mechanisms underlying cellular dysfunction in insulin resistant states.  The emphasis is on 
mitochondrial adenine nucleotide translocator-mediated effects of increased supply of esterified 
fatty acids on the cellular energy metabolism and the production of reactive oxygen species. 
 

Glucose homeostasis 
 
Human fasting blood glucose levels normally remain within a narrow range (3.9 to 5.6 mM) 

despite long intervals between meals.  Following a carbohydrate enriched meal blood glucose 
levels can reach levels of around 8 mM.  The subsequent decline to the baseline values of around 5 
mM is due to tissue uptake of glucose and inhibition of hepatic glucose production.  This 
homeostatic effect is primarily due to a decrease in glucagon and stimulation of insulin secretion, 
the two main polypeptide hormones involved.  In mammals glucagon and insulin is synthesized in 

the islets of Langerhans by α-cells and β-cells, respectively.  This endocrine part of the pancreas 
accounts for 1-2% of the total mass of the organ (222).  The overall effect of glucagon is to 
stimulate glucose production under fasting conditions, while insulin promotes glucose uptake and 
utilization following meals.  An impairment of insulin secretion and action may disrupt the glucose 
homeostasis and ultimately lead to increased glucose concentrations in the blood and diabetes. 

The pathway leading to glucose-stimulated insulin secretion in β-cells is now well 
characterized.  Glucose is taken up into the cell by a low affinity (Km=15-20 mM) facilitated-
diffusion glucose transporter (GLUT2) (256).  In this way the concentration of incoming glucose is 

proportional to the concentration of glucose in the blood.  This allows β-cells to monitor blood 

glucose levels directly, and thereby regulate insulin secretion.  Within a β-cell glucose undergoes 
glycolysis to form pyruvate, which is transported into mitochondria where it enters the 
tricarboxylic acid cycle (TCA cycle).  Oxidation of pyruvate yields NADH and FADH2, and these 
provide electrons to the mitochondrial respiratory chain (RC) upon their oxidation.  The 
stimulation of the RC activity sequentially leads to increase in mitochondrial membrane potential 

(∆ψ), increased production of ATP, increase in cytosolic ATP/ADP ratio, closure of ATP-sensitive 
K+-channels in the plasma membrane, plasma membrane depolarization, opening of voltage-
operated Ca2+ channels, Ca2+ influx, rise in the cytoplasmic free Ca2+ concentration ([Ca2+] i), and 

activation of the exocytotic machinery (191).  The finding that β-cells depleted of mitochondrial 
DNA have impaired glucose-stimulated insulin secretion (266, 287) provides evidence that 
mitochondria are essential in accomplishing the coupling of glucose metabolism to insulin 
secretion.  Therefore an impaired mitochondrial metabolism would be expected to affect the 

responsiveness of β-cells to glucose stimulus.   
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In other body tissues glucose entry into cell is determined by the number of glucose 
transporters on the cell surface and their affinity for glucose.  The members of the glucose 
transporter (GLUT) family are expressed at different levels in different tissues.  Liver, intestine and 

kidney express the same type of low affinity glucose transporter (GLUT2) as β-cells, facilitating 
rapid glucose uptake when glucose is present in abundance.  Brain and nerve tissue express high 
affinity GLUT3 (Km=~1.5 mM), while erythrocytes and the endothelial cells lining the blood 
vessels of the brain express high levels of GLUT1 (Km=~1 mM), a transporter that is expressed in 
all tissues at low levels (256). 

Skeletal and cardiac muscle and adipocytes are the main consumers of blood glucose with 
skeletal muscle accounting for up to 85% of glucose disposal following glucose infusion and at 
least 50% following glucose ingestion (18).  These tissues express an insulin-regulated glucose 
transporter GLUT4 (Km=~5 mM).  In contrast to the other GLUT isoforms, which are primarily 
localized in the plasma membrane, GLUT4 transporter proteins remain in the cytosol under basal 
conditions, sequestered in specialized storage vesicles.  The rise in blood glucose stimulates insulin 

secretion from β-cells.  Upon binding to the insulin receptor, which is a member of the superfamily 
of receptor tyrosine kinases, insulin activates several phosphorylation-dephosphorylation cascades.  
This ultimately leads to the mobilization of GLUT4 to the plasma membrane by promoting the 
fusion of vesicles containing the transporters with that membrane (243).  However, insulin is not 
required for glucose uptake in working skeletal muscle because GLUT4 is also mobilized by 
exercise (89).  Defects in GLUT4 trafficking or function in skeletal muscle and adipose tissue 
resulting from impaired insulin signaling are thought to be of key significance in the development 
of insulin resistance. 
 

Obesity in relation to glucose homeostasis 
 

Obesity is now an epidemic problem worldwide, with rapidly increasing proportions of the 
populations in the developing world becoming overweight and obese (205).  More than 1 billion 
persons were overweight, and at least 300 million were clinically obese worldwide in 2005*.  
Overweight and obesity in adults are defined by a body mass index (BMI, an index measuring body 

weight in relation to height)**  that is 25 – 29.9 kg/m2 and ≥ 30 kg/m2, respectively (211).  Although 
no consensus exists regarding the criteria of abdominal obesity, waist circumference measuring 
more than 102 cm in men and 88 cm in female is used as indicator of obesity.  There are many 
indications that increased quantities of abdominal fat constitute a larger risk of obesity-associated 
health disorders than a similar increase in total body fat does.  Obesity is associated with such 
health disorders as myocardial infarction (321), type 2 diabetes, high blood pressure, high 
cholesterol, asthma, arthritis (205), and several types of cancer (226).  Furthermore, for both men 
and women, there is a progressive mortality risk with increasing adiposity (42). 

Obesity arises from a prolonged imbalance between energy intake and expenditure, with 
increased food intake and reduced energy expenditure due to the lack of physical activity or defects 

                                                 
* World Health Organization ‘Obesity and overweight: Fact Sheet’, 
http://www.who.int/nutrition/topics/obesity/en/index.html 
**  BMI = Weight in kilograms/(Height in meters)2 
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in metabolism being the main causes.  Except for rare single gene defects, the inheritance of 
obesity is complex and poorly understood, despite active investigations.  Genetic factors appear to 
contribute only partly to the etiology of obesity (42).  When energy intake exceeds expenditure the 
excess energy is stored in the form of triacylglycerols in adipose tissue.  In humans, adult-onset 
obesity was shown to result in an increase in adipocyte size, rather than cell number (133), and this 
may be of major importance for impairment of normal metabolic function of the adipose tissue. 

Currently it is well acknowledged that adipose tissue is not just a passive body depot for fat 
but is a metabolically active tissue.  It contains adipocytes and macrophages that reside in clusters 
between the adipocytes.  Both types of cells are secretory cells.  Adipocytes secrete a number of 
biologically active molecules, collectively designated as adipokines.  These include fatty acids, 
prostaglandins and a variety of proteins, e.g. cytokines involved in immune responses (tumor 

necrosis factor alpha (TNF-α), interleukins) and hormones regulating body energy intake and 
energy expenditure, and cellular metabolism (leptin, adiponectin, resistin) (127).   

In obesity adipocytes exhibit an altered cytokine secretion profile with a tendency to secrete 
more of inflammatory cytokines that have been implicated in insulin resistance, e.g. interleukin-6 

and TNF-α (141, 267).  Furthermore, larger adipocytes were shown to exhibit a decreased 
sensitivity to insulin (242) and to have higher rates of both triacylglycerol synthesis and of lipolysis 
and therefore to have higher transmembrane fatty acid flux (87).  Although even under 
physiological conditions plasma non-esterified fatty acid (NEFA) levels can vary in a broad range 

(< 0.5 mM on average, 10-20 µM under hyperinsulinemic conditions, and up to 3 mM under 
conditions of fasting or adrenergic stimulation) (147, 148), this variation is effectively regulated 
due to exquisite sensitivity of adipose tissue lipolysis to insulin (147) and catecholamines (108).  In 
obesity, reduced sensitivity of adipose tissue to the antilipolytic effect of insulin results in increased 
plasma NEFA levels (56) and fluxes (140). 

Most of plasma NEFAs is bound to albumin and the half-life of circulating NEFA is only 3-
4 min (128) due to fast tissue uptake.  The process of cellular fatty acid uptake is not yet fully 
understood and is thought to involve both passive diffusion and protein-mediated transport 
(reviewed in (172)).  Intracellular fatty acids are esterified to form acyl- CoA esters, after which 

they can undergo β-oxidation providing energy for ATP synthesis.  They can also be utilized for 
the synthesis of membrane components (e.g. phospholipids and sphingolipids), or of bioactive 
lipids that regulate cell signaling (e.g. diacylglycerol, ceramide).  In addition, they can be stored in 
the form of triacylglycerols (Fig. 1.1). 

Lipid oversupply in obesity results in an increased NEFA availability.  In turn this leads to 
the build up of large intracellular triacylglycerol stores (27, 175, 198) in non-adipose tissues 
(muscle, liver and pancreas) and to the accumulation of fatty acid metabolites causing activation of 
signal transduction pathways that induce inflammation and impair insulin secretion and signaling.  
Usually these fatty acid-induced disturbances are referred to as lipotoxicity.  NEFA have been 
shown to impair insulin action both with respect to the activation of glucose uptake into skeletal 
and cardiac muscle, as well as adipose tissue (71, 119, 218, 324) and with respect to the 
suppression of hepatic endogenous glucose production (27, 69).  They have also been shown to 

reduce hepatic insulin clearance (131), and impair β-cell insulin secretion (31, 44, 102) in 
genetically predisposed individuals.  Furthermore, elevated circulating NEFA may lead to impaired 
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endothelial function and fibrinolysis, in this way contributing to the development of vascular 
disease (52). 

It has been suggested that visceral adiposity, as compared to its subcutaneous counterpart, 
contributes more to systemic NEFA availability and thus to insulin resistance (especially in liver) 
due to a greater lipolytic potential of the former and the fact that its NEFA are directly released into 
the portal vein making the liver the primary target of high NEFA concentrations (213). 

Although adverse effects of NEFA are well documented, the precise molecular mechanisms 

underlying fatty acid-induced insulin resistance and β-cell dysfunction remain controversial.  
However, the fact that adjustment of the diet and physical exercise followed by weight loss can 
improve tissue sensitivity to insulin (96) suggests that the accumulation of body fat is related to 
impaired insulin secretion and action by causative links. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Intracellular fatty acid metabolism.  Dashed arrows – inhibition.  FFA – free fatty 
acids, CPT I – carnitine palmitoyltransferase I, ACC – acetyl-CoA carboxylase. 
 
 

Factors determining impaired glucose homeostasis: fatty acid-induced insulin resistance 
 

Free fatty acids represent an important candidate for linking excess fat mass to type 2 
diabetes.  As mentioned earlier, the ability of fatty acids to induce insulin resistance in skeletal 
muscle, liver and adipose tissue is well documented (27, 124, 172, 175, 218, 232).  In all these 
tissues the proposed mechanisms of the insulin resistance follow the same principles (Fig. 1.2) with 
some additional tissue-specific nuances. 

The mechanisms of FFA-induced insulin resistance include cytosolic accumulation of long 
chain acyl-CoA esters (LCAC) associated with the synthesis or hydrolysis (depending on the 
particular conditions) of intracellular triacylglycerols, and subsequent accumulation of 
diacylglycerol (DAG).  DAG causes activation of protein kinase C (PKC), which in turn reduces 
the activity of insulin receptor substrate (IRS)-1-associated phosphatidylinositol (PI) 3-kinase, an 
important step in the insulin-signaling cascade (27, 172, 198).  Consequently, the effect of insulin 
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should be decreased.  The accumulation of ceramides is emerging as another important cellular 
event that might impair insulin signaling, by inhibiting the activation of protein kinase B (PKB, 
also known as Akt), a serine/threonine kinase implicated in the stimulation of glycogen synthesis 
and insulin-stimulated glucose transport (124). 
 

 
Figure 1.2 Fatty acid-induced impairment of glucose metabolism in cells that have insulin-
dependent glucose uptake.  Oversupply of free fatty acids and the resulting stimulation of β-
oxidation can cause accumulation of acetyl-CoA and citrate, and lead to inhibition of pyruvate 
dehydrogenase and phosphofructokinase, respectively, in turn causing accumulation of glucose-6-
phosphate and inhibition of hexokinase and thus a decreased uptake of glucose (Randle cycle).  
Meanwhile accumulation of fatty acyl-CoA esters in the cytosol can lead to increased production of 
diacylglycerol and ceramide causing stimulation of protein kinase C and inhibition of protein 
kinase B, respectively, and this way impairing insulin signaling and glucose uptake.  Furthermore, 
fatty acyl-CoA esters can inhibit fatty acid synthesis and adenine nucleotide transport across inner 
mitochondrial membrane.  Dashed line – stimulation.  Glu – glucose, G-6-P – glucose-6-
phosphate, F-6-P – fructose-6-phosphate, F-1,6-biP – fructose-1,6-bisphosphate, Pyr – pyruvate, 
Citr – citrate, DAG – diacylglycerols, TG – triacylglycerols, FFA – free fatty acids, TCA – 
tricarboxylic acid cycle, β-ox - β-oxidation, PKC –protein kinase C, PKB – protein kinase B, 
PKC* and PKB* - active forms of protein kinases. 
 
 

Normally adipose tissue depends on the action of insulin for both glucose uptake and 
regulation of lipolysis.  When insulin signaling is impaired due to above mentioned events, 
adipocytes become resistant to the antilipolytic effects of insulin, leading to increased fatty acid 
release and sustained high levels of plasma NEFA exacerbating hepatic and muscle insulin 
resistance (reviewed in (183)). 

Skeletal muscle is important in determining systemic insulin sensitivity because under 
insulin-stimulated conditions it is a major consumer of blood glucose (18).  Depending on the 
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physiological condition skeletal muscle is able to switch from carbohydrate oxidation in the fed 
state (insulin-stimulated) to increased fat oxidation in the fasting state.  Initially, based on the 
concept proposed by Randle and referred to as ‘glucose fatty acid cycle’, it was suggested that 
increased fat oxidation during periods of lipid oversupply could underlie impaired utilization of 
carbohydrate as a fuel.  According to this concept, increased availability of NEFA to muscle would 
lead to inhibition of both pyruvate dehydrogenase and phosphofructokinase by accumulation of 
acetyl-CoA and citrate, respectively (reviewed in (225)).  The inhibition of these enzymes is 
expected to result in reduced glycolytic flux and accumulation of glucose 6-phosphate, which in 
turn can inhibit hexokinase and thereby decrease glucose uptake.  However, accumulating evidence 
indicates that this mechanism is likely to be just one of a number of mechanisms by which NEFAs 
influence insulin action and glucose metabolism next to ability of NEFAs to antagonize insulin 
action by modulating the activity of proteins involved in insulin signaling (27, 124, 172, 198). 

Furthermore, the impairment of the metabolic flexibility offered by the ability to switch 
from carbohydrate to fat oxidation in response to the change in the physiological condition rather 
than just the effect on one of the processes, has been proposed to underlie the pathogenesis of 
insulin resistance in skeletal muscle (158).  Thus it is becoming apparent that trying to understand 
molecular mechanisms underlying pathophysiology of type 2 diabetes using a bottom-up approach, 
i.e. at the level of single affected protein or even pathway may constitute a considerable difficulty 
and most likely is doomed to failure.  While a system-level approach taken by systems biology 
methodologies should help to understand the intricate relationships among affected metabolic 
pathways, tissues and organs, and ultimately lead to understanding of the disease at the whole body 
level (cf. below). 

The liver is an important organ in body glucose homeostasis.  Depending on the 
physiological condition it deposits excess of blood glucose in the form of glycogen (in the fed 
state) or it releases glucose either through increased glycogenolysis or by gluconeogenesis (in the 
fasting state). Only hepatocytes and, in more severe fasting conditions, intestine and kidney cells 
are able to produce glucose since they possess glucose-6-phosphatase.  The response of the liver to 
changes in blood glucose levels is regulated by insulin and glucagon, with the former stimulating 
glucose uptake and inhibiting hepatic glucose production and the latter exerting the opposite 
effects.  Fatty acids are also important regulators of hepatic glucose metabolism due to their effect 
on both glucose uptake and hepatic glucose production (both from glycogenolysis and 
gluconeogenesis).  In healthy subjects, elevation of plasma NEFA levels in the fasting state 
stimulates gluconeogenesis and restores normal blood glucose levels.  In obesity the chronic 
increase in plasma NEFA stimulates endogenous hepatic glucose production even in the presence 
of insulin thus contributing to the hyperglycemia (244). 

The mechanisms by which fatty acids are thought to increase hepatic glucose release 
include the failure of inhibition of glycogenolysis and/or stimulation of gluconeogenesis by 

increased concentrations of (i) β-oxidation-derived acetyl-CoA, which allosterically activates 
pyruvate carboxylase, (ii) NADH, which is used for the formation of glyceraldehyde 3-phosphate 
from 1,3-bisphosphoglycerate, iii) ATP, which is used as an energy source (317).  Furthermore, 
oleate has been shown to inhibit glycolysis and stimulate flux through glucose 6-phosphatase, 
thereby promoting glucose production (122). 
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Factors determining impaired glucose homeostasis: fatty acid-induced ββββ-cell dysfunction 
 

Endocrine pancreas is able to adapt its β-cell mass apparently depending on how much 

insulin is needed to assure optimal control of glucose homeostasis.  A balance between β-cell 

growth (β-cell replication and neogenesis) and β-cell death (mainly apoptosis) determines β-cell 
mass in adult mammals, while the disruption of this balance may lead to rapid and marked changes 

in β-cell mass (reviewed in (233)).  Under the conditions of obesity and insulin resistance this 

ability of adjusting β-cell mass becomes increasingly impaired.  Initially β-cells have the capacity 
to respond to a glucose stimulus so that overproduction of insulin compensates for any insulin 
resistance-caused increase in blood glucose level.  In this manner, higher functional demands are 

met by enhanced β-cells proliferation resulting in increased β-cells mass (24).  With the onset of 

type 2 diabetes in parallel to increasingly evident secretory defects, β-cells loose their proliferative 

potential and undergo apoptosis, leading to decreased β-cell mass, which results in the release of 

inadequate amounts of insulin.  It is not clear whether the loss of β-cell function is due to an 
inherent defect or the consequence of a functional disturbance caused by glucotoxicity, 
lipotoxicity, or islet amyloid formation. 

The process of fuel-stimulated (glucose in the fed state, fatty acids in the fasting state) 

insulin secretion from β-cells is well established (see above, also (11, 191)) with mitochondrial 
metabolism playing a central role.  The availability of a particular substrate (carbohydrate vs. fat) 
will determine which process will provide reducing equivalents for ATP synthesis: when glucose is 

abundant, glycolysis is stimulated and β-oxidation is inhibited due to accumulation of malonyl-
CoA, a substance that inhibits carnitine palmitoyltransferase-1 and thus fatty acid transport into 
mitochondria.  Conversely, increased availability of fatty acids may favor their oxidation causing 
inhibition of glycolysis due to accumulation of acetyl-CoA and citrate (Randle cycle) (225). 

Acute stimulation with fatty acids induces insulin secretion by increasing intracellular free 
Ca2+ concentration (102) and potentiates glucose-stimulated insulin secretion by increasing LCAC 
concentrations that may directly stimulate the exocytotic machinery or exert their effect indirectly 
via modulation of protein kinase C activity (41).  A chronic increase in fatty acid concentrations in 
the presence of high concentrations of glucose enhances basal insulin secretion possibly by the 
same mechanism, but diminishes glucose-stimulated insulin release, presumably due to the 
inhibition of glycolysis (328).  Besides inhibiting glucose-stimulated insulin secretion, fatty acids 
inhibit insulin gene expression (118) and promote cell death by apoptosis (51, 73, 190, 193, 257).  

Deleterious effects of fatty acids on β-cell function involve accumulation of intracellular 

triglycerides (73) and generation of lipid-derived cytosolic signals that adversely affect β-cell 
function (mainly ceramide) (190, 193, 257) and, potentially, oxidative stress, either in the form of 
reactive oxygen species (ROS) (194, 305) or reactive nitrogen species (194).  Additional 
mechanisms that could impair insulin release include progressive accumulation of islet amyloid 
that is formed from the islet amyloid polypeptide which is co-secreted with insulin (51) and fatty 
acid-induced expression of uncoupling proteins (UCP) leading to lower cytosolic ATP/ADP ratios 
(150).  In most instances, the degree of saturation of fatty acids seems to be important for the 
cytotoxic effect, because saturated fatty acids (such as palmitate) cause marked apoptosis, whereas 
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unsaturated fatty acids (such as oleate) are much less cytotoxic or even protect against the 
proapoptotic effects of saturated fatty acids (193). 

 

Endothelial dysfunction in insulin resistant states 
 

In intact blood vessels, a monolayer of endothelial cells forms a continuous, semi-
permeable barrier between circulating blood and vascular smooth muscle cells (274).  Endothelium 
is a complex tissue with complex functions adaptable to specific needs: under physiological 
conditions it regulates vascular tone, blood circulation, fluidity and coagulation, angiogenesis and 
inflammatory responses (107, 262).  This is achieved by the ability to secrete and react to a variety 
of biologically active molecules. For instance, normal blood vessel vasodilation and 
vasoconstriction are brought about by the release of a number of relaxing and contracting factors 
like endothelial nitric oxide synthase (eNOS)-derived nitric oxide (NO), endothelium-derived 
hyperpolarizing factor, prostacyclin and endothelin (55). 

Endothelial cell dysfunction is a broad term that can include several components but is 
mainly defined as a reduced production of nitric oxide (NO) and/or an imbalance in the relative 
contribution of endothelium relaxing and contracting factors, together with the shut down of certain 
intrinsic endothelial anti-atherogenic mechanisms.  Endothelial dysfunction is emerging as a key 
feature in the pathophysiology of diverse vascular abnormalities associated with atherosclerosis, 
hypertension, obesity, and diabetes (55, 155, 261). 

In insulin resistant states like obesity and type 2 diabetes endothelial cells are continuously 
exposed to hyperglycemia and high concentrations of circulating free fatty acids (FFA).  Much 
endothelial dysfunction seems to stem from a number of cellular defects that are related to these 
two conditions.  Hyperglycemia results in nonenzymatic glycation of proteins and activation of the 
polyol pathway leading to the formation of advanced glycation end products (AGEs) and sorbitol, 
respectively, causing increased oxidative stress and impairment of vascular responsiveness (117, 
321).  Hyperglycemia induces oxidation of plasma lipoproteins, in particular low-density 
lipoprotein (LDL), while elevated concentrations of plasma FFA lead to their intracellular 
accumulation and storage in the form of triacylglycerols or accumulation of metabolites of their 
non-oxidative metabolism (ceramide, DAG).  Experimental data suggest that activation of PKC 
either by DAG or by the altered cellular redox state, signaling via stress- and mitogen-activated 

protein kinase pathways (155), and activation of nuclear factor-κB (NF-κB) (157, 195, 245) by 
increased ROS production, lead to a plethora of effects.  These include (i) the upregulation of genes 
that encode and induce angiotensin-converting enzyme activity and hence the local production of 
angiotensin II, (ii) expression of endothelial cell surface adhesion molecules (157, 245), and (iii) 
increased secretion of chemoattractants (e.g. monocyte chemoatractant protein-1) and chemokines 
such as interleukins (271).  Furthermore, alterations in eNOS function - either due to 
phosphorylation by PKC or formation of abnormal substrates and peroxynitrite resulting from 

increased ROS (especially the superoxide radical, O2
•-) production - lead to decreased availability 

of biologically active NO and impaired vasodilation (180).  Taken together, these events lead to 
endothelial dysfunction, a tendency for thrombosis and chronic low-grade inflammation, all 
consequences of hyperglycemia and high circulating NEFA concentrations. 
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In general, the altered cellular redox state and the increased ROS production caused by high 
concentrations of both glucose and fatty acids in insulin resistant states are regarded as central 
causes of endothelial dysfunction, although the precise mechanisms underlying the phenomena 
remain to be elucidated.  Among the proposed mechanisms are activation of NAD(P)H oxidase 

(reviewed in (143)) and O2
•- production by eNOS (180), with the mitochondrial ROS generating 

pathways remaining an option (see below). 
 

Type 2 diabetes from systems biology point of view 
 
Type 2 diabetes is a complex disease resulting from functional impairment at the level of 

virtually all tissues and organs of the human body.  At the level of individual cells, things appear to 
be not less complicated, i.e. it is likely to be an effect on many genes, enzymes, and metabolic 
pathways rather than one gene, enzyme or metabolic pathway that causes cellular dysfunction 
observed in type 2 diabetes (see above, also Fig. 1.2).  In obesity, complex interactions involving 
feedback regulation among all involved cell types (tissues) (Fig. 1.3) assure that impaired glucose 
homeostasis can persist for long periods of time (years) without becoming manifest, and finally 
reach a certain point of ‘no return’, which leads to manifestation of the disease.  The multifactorial 
nature of type 2 diabetes indicates that it can be considered as a biological systems disease.  This 
suggests that the traditional, i.e. fully reductionist, molecular biology approach to such a systemic 
disease as type 2 diabetes may not lead to satisfactory understanding of underlying molecular 
mechanisms and curing the disease.  This is confirmed by the fact that despite large amounts of 
data collected on the involvement of individual genes, enzymes and metabolites, the whole picture 
of how everything is related to each other by cause/effect relationships at a system level is still 
missing.  The potential usefulness of systems approach for understanding complex diseases such as 
obesity and type 2 diabetes has been pointed out earlier (166). 

 
Figure 1.3 Interactions among different cell types that underlie impaired glucose 
homeostasis in obesity.  Dashed lines – routes of stimuli amplification. 

 

Accumulation of 
triacylglycerols 

Adipocyte  

Cytokines Fatty acids 

Inflammation 

Hypeglycemia

Endothelium Muscle cell Hepatocyte β-cell 

Insulin resistance Impaired insulin 
secretion 

Hyperglycemia 



Chapter 1 

 18

Systems biology strives to understand the functioning of complex biological systems (167, 
168).  In contrast to traditional molecular biology where a system is broken down to its components  
(e.g. genes, proteins), and then analyzed component by component, in the hope of understanding 
the functioning of a system from understanding the functioning of its parts (a bottom-up approach), 
system biology focuses on the (regulatory) interactions between the components when they are 
connected into a system as a whole (313). 

To achieve system-level understanding, two different approaches usually are taken: (i) 
mathematical modeling, where behavior of a system is described in terms of mathematics, and (ii) 
experimentation using high throughput methodologies (e.g. microarrays and proteomics), where 
changes in expression of genes and protein levels in a system in response to a perturbation are 
quantified.  Both approaches have their strong and weak sides: while a successful application of the 
first approach can be of great predictive value, it requires detailed preliminary information about 
the system of interest, the second approach yields detailed quantitative information about the 
components of a system (e.g. DNA, mRNA, proteins) but fails to provide information on 
(regulatory) interactions among them.  Metabolic Control Analysis (MCA) is another tool used in 
systems biology to quantitatively assess the contribution of individual system components (i.e. 
enzymes) to system behavior, and it does not require information about kinetics of system 
components a priori.  Thus MCA allows the identification of system components that are crucial in 
control of pathway flux or metabolite concentration and thus can be helpful for both understanding 
mechanisms underlying the disease and for identification of potential drug targets (61, 322).  In this 
study we make use of MCA together with modular kinetic analysis to test a system-level 
hypothesis on a potential mechanism underlying cellular dysfunction in obesity and type 2 diabetes 
(see below). 
 

From obesity to type 2 diabetes: the role of adenine nucleotide translocator 
 
It is clear that persistently high concentrations of fatty acids and their metabolites can 

adversely affect a wide variety of metabolic pathways leading to cellular dysfunction in insulin 
resistant states.  Although some of the effects are well documented, the multitude of the targets and 
the complex interplay among the affected metabolic pathways make it difficult to understand the 
cause/effect relationships among the observed phenomena.  Thus it is becoming increasingly 
apparent that in order to unravel the general mechanisms underlying cellular dysfunction in obesity 
and type 2 diabetes one should take a systems biology approach by investigating the system as a 
whole rather than focusing on individual components. 

A combined molecular, cellular, and systemic mechanism has been proposed that should 
explain the cytotoxic effects of fatty acids through an effect on a single molecular target (13, 14) 
(Fig. 1.4).  The proposed mechanism is based on the knowledge that in insulin resistant states cells 
are constantly exposed to increased concentrations of circulating fatty acids (see above and (206)).  
In turn the increased intracellular availability of lipids can lead to increased concentrations of long 
chain acyl-CoA esters (LCAC), molecules that control several aspects of cell function including 
activation of certain types of protein kinase C (PKC), modulation of ion channels, protein 
acylation, ceramide- and/or nitric oxide (NO)-mediated apoptosis, and binding to nuclear 
transcriptional factors (see above and reviewed in (171)).   
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Among others, LCAC (C12 to C18) irrespective of the degree of unsaturation and the 
stereoisomery of the double bonds were shown to competitively inhibit a number of mitochondrial 
transport systems, e.g. adenine nucleotide translocator (ANT), dicarboxylate, tricarboxylate and 
phosphate carrier (208, 259, 290). The inhibitory potency of LCAC was shown to differ 
significantly for different carrier systems with the ANT being the most sensitive to LCAC 

(apparent Ki values for palmitoyl-CoA (C16:0) are increasing in the order: ANT (0.1 µM) < 

tricarboxylate carrier (3.2 – 4.5 µM) < dicarboxylate carrier (7.1 – 9.5 µM) < phosphate carrier (25 

µM)) (208).  This observation poses a question whether the inhibition of tri-, dicarboxylate and 
phosphate carriers is of physiological significance since the concentration of LCAC needed to at 
least partly block these carriers would inhibit ANT completely preventing any activity of oxidative 
phosphorylation.  LCAC were shown to modulate the activity of ANT from both outer and matrix 
sides of the inner mitochondrial membrane (70) by competitive displacement of the nucleotide 
from its binding site on the protein (318), mimicking the effect of the classical ANT inhibitors 
atractylate and bongkrekic acid.  This suggests that even under normal conditions LCAC might 
serve as natural ligands and biological effectors of the ANT. 

Under hyperlipidemic conditions high intracellular concentrations of LCAC are expected to 
lead to persistent inhibition of the ANT.  Since the ANT catalyzes exchange of matrix ATP for 
cytosolic ADP, its inhibition is expected to lead to the lowering of cytosolic ATP concentrations 
and of ADP concentrations in the mitochondrial matrix.  Such changes are expected to affect 
cellular metabolism negatively in general, because ATP is the ‘energy currency’ of the cell that is 
used to drive most of the energy-consuming processes, of which the majority are located in the 
cytosol.  If looking at individual affected processes, decreased availability of cytosolic ATP is 
expected to shift the adenylate kinase equilibrium towards production of ATP and AMP buffering 

the changes in the cytosolic ATP/ADP ratio (the adenylate kinase reaction is ATP + AMP → 
2ADP).  Besides other effects, increased concentrations of cytosolic AMP can lead to stimulation 
of cytosolic 5’-nucleotidase-catalyzed hydrolysis of AMP to adenosine.  Increased intracellular 
concentrations of the latter is expected to decrease the adenosine gradient that exists between extra- 
and intracellular compartments, impairing cellular uptake of extracellular adenosine produced by 
extracellular membrane-bound ecto-5’-nucleotidase. This then should lead to elevated extracellular 
adenosine concentrations (84). 

Extracellular adenosine exerts several physiological effects.  It is a potent vasodilator (272) 
and can directly stimulate afferent nerves leading to increased sympathetic tone (74).  In general, 
sympathetic stimulation leads to increased arterial pressure and blood flow.  Furthermore, it can 
result in increased glucose release from liver, increased fatty acid and glycerol release from adipose 
tissue, and decreased insulin release from pancreas (reviewed in (145)). 

If increased extracellular adenosine concentrations persist, they can contribute to a number 
of pathological conditions, such as increased production of urate (a break down product of 
adenosine) and renal functional abnormalities, e.g. sodium retention caused by increased activity of 
the sympathetic nervous system (14).  Together with endothelial dysfunction the latter are held 
responsible for hypertension observed in insulin resistant states (reviewed in (223)). 

The energy liberated when H+ are translocated down its gradient across the inner 
mitochondrial membrane drives ATP synthesis by ATP synthase (203).  Therefore, decreased ATP 
synthesis caused by lack of matrix ADP will result in an increased electrochemical potential 
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difference for protons across the inner mitochondrial membrane (∆µH
+), of which the electric 

potential (also referred to as membrane potential, ∆ψ) is the main component.  Moreover, 

inhibition of ANT itself will contribute to an increase in ∆µH
+ due to the fact that adenine 

nucleotide translocation is driven by ∆ψ (see below).  For this reason besides its direct effect on the 
adenine nucleotide metabolism discussed above, inhibition of the ANT by LCAC is also expected 

to lead to an increased mitochondrial membrane potential (∆ψ).   

Since it was shown that the rates of ROS production by mitochondrial RC depends on ∆ψ, 

with higher rates observed in states with high ∆ψ (state 4, no active ADP phosphorylation) and 

lower rates in states with low ∆ψ (state 3, active ADP phosphorylation) (33, 34, 173, 174), it was 
suggested that inhibition of ANT by LCAC would also stimulate the production of reactive oxygen 

species (ROS) via the effect on ∆ψ (14).  Because some species of ROS (e.g. O2
•- and H2O2) have 

been shown to stimulate cell proliferation (reviewed in (49), this ANT inhibition-stimulated 
production of ROS was also proposed to account for such phenomena as the increase in pancreatic 

β-cell mass occurring with the onset of insulin resistance.  Should ANT inhibition persists, so 
should ROS production, causing oxidative stress and activation of stress response pathways that 

often result in cell death.  When cell death rates exceed proliferation rates, pancreatic β-cell mass is 
expected to decrease resulting in an inability to cope with insulin resistance and leading to 
hyperglycemia. 

 
Figure 1.4 Proposed (13, 14) mechanisms of fatty acid induced dysfunction in insulin 
resistant states.  FFA – free fatty acids, LCAC – long chain acyl-CoA esters, ANT – adenine 
nucleotide translocator, ROS – reactive oxygen species. 
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free-energy metabolism, first steps of amino acid synthesis, cellular Ca2+ homeostasis, production 
of ROS and apoptosis (reviewed in (114)).  In the majority of the mammalian cells the bulk of 
cellular ATP is synthesized through the process of oxidative phosphorylation in mitochondria.  
Thus the free-energy extraction from catabolism is one of the main roles of these organelles.  In 

pancreatic β-cells mitochondria have an additional role in the process of glucose-stimulated 
induction and augmentation of insulin release (see before in this chapter “Maintenance of glucose 
homeostasis”).   

The outer mitochondrial membrane is relatively permeable to small (up to ~ 1000 Dalton), 
preferentially negatively charged molecules (nucleotides, phosphorylated compounds) due to the 
presence of a porin channel (voltage dependent anion channel, VDAC) at a high copy number 
(reviewed in (258)), while the inner mitochondrial membrane is impermeable for ions and 
hydrophilic metabolites.  Due to this impermeability, the inner membrane contains several specific 
transport systems that supply substrates for intramitochondrial processes (Fig. 1.5A), e.g. a 
transport system for fatty acids (159), transporters of TCA cycle intermediates, a phosphate 
transporter (220) and an adenine nucleotide translocator (ANT) (308), as well as several shuttle 
systems for cytosol-derived reducing equivalents. 

Oxidation of pyruvate, TCA intermediates and fatty acids in the mitochondrial matrix gives 
rise to reducing equivalents residing in NADH and FADH2 that are passed on to the electron 
transfer (or respiratory chain (RC)) enzyme complexes embedded in the inner mitochondrial 
membrane (Fig. 1.5A).  Four RC complexes (NADH dehydrogenase, succinate dehydrogenase, 
coenzyme Q-cytochrome c oxidoreductase, cytochrome c oxidase, respectively or alternatively 
complex I, II, III and IV, respectively) float in the inner mitochondrial membrane.  Two mobile 
electron carriers (the lipid soluble coenzyme Q and the water soluble cytochrome c) transfer 
electrons between them.  In the order mentioned RC complexes have an increasing standard 
reduction-oxidation potential.  This enables spontaneous electron transfer from NADH or other 
electron donors through the complexes to the molecular oxygen (120).  In the case of NADH 
oxidation electrons are transferred via complexes I, III and IV, while in case of succinate oxidation 
they run through complexes II, III and IV.  With the exception of complex II, electron transfer via 
the RC complexes (I, III and IV) is coupled to proton ejection from the matrix to the 
intermembrane space.  Due to the impermeability of the inner membrane to protons the 

electrochemical proton gradient (∆µH
+) builds up (203).  This way some of the spontaneous 

electron transfer free energy is conserved as potential energy of an electrochemical proton gradient.  
According to the chemiosmotic theory of oxidative phosphorylation proposed by P. Mitchell (203), 
the latter drives ATP synthesis by F0F1 ATPase (ATP synthase, or H+-ATPase) from ADP and 
inorganic phosphate (Fig. 1.5A). 

To keep the process of oxidative phosphorylation running, a constant supply of ADP to the 
mitochondrial matrix is necessary.  Furthermore, since most of the cellular ATP consumers are 
located in the cytosol or other cellular organelles, ATP produced in the mitochondrial matrix must 
exit the mitochondria.  The adenine nucleotide translocator (ANT), a member of mitochondrial 
carrier family encoded by the nuclear DNA (reviewed in (178)), accomplishes the exchange of 
matrix ATP for cytosolic ADP.  Due to its central role in cellular energy metabolism, ANT is one 
of the most studied mitochondrial carriers (86, 134, 178, 182, 308).  The main function of the ANT 
is to catalyze the exchange of mitochondrial ATP for cytosolic ADP across the inner mitochondrial 
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Figure 1.5 Schematic representation of mitochondrial metabolism.  A. Complete 
mitochondrial metabolism.  B. Succinate-driven oxidative phosphorylation when respiratory chain 
complex I is blocked with the specific inhibitor rotenone to prevent accumulation of oxaloacetate.  
C. Malate-driven oxidative phosphorylation (glutamate is used to prevent accumulation of 
oxaloacetate).  TCA cycle– tricarboxylic acid cycle, β-ox – β- oxidation, I, II, III, IV – respiratory 
chain complexes, V – ATP synthase, Co Q – coenzyme Q, cyt c – cytochrome c, ANT – adenine 
nucleotide translocator, PT – phosphate transporter, CA – carnitine acyltransferase, CPT 2 – 
carnitine palmitoyl transferase 2, PDH – pyruvate dehydrogenase, PC – pyruvate carboxylase, 
DCC – dicarboxylate carrier, TCC – tricarboxylate carrier, T - transaminase. 
 
 
membrane.  At the usual intracellular pH, ATP has four negative charges, while ADP has 3 
negative charges.  The ANT has this same difference in charge specificity for the two compounds.  
Hence, the ADP3-/ATP4- exchange is driven by and uses up some of the membrane potential 
generated by the RC complexes (182).  The transport activity of the ANT is essentially dependent 
on the binding of cardiolipin (134), a phospholipid typical to mitochondrial membranes, indicating 
that modification of membrane composition e.g. by diet might affect the activity of the enzyme. 

Under specific circumstances the ANT can function as a non-specific uniporter (86) and 
form part of the mitochondrial permeability transition pore.  The opening of this pore leads to the 
collapse of mitochondrial membrane potential, release of mitochondrial factors and when sustained 
– induction of apoptosis (36, reviewed in (296)). 

Oxidative phosphorylation is influenced by the metabolic state of the cell and the whole 
body, which in turn can be affected by the diet (165).  This metabolic state determines the types of 
fuels that are being metabolized in mitochondria (e.g. pyruvate or fatty acids), thus altering the 
source and flow of reducing equivalents available to the RC and adjusting the yield of ATP 
synthesis.  Fig. 1.5B and C shows the specific situations of succinate and malate oxidation, 
respectively, which were considered in the studies performed for this thesis. 

 

ROS generation by the mitochondrial respiratory chain 
 
As mentioned earlier, electrons received from the respiratory substrates are transferred 

along the mitochondrial respiratory chain (RC) leading to four-electron reduction of O2 to H2O.  
Partially reduced O2 intermediates remain tightly bound to cytochrome oxidase until O2 is fully 
reduced.  However, any electron transport chain operating in the presence of O2 can "leak" some of 
the electrons, passing them directly onto O2.  The mitochondrial RC is thought to be the main 
source of the reactive oxygen species (ROS) in the cell.  Even under physiological conditions 0.4 – 
4 % of the oxygen reduced by the electron transfer chain is reduced incompletely leading to the 
formation of ROS (33, 34).  Since O2 favors reduction by one electron at a time, the primary 

reactive oxygen species that is formed is superoxide anion (O2
•-), which is membrane impermeable 

and thus remains in the cellular compartment to which it was released.  The rate of O2
•- formation 

depends on the flux of electrons through the RC (33).  In mitochondria, RC complexes I and III are 

thought to be main sites of O2
•- production (reviewed in (15).  Early studies on RC-derived O2

•- 

production concluded that most O2
•- must be released to the matrix side of the mitochondrial inner 

membrane (32).  The current data on O2
•- release topology from complex III remains controversial 
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with reports that it is released only to the cytosolic side (276) and to both sides (210) of the inner 
membrane. 

In aqueous solution O2
•- acts as a reducing rather than oxidizing agent.  For this reason the 

cytotoxic action of O2
•- is frequently considered to result from a secondary production of other 

ROS such as hydrogen peroxide (H2O2) and the far-more reactive hydroxyl radical (OH•) or 

peroxinitrite anion (ONOO-).  H2O2 is produced when O2
•- undergoes enzymatic dismutation 

catalyzed by the manganese-containing isoform of superoxide dismutase (SOD) in the 
mitochondrial matrix or the copper- or zinc-containing SOD in the cytosol (288).  When formed, 
H2O2 can easily diffuse through membranes and exert its effects in other cellular compartments.  In 

the presence of iron (Fe2+) or copper (Cu+) H2O2 can decompose to OH• (Fenton reaction), which 
can combine with virtually all biological molecules leading to DNA, protein and lipid damage.  

Due to the extreme reactivity of OH•, it is short lived and exerts its deleterious effect close to the 

sites of its production.  Furthermore, when O2
•- encounters nitric oxide (NO), which is a common 

signal-transducing molecule produced in the majority of mammalian tissues (including endothelial 
cells where it serves as a vasodilatory agent), ONOO- is formed.  The latter is also extremely 
reactive and can mediate oxidation, nitrosation, and nitration reactions. 

Mitochondria possess a number of ROS scavenging systems indicating that ROS production 

is relevant in vivo.  A primary enzymatic scavenging system that takes care of O2
•- and H2O2 

removal is the combined action of superoxide dismutase and either glutathione peroxidase or 
catalase, enzymes found not only in mitochondria but also in other cellular compartments.  
Antioxidant compounds such as glutathione, vitamins C and E also help dealing with ROS 
production. 

Under normal conditions the antioxidant defense system can handle ROS that are produced.  

Furthermore, production of low amounts of O2
•- and H2O2 has been shown to be responsible for a 

variety of physiologically relevant activities such as stimulation of cell proliferation (reviewed in 
(49)).  However, during periods of increased oxygen flux or due to other factors, ROS production 
rate may exceed that of ROS removal ultimately leading to increased damage of surrounding 
macromolecules resulting in the formation of various protein adducts, altered DNA bases, breaks of 
double-stranded DNA and lipid peroxidation, which in turn causes oxidative stress.  This 
phenomenon is thought to be one of the main mechanisms contributing to cellular dysfunction in a 
number of human pathologies (e.g. cardiovascular disease, cancer, Alzheimer's disease, Parkinson's 
disease, type 2 diabetes and aging). 

Increased mitochondrial ROS production can arise through several other mechanisms than 
increased oxygen consumption.  These are, e.g., inhibition of RC complexes (e.g. by antimycin A 

or rotenone) (32) or high mitochondrial membrane potential (174), increased β-oxidation (319), 
uncoupling of mitochondrial oxidative phosphorylation (60), although uncoupling was also 
proposed as a mechanism to protect from increased ROS formation (173).  These at first sight 

contradictory reports are explained by the fact that the rate of O2
•- generation is not a unique 

function of ∆ψ but rather a multiple function of the electrochemical proton gradient across inner 

mitochondrial membrane (∆µH
+), redox state of electron-transfer enzymes that determine ∆ψ, and 

of partial pressure of O2 (83), and the contribution of each factor to O2
•- generation depends on the 

experimental conditions. 
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Metabolic control analysis 
 

Apparently, cellular dysfunction in insulin resistant states arises via a number of molecular 
mechanisms affecting fluxes through different metabolic pathways and the concentrations of 
intermediates in these pathways.  For this reason understanding of metabolic control of a pathway 
may be helpful in understanding the observed phenomena.  Metabolic control analysis (MCA) 
simultaneously developed by Kacser and Burns, and Heinrich and Rapoport in the early seventies 
allows a quantitative evaluation of the control of fluxes (129, 152) and metabolite concentrations 
(310) by enzymes in complex metabolic pathways at steady state (the current terminology of MCA 
is given in Ref. (50)).  With the help of MCA, system properties (control coefficients, see below) of 
an intact metabolic pathway can be explained in terms of the kinetic, i.e. local properties of 
individual pathway constituents (elasticity coefficients).  Since its introduction, some major 
developments were achieved in the theory of MCA (135, 153, 231, 310, 312), reviewed in (101)) 
allowing the control structure of metabolic pathways of any complexity to be determined. MCA 
was successfully applied experimentally to assess the control of different cellular processes in a 
number of organisms: dominance in N. crassa (154), oxidative phosphorylation in isolated rat-liver 
mitochondria and liver cells (29, 30, 93, 111, 121, 123, 279, 314), oxidative phosphorylation in 
isolated potato tuber mitochondria (160), citrulline synthesis in isolated rat-liver mitochondria 
(302), threonine synthesis (66) and DNA supercoiling (264) in E. coli, glycolysis in T. brucei (12), 
insulin-stimulated glucose disposal in rat skeletal muscle (151), and many others. 

The early theory is applicable to any metabolic pathway or network if it is at steady state, 
meaning that the production rate of each intermediate equals its consumption rate, the 
concentrations of all intermediates remaining constant in time (152).  Subsequent extensions 
included time dependent phenomena, i.e. oscillations (25) and transients (130, 138). 

In the work described in this thesis we applied MCA to quantify to what extent various 
constituents of oxidative phosphorylation, and especially the adenine nucleotide translocator 
controls fluxes, concentrations or potentials in the system and how this control is affected by 
LCAC.  Below are summarized the main definitions and theorems of MCA. 

 
Definitions 
 

MCA focuses on the quantitative assessment of metabolic control within the system.  Two 
types of control are distinguished: global and local.  Control coefficients quantify global control; 
they are a relative measure of how an infinitesimal perturbation of a system parameter (e.g. enzyme 
activity) affects a system variable (e.g. flux Jk or intermediate concentration Xm) (129, 152).  When 
the system variable is a flux, the flux control coefficient is defined as the fractional change in 
steady-state system flux Jk in response to an infinitesimal change in the activity of an step i (vi) 
directly caused by an external agent pi: 
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Where the numerator in the final expression refers to the steady state change in flux caused by 
change of a parameter that only affects step i, and the denominator refers to the change in that 
process itself caused by that same parameter change, if all other factors around the process 
remained constant.  The subscript ‘ss’ refers to this steady state conditions and is often omitted, as 
are the parentheses.  The enzyme activity is defined in terms of a proportional equal modulation of 
forward and reverse Vmax.  When the system variable is a concentration of an intermediate Xm (or a 
ratio of concentrations), the concentration control coefficient is defined in the analogous manner 
as: 
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The concentration control coefficients is also equal to dependence of the chemical potential 
(µ) of the substance Xm on the modulation of the rate, normalized by the gas constant (R) times the 
absolute temperature (T) (309): 
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Because: 
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m

ln=µ         (Eq. 1.4) 

Similarly the control coefficient for transmembrane electric potential (also refered to as membrane 

potential, ∆ψ) can be defined (309, 315): 

ii

i
i vRT

F

v

v

RT

F
C

ln∂
∆∂=∆∂=∆ ψ∂ψψ       (Eq. 1.5) 

where F is Faraday constant. 
Similarly to the control coefficient one can define the response of a system variable to 

change in an external parameter, e.g. concentration of an external effector.  Thus the response 
coefficient is defined as a fractional change in a system variable a (flux Jk or intermediate Xm) in 
response to an infinitesimal fractional change in the concentration of an external effector q (153): 
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The elasticity coefficient quantifies local control and is a measure of how the rate of a 
reaction will respond to a change in concentration of an intermemediate (e.g. the concentration of a 

substrate or product, also ∆ψ, ∆µH
+, concentration ratios) (129, 152, 309).  It is defined in terms of 

the fractional change in rate v through step i caused by a very small fractional change in the 
concentration of intermediate Xm: 
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Here the parentheses again refer to a partial differentiation condition, where the rate v is now 
considered to be a function of the concentrations of all metabolites that affect the enzyme, without 
the condition of a systemic steady state.  All metabolites except the one that is varied explicitly are 
held constant in the differentiation. 

The elasticity coefficient of step i to effector q is defined as the fractional change in rate vi 
through that process caused by a very small fractional change in the concentration of an external 
effector q (153): 
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When external effector acts on several processes in a network, the overall response 
coefficient of a system variable is determined by the control pattern of a network and the elasticity 
coefficient of each step to the external effector (153): 
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Thus to bring about significant changes in system fluxes, concentrations or potentials, the 
external effector must act on a step that exerts appreciable control over these system variables and 
has the highest elasticity coefficient to the external effector. 

The co-response coefficients quantify the ratio of responses of intermediate Xm and flux Jk 
after perturbation of any step i in the system (135): 
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Theorems of MCA 

 
Summation theorems apply to both flux and concentration control coefficients.  It was 

shown that the sum of all flux control coefficients in the total network is 1 (129, 152): 
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This theorem shows that there need not be a rate-limiting enzyme; the rate-limitation is a 
property that may be shared by the processes in a network.  However, there can be a rate-limiting 
step in a special case where one of the enzymes has control coefficient that is equal to 1 while the 
others have control coefficients that are equal to 0.  Furthermore, the summation theorem implies 
that depending on the variation in the external conditions the distribution of control within a 
network can change, i.e. if the flux control coefficient of one step decreases the coefficient(s) of 
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other step(s) in a network must simultaneously increase.  Thus, the summation theorem 
demonstrates that flux (also concentration, see below) control is a system property rather than a 
property of an isolated enzyme. 

The sum of all concentration-control coefficients in a network is zero (129, 152): 

∑
=

=
1

0
i

X
i

mC          (Eq. 1.12) 

The sum of all (chemical or electrochemical) potential control coefficients in a network is also zero 
(309).   

The summation theorem for concentration control coefficients indicates that the control of 
the concentration of an intermediate is shared among the processes in a network in such a way that 
there cannot be a single step that determines a concentration.  Instead there must be processes that 
exert positive control and processes that exert negative control, and the sum of all positive controls 
and the sum of all negative controls in a network are of the same absolute magnitude.  Thus both 
positive and negative control is equally important in determining the concentration of an 
intermediate. 

The system properties are determined by the local properties and this relationship is 
expressed by connectivity theorems.  The connectivity for flux control coefficients reads (152): 
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The connectivity for concentration control coefficients (310, 312): 
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where δmn = 1 if m = n, and 0 otherwise. 
And the connectivity of (chemical or electrochemical) potential control coefficients (309): 
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It follows from the connectivity theorems that the lower is the elasticity coefficient (i.e. 
sensitivity) of a step the stronger is the flux, concentration or potential controlled by that step, and 
vice versa. 

If flux J branches into two fluxes J1 and J2 branching theorems apply at the branching point 
(100, 312): 
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The summation, connectivity and branching theorems allow one to calculate all control 
coefficients in a network if the system fluxes at steady state and elasticity coefficients of all 
pathway enzymes are known (100, 231, 312). 
 
Modular control analysis 

 
Conventional MCA considers individual enzymes.  The control coefficient is determined 

from fractional change in a system flux or concentration of metabolite in response to a fractional 
change in the activity of an enzyme of interest, which is achieved by either genetic manipulations 
(152), titrations with purified enzyme (283), or use of a specific inhibitor (92, 121, 279).  However, 
if one is interested in resolving the control structure of a larger system with many enzymes, fluxes 
and metabolites, such a ‘bottom up’ approach is not always feasible because it is not always 
possible to measure all enzymes, fluxes and metabolites.  A modular (or top-down) approach to 
MCA was developed to facilitate the assessment of the control structure in complex systems (2, 3, 
46, 252, 253, 309).  In this type of analysis one considers a system of interest as a whole, where it 
is conceptually sub-divided into a small number of functional modules interacting through a small 
number of connecting intermediates (Fig. 1.6).  A module can contain cellular compartments (i.e. 
cytosol and mitochondria), enzymes, transporters, non-enzymatic processes, metabolites, feedback 
loops and allosteric interactions, and in the further analysis is treated as a single enzyme.  It has 
been shown that modular MCA could be applied to a whole human body by treating each organ as 
a separate module, which consumes and produces certain intermediate, although some 
complications that can arise in such approach (e.g. fulfillment of the steady state condition) were 
indicated (47).  There are two types of modules: (i) type-1, or ‘black box’ modules, where one is 
concerned only with the reactions and metabolites that link the modules, but not the internal 
reactions and metabolites, and (ii) type-2 where also internal reactions and metabolites are 
observed (252).  In the studies performed for this thesis we only considered type-1 modules.  When 
assigning the modules one has to take care that: (i) there are no conservation relations linking 
metabolites within different modules (i.e. ATP and ADP cannot belong to different modules), and 
(ii) internal intermediates of one module do not act as effectors in another module (i.e. the 
corresponding elasticities are zero) (252, 253).  

It has been demonstrated that the summation theorem (see above) also holds for modular 
approach (2, 252).  The overall control coefficients of the modules (comprised of control 
coefficients of the module-constituents) can be derived from the overall elasticity coefficients of 
the modules for the connecting intermediates.  This way the control exerted by a group of enzymes 
rather than one enzyme is quantified.  If a more detailed analysis of the control structure is needed, 
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the modules can be further decomposed and the control exerted by a smaller group of enzymes can 
be quantified. 
 

 
Figure 1.6 Dissection of a pathway into modules.  A Dissection of a linear pathway into two 
‘black box’ modules.  Reaction intermediate X3 allostericaly inhibits reaction catalyzed by enzyme 
E1.  B Dissection of a branched pathway into three ‘black box’ modules.  S – substrate, P – 
product, En – enzymes, Xm – reaction intermediates. 
 
 

If modules interact via one connecting intermediate, elasticities of the modules towards the 
connecting intermediate can be determined experimentally using titrations with module-specific 
modulators (i.e. inhibitors or activators).  Consider a simple linear pathway that is sub-divided into 
two modules (Fig. 1.6A).  To obtain kinetics of the ‘input’ module one should titrate with output-
specific modulator and measure the flux and concentration of an intermediate X3.  A plot of the 
flux against concentration of X3 then serves as a kinetic characterization of the input module (Fig. 
1.7A).  Kinetic characterization of the ‘output’ module is obtained similarly by titrating with the 
input-specific modulator (Fig. 1.7B).  The elasticity coefficients are then obtained from the slopes 
of kinetic curves at steady state.  The assessment of module kinetics also in the presence of an 
external effector can yield information about the sites of action of that effector and was extensively 
used to study the effects of various agents on the oxidative phosphorylation (92, 161, 176, 201).  
We used this approach in the work described in this thesis to localize the sites of action of two 
LCAC, i.e. palmitoyl-CoA and oleoyl-CoA (Chapters 2 & 3) and a high-fat diet (Chapter 4) in 
oxidative phosphorylation in isolated rat-liver mitochondria. 

However, this procedure for determination of elasticities cannot be used for more complex 
pathways with more fluxes and connecting intermediates, so that the obtained relationship of the 
flux and the level of intermediate is not unique (unless there is a way to clamp other fluxes and 
levels of intermediates at a constant value while measuring the dependence of a particular flux on 
the level of a particular intermediate).  In such situation the elasticities can be obtained using a 
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multiple modulation method (6, 112, 153).  The latter approach was taken in this thesis to assess 
the control of fluxes and intermediates in system of oxidative phosphorylation and is described in 
more detail in Chapter 3. 
 

 
Figure 1.7 Kinetic characterization of the modules.  A linear pathway depicted in Fig. 1.6A is 
considered.  A Kinetics of the input module determined by titration of the output module with 
specific inhibitor.  B Kinetics of the output module determined by titration of the input module with 
specific inhibitor. 
 
 

The scope and the outline of this thesis 
 

The aims of this project were: (i) to recognize type 2 diabetes as a biological systems 
disease, (ii) to develop and apply methodology for testing our specific (systems biology) 
hypothesis linking obesity to type 2 diabetes, (iii) to show that systems biology methods allow one 
to understand multifactorial diseases such as obesity and type 2 diabetes better.   

Our hypothesis suggested that mitochondrial and cellular function in insulin resistant states 
(i.e. obesity and type 2 diabetes) is impaired due to disturbances in energy metabolism and 
increased ROS production resulting from inhibition of mitochondrial adenine nucleotide 
translocator (ANT) by increased concentrations of intracellular long chain acyl-CoA esters 
(LCAC).  The hypothesis is specific in that it focuses on one of possibly more molecular 
mechanisms yet shows that the effects of this mechanism should be systemic and pleiotropic and 
correspond to a number of characteristics of type 2 diabetes.  To test the hypothesis, isolated rat-
liver mitochondria (Chapter 2, 3 and 4) and cultured human umbilical vein endothelial cells 
(HUVEC) (Chapter 5) were used as model systems. 

Chapter 2 tests whether two long chain acyl-CoA esters, palmitoyl-CoA (C16:0) and 
oleoyl-CoA (C18:1) have the postulated effects on the function of oxidative phosphorylation in 
isolated rat-liver mitochondria respiring on succinate.  To assess the effects of LCAC, a three-

modular kinetic analysis is applied with the membrane potential (∆ψ) as a connecting intermediate.  
This is combined with a bi-modular kinetic analysis with the fraction of ATP in the mitochondrial 
matrix as a connecting intermediate.  This enables us to determine whether the ANT is the only 
enzyme in the system of oxidative phosphorylation that is affected by LCAC under these 
experimental conditions.  Furthermore, the effects of both LCAC on the extra- and 
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intramitochondrial adenine nucleotide concentrations and on ∆ψ under various phosphorylating 
conditions are determined.  The LCAC-induced changes predicted by the central hypothesis (see 
above) are confirmed. 

Chapter 3 describes how oxidative phosphorylation is influenced by palmitoyl-CoA in 
isolated rat-liver mitochondria respiring on glutamate plus malate.  The effects of palmitoyl-CoA 
are assessed using the modular approach of Chapter 2, but now with a focus on the condition of 
maximal ADP phosphorylation flux (state 3).  The results presented in this chapter show that the 
effect of palmitoyl-CoA does not depend on the respiratory substrate and that the ANT is the only 
target of palmitoyl-CoA when the isolated rat-liver mitochondria respire on NADH-delivering 

substrate.  The palmitoyl-CoA-induced changes in ∆ψ and extramitochondrial ATP levels result in 
increased H2O2 production and increased extramitochondrial AMP levels, respectively. 

The magnitude of the control exerted by an enzyme or transport protein will determine to 
what extent an inhibition of this enzyme or transporter will affect pathway flux, metabolite 
concentration or membrane potential.  In Chapter 3, the control of fluxes and intermediate 
concentrations by enzymes of oxidative phosphorylation including the ANT in isolated rat-liver 
mitochondria respiring on succinate and glutamate plus malate as a substrate are quantified.  To 
obtain a detailed picture of this control distribution, the system of oxidative phosphorylation is 
conceptually sub-divided into six modules interacting via four intermediates.  A multiple 
modulation method is used to obtain elasticity coefficients in the system.  In addition, the control of 

oxygen uptake flux, phosphorylation flux, ∆ψ, ratio of reduced-to-oxidized coenzyme Q (QH2/Q), 
extra- and intramitochondrial ATP/ADP ratio by the six modules is determined in terms of the 
corresponding control coefficients.  From the control of the extramitochondrial ATP/ADP ratio by 
the ANT the control of extramitochondrial AMP concentration by the ANT is estimated.  
Furthermore, the effect of palmitoyl-CoA on the distribution of the control by its inhibitory action 
on the ANT is assessed.  It is demonstrated that with both respiratory substrates tested the ANT 
partially controls fluxes and adenine nucleotide levels, and that this control tightens upon inhibition 

with palmitoyl-CoA.  The control of the QH2/Q ratio and ∆ψ by ANT was relatively low and was 
not affected by palmitoyl-CoA. 

In Chapter 4 we assessed how long term oversupply of lipids resulting from consumption 
of a diet rich in fat affects mitochondrial function.  Rats received either a high-fat diet (HFD) or a 
low fat diet (LFD) for 7 weeks and the content of LCAC and the oxidative stress in liver, as well as 
the functioning of oxidative phosphorylation in isolated liver mitochondria was determined.  HFD 

caused accumulation of hepatic LCAC and of a marker of oxidative stress, i.e. Nε-
(carboxymethyl)lysine, but did not lead to adaptive changes at the level of oxidative 
phosphorylation, as demonstrated through three- and bi-modular kinetic analyses.  Furthermore, 
modular control analysis is used to show that also after HFD the ANT retains significant control of 
fluxes and intermediates of oxidative phosphorylation, suggesting that LCAC should exert their 
acute effects on the ANT also under conditions of persistent lipid oversupply. 

In intact cells fatty acids are the main source of LCAC, as they must be converted to LCAC 

in the cytosol before entering β-oxidation, which takes place in the mitochondrial matrix.  
Increased availability of fatty acids is expected to promote the formation of LCAC that according 
to our hypothesis inhibit the ANT.  Chapter 5 shows that the long-term effects of two fatty acids, 
palmitic (C16:0) and oleic acid (C18:1) on the energy metabolism of endothelial cells might indeed 
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be caused by accumulation of LCAC and result in activation of apoptotic and inflammatory 
pathways via oxidative stress-sensitive activation of nuclear factor-kB.  Furthermore, the effects of 
saturated and unsaturated fatty acids are likely to be transmitted via different pathways, with the 
former possibly involving production of second messengers like diacylglycerol and ceramide. 

Chapter 6 offers general discussion of the results of Chapters 2 to 5 in the context of the 
recent literature.  It also discusses whether our results sustain our tenet that type 2 diabetes may be 
profitably approached as a biological systems disease.  It shows that our detailed hypothesis on 
much of the etiology of type 2 diabetes and its relationship with obesity survived the experimental 
tests.  The implications for new approaches to type 2 diabetes and its analysis are discussed. 
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The adenine nucleotide translocator-mediated effects of palmitoyl-CoA 
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Abstract 
 

To test whether long chain acyl-CoA esters (LCAC) link obesity with type 2 diabetes 
through inhibition of the mitochondrial adenine nucleotide translocator (ANT), we applied a 
system-biology approach, dual modular kinetic analysis, with mitochondrial membrane potential 

(∆ψ) and the fraction of matrix ATP as intermediates.  Both 5 µM palmitoyl-CoA (C16:0) and 5 

µM oleoyl-CoA (C18:1) inhibited the ANT, without direct effect on other components of the 
oxidative phosphorylation.  Palmitoyl-CoA decreased phosphorylation flux by 38 % and the 

fraction of ATP in the medium by 39 %.  ∆ψ �increased by 15 mV and the fraction of matrix ATP 

increased by 46 %.  The effect of 5 µM of oleoyl-CoA was weaker: it decreased the 

phosphorylation flux by 24 % and the fraction of ATP in the medium by 23 %.  ∆ψ �increased by 9 
mV and �the fraction of matrix ATP increased by 40 %.  Indirect effects depended on how oxidative 
phosphorylation was regulated: both esters had stronger effect when the flux through the 
mitochondrial electron transfer chain was maintained constant (constant redox supply flux), 
whereas when (oxidative) phosphorylation flux was kept constant by adjusting the rate using 

hexokinase (constant work-load flux), ∆ψ and the fractions of ATP were not affected.  
Furthermore, palmitoyl-CoA increased the total AMP concentration significantly.  The pleiotropic 
effects of palmitoyl-CoA and oleoyl-CoA in our model system support the proposed mechanism 
linking obesity and type 2 diabetes through a direct effect of LCAC on the ANT. 

 

Introduction 
 

Obesity is a common finding in patients with type 2 diabetes (238, 248, 300).  Numerous 
studies suggest that the oversupply of lipid to nonadipose tissues might result in lipotoxicity and 
contribute to the development of the insulin resistance syndrome and type 2 diabetes (230, 255).  

The molecular mechanisms responsible for lipotoxicity, insulin resistance, and β-cell dysfunction 
are not fully understood.  It is particularly confusing that so many processes appear to be affected 
at the same time, but not always to the same extent, and often in paradoxical ways. 

It has been hypothesized that inhibition of the mitochondrial adenine nucleotide translocator 
by long-chain fatty acyl-CoA esters, the active form of fatty acids, may be an important link 
between obesity and type 2 diabetes (13, 14).  Adenine nucleotide translocator is an enzyme that 
catalyzes the exchange of mitochondrial ATP for cytosolic ADP (170).  It was shown that long-
chain fatty acyl-CoA esters are potent inhibitors of adenine nucleotide translocator from both the 
cytosolic and the matrix side of the inner mitochondrial membrane (70).  It was proposed that 
accumulation of long-chain fatty acyl-CoA esters in the cell and subsequent inhibition of adenine 
nucleotide translocator could lead to an increase in the matrix ATP/ADP ratio, membrane potential 

(∆ψ), and oxygen free radical production.  In β-cells, like in other cells (49), an initial increase in 

O2
•- production could stimulate cell growth and contribute to compensatory hyperinsulinemia.  

Later on, sustained high levels of O2
•- should result in a decline in β-cell function and viability.  

Moreover, the inhibition of adenine nucleotide translocator was proposed to decrease the cytosolic 
ATP/ADP ratio and shift the equilibrium of the adenylate kinase toward production of ATP and 
AMP.  The increase in AMP concentration should promote formation of adenosine, which in turn 
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was reported to have both inhibitory and stimulatory effects on insulin-dependent glucose uptake 
(63, 91, 95).  It was hypothesized that an increased extracellular adenosine concentration could 
explain such pathophysiological features of type 2 diabetes as elevated levels of uric acid, 
increased sympathetic activity, and expansion of extracellular volume (13).  For this reason, 
quantification of adenine nucleotide translocator inhibition by long-chain fatty acyl-CoA esters is 
important to test its putative key role in the development of type 2 diabetes and associated 
complications.   

A powerful method to determine the effects of substances on complex systems is provided 
by modular kinetic analysis (reviewed in (39).  Figure 2.1A shows how the system of interest 
(mitochondrial oxidative phosphorylation) is divided into three functional modules, interacting 

with the linking intermediate membrane potential (∆ψ).  To obtain a kinetic characterization of, for 
example, the phosphorylation module, the steady-state values of the flux through this module and 

the value of ∆ψ are measured, whereas another module (e.g., the substrate oxidation module) is 
titrated with an inhibitor of that module (e.g., myxothiazol).  A plot of the phosphorylation flux 

against ∆ψ then serves as a kinetic characterization of the phosphorylation module.  To determine 
the effect of long-chain fatty acyl-CoA esters on the phosphorylation module, the procedure is 
repeated in the presence of these esters.  Interaction of long-chain fatty acyl-CoA esters with the 
phosphorylation module is then detected as a change in the plot of the phosphorylation flux against 

∆ψ.  Figure 2.1B shows a different division into two modules, with the fraction of matrix ATP as 
linking intermediate.  A combination of these alows a precise determination of which parts of the 
system are affected by long-chain fatty acyl-CoA esters and which are not. 

In this study we tested part of the hypothesis that considers the effect of palmitoyl-CoA 

(C16:0) and oleoyl-CoA (C18:1) on adenine nucleotide translocator, ∆ψ and intra- and 
extramitochondrial ATP levels in a model system consisting of isolated rat liver mitochondria.  
These esters are the derivatives of palmitic and oleic acid respectively, the most abundant cellular 
long-chain fatty acids (88).  To measure the fraction of matrix ATP, we used a novel indirect 
method in which extraction of total adenine nucleotides is combined with determination of the 
extramitochondrial fraction of ATP via the kinetics of hexokinase.  We found that the results 
supported the hypothesis. 

 
Figure 2.1 Division of oxidative phosphorylation into modules.  Arrows marked e, h and p 
indicate electron flux, trans-membrane proton flux and ATP flux, respectively.  The sites of action 
of the inhibitors used are indicated.  A. Membrane potential (∆ψ) as connecting intermediate.  B. 
Fraction of matrix ATP (XATP) as intermediate. 

ANT
ATP

synthesis

proton leak
module

XATP

∆ψ

O2

substrate
oxidation
module

oligomycin

malonate
myxothiazol

phosphorylation module

e

h

p

e

p

h

hh

A

ANT: ATP-
consuming

module
ATP synthesis

proton leak

XATP

∆ψ

O2

substrate
oxidation

atractyloside

myxothiazol ATP-producing module

e

h

p

e

p

h

hh

B



Chapter 2 

 38

Research design and methods 
 
Materials 

Hexokinase, glucose-6-phosphate dehydrogenase, pyruvate kinase + lactate dehydrogenase 
and creatine kinase were purchased from Roche (Mannheim, Germany).  Silicone oil AR20 and 
AR1000 from Fluka, oligomycin, myxothiazol, atractyloside, palmitoyl-CoA, pyruvate kinase, 
myokinase and Ap5A were obtained from Sigma-Aldrich. 
 
Isolation of mitochondria 

Liver mitochondria were isolated from male Wistar rats (250-300 g) as described in (201), 
using 250 mM sucrose, 10 mM Tris-HCl, 3 mM EGTA and 2 mg.ml–1 BSA (pH 7.7) as the 
isolation medium.  Protein content was determined according to Bradford (35) with bovine serum 
albumin as the standard. 
 
Oxygen uptake and membrane potential measurements 

Mitochondria were incubated at 25°C in a closed, stirred and thermostated glass vessel 

equipped with Clark-type oxygen electrode and TPP+-sensitive electrode (A. Zimkus, Vilnius State 

University, Lithuania) allowing simultaneous monitoring of ∆ψ and oxygen uptake.  For each 

incubation the TPP+-sensitive electrode was calibrated with TPPBr to a final concentration of 400 

nM.  ∆ψ � was calculated from the distribution of TPP+ using a TPP+ binding correction factor of 

0.16 µl.mg protein–1 (30, 199). 
The reaction medium contained 25 mM creatine, 25 mM creatine phosphate, 75 mM KCl, 

20 mM Tris, 2.3 mM MgCl2, 5.0 mM KH2PO4, 10 mM succinate, 2.0 µM rotenone, 50 µM Ap5A, 
pH 7.3.  Palmitoyl-CoA was added from a 2 mM stock solution in water.  An ADP-regenerating 
system consisting of excess hexokinase (5.78 U.ml–1), glucose (12.5 mM) was used to maintain 

steady-state respiration rates.  100 µM of ATP was added to initiate state 3 respiration. 

 
Determination of the adenine nucleotide concentrations 

Adenine nucleotides were extracted with hot phenol as described in (149).  The ATP 
concentration was measured in the water phase using a luciferin-luciferase ATP monitoring kit 
(LKB, Turku, Finland) following the recommendations of the manufacturer.  The ADP 
concentration was determined in the same sample after addition of phosphoenolpyruvate (2.0 mM) 
and pyruvate kinase (0.45 U.ml–1).  AMP concentration was determined spectrophotometrically 
using a standard enzymatic assay (146). 
 
Measurement of the phosphorylation rate 

The rate of oxidative phosphorylation was measured as the rate of glucose-6-phosphate 
formation by hexokinase as described in (247).  Glucose-6-phosphate was extracted with perchloric 
acid (0.7 M) and samples were neutralized with a predetermined volume of 2 M KOH / 0.3 M 
MOPS to a final pH 7.0-7.2.  The glucose-6-phosphate concentration in the extracts was 
determined spectrophotometrically using a standard enzymatic assay (136).   
 
Measurement of the ADP/O ratio 
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The number of ADP molecules phosphorylated per oxygen atom reduced (ADP/O ratio) 

was determined in the same medium as the oxygen uptake and ∆ψ measurements as described in 

(132).  The medium containing 1 mg of mitochondrial protein.ml–1 was supplemented with 10 mM 

succinate, 2 µM rotenone and 50 µM Ap5A (to inhibit mitochondrial adenylate kinase).  400 µM 
ADP was added and the increase in oxygen uptake rate was recorded.  The amount of oxygen taken 

up during state 3 was corrected for leak-driven respiration at the same value of� ∆ψ as described in 
(123).  The ADP/O ratio was calculated by dividing the exact amount of added ADP by this 
corrected oxygen consumption. 

 

Determination of ATP concentration in the mitochondrial matrix 

To distinguish between the medium (100 µM) and the matrix (ca. 10 µM) adenine 
nucleotide pools we developed a new method in which ATP concentration in the medium is 
deduced from the flux through externally added hexokinase.  The ATP concentration in the matrix 
is then calculated from the ATP in the reaction medium and the total ATP (matrix + reaction 
medium).  Further in the text we use fraction of ATP instead of ATP concentration.  Because of the 
presence of the adenylate kinase inhibitor Ap5A, the fraction of ATP in the medium is defined as: 
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And the fraction of matrix ATP as: 
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Determination of the kinetics of hexokinase.  The kinetics of hexokinase were determined in 
a system consisting of coupled enzymes creatine kinase, hexokinase and glucose-6-phosphate 
dehydrogenase (Fig. 2.2).  The reaction rate of hexokinase was determined spectrophotometrically 
following the appearance of NADPH (in the absence of mitochondria) as described in (179).  
Different steady-state rates of the hexokinase reaction were obtained by varying the amount of 
creatine kinase.  Hexokinase steady-state rate measurements were carried out at the same 
temperature and in the same reaction medium as mitochondrial respiration measurements, with 

12.5 mM of glucose and 100 µM of ADP as substrates.  For each steady state a sample for 
determination of adenine nucleotide concentrations was taken.  Figs 2.3A, B show these 
experimentally determined kinetics of hexokinase.  The line fitted to the experimental points was 
used to deduce the fraction of ATP in the medium from the flux through hexokinase in the 
experiments with mitochondria. 

Determination of the fraction of ATP in the medium.  In the system with mitochondria, the 
flux through hexokinase is estimated from the oxygen uptake rate and ADP/O ratio.  It is crucial 
that the total amount of nucleotides in this experiment is equal to the total amount of nucleotides in 
the reaction medium in the experiments with isolated enzymes.  The experimentally determined 

ADP/O ratio was 1.89 ± 0.02 (n = 9).  Addition of 5 µM palmitoyl-CoA did not affect this ratio.  In 
Fig. 2.3C the measured phosphorylation flux is plotted against the one calculated from the oxygen 
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uptake rate, during titrations with malonate and myxothiazol.  It is clear from these experiments 
that there are no significant variations of the ADP/O ratio during these inhibitor titrations. 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Scheme of experimental setup for determination of hexokinase kinetics.  Cr - 
creatine, CrP - creatine phosphate, CK - creatine kinase, HK - hexokinase, G-6-P - glucose-6-
phosphate, 6-PGL - 6-phosphoglucolactone, gluc - glucose.   
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3 Hexokinase kinetics.  A. Hexokinase kinetics with 100 µM ADP (n=3) B. 
Hexokinase kinetics with different concentrations of added ADP; closed circles - 100 µM ADP, 
open diamonds - 90 µM ADP, open triangles - 80 µM ADP (n=1).  C. Comparison of calculated 
and measured phosphorylation flux (n=1).  Measured flux is plotted against calculated flux; closed 
symbols: rate titrated with malonate, open symbols: rate titrated with myxothiazole.  Error bars: 
±SEM. 
 

Determination of the fraction of matrix ATP.  After every measurement of the steady state 
respiration rate of mitochondria, samples for extraction of total ATP and ADP (matrix + medium) 
were taken.  The amount of ADP + ATP in the mitochondrial matrix was determined in a separate 
extraction in the absence of added adenine nucleotides.  The phosphorylation flux was calculated 
from the oxygen uptake rate after addition of ATP (corrected for leak-driven respiration at the same 

value of ∆ψ � and the ADP/O ratio.  Then the fraction of ATP in the medium (rmedium) was derived 
from this rate and the kinetic characteristics of the hexokinase (e.g., from Fig. 2.3A).  From these, 
the fraction of matrix ATP was calculated as: 
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The limitation of our method is that it can only be used for relatively low total adenine 
nucleotide concentration without introducing significant error.  Also we have noted that even in the 
presence of the inhibitor of adenylate kinase some AMP was formed (7.8 ± 0.3 µM, n=2), 
decreasing the sum of medium ADP + ATP.  We have checked that this decrease did not 
significantly affect the determination of the nucleotide concentrations in the matrix.  Figure 3B 
shows that the kinetics of hexokinase in the part used for determination of matrix ATP and ADP 
concentrations (0 - 400 nmol ADP.min-1) was similar when the total adenine nucleotide 

concentration decreased by 10 - 20 µM. 
In the hexokinase titration experiments adenine nucleotides in the matrix and in the medium 

were determined after separation of mitochondria from the medium by centrifuging 0.5 ml of the 
sample through 0.5 ml of the silicone oil (density 1.04 g.ml-1) layer into 0.5 ml of HClO4 (0.7 M) as 
described in (304). 

 
Data presentation and statistical analysis 

Data are expressed as averages, ± SEM.  The listed n values represent the number of 
experiments performed on the independent mitochondrial preparations.  Statistical differences were 
determined using paired Student's t-test.  A P<0.05 was considered to be statistically significant. 
 

Results 
 
Determining the site of action of long chain acyl-CoA esters 

To determine the sites of the oxidative phosphorylation affected by long chain acyl-CoA 
esters, we applied dual modular kinetic analysis described above.  First, oxidative phosphorylation 

was conceptually divided into three modules connected by ∆ψ as intermediate (Fig. 2.1A).  
Although the true connecting intermediate among the modules of the oxidative phosphorylation is 

∆µH
+, it was shown previously that in a reaction medium containing excess Pi (as in our 

experimental conditions) contribution of ∆pH to the value of ∆µH
+ is relatively small compared to 

that of ∆ψ and does not change significantly under different phosphorylating conditions (30, 37, 

89, 199).  So ∆ψ can be used instead of ∆µH
+ as the connecting intermediate among the modules 

without introducing significant error.  Starting from state 3 (regenerating ADP by excess 
hexokinase and glucose) with succinate as substrate, the responses of the kinetics of each of the 
modules to the addition of palmitoyl-CoA and oleoyl-CoA were determined by titration with an 

appropriate inhibitor.  Fig. 2.4 shows the effect of 5 µM of both acyl-CoA esters on the kinetic 
response of the three modules.  Palmitoyl-CoA and oleoyl-CoA exclusively inhibited the 
phosphorylation module (Fig. 2.4A).  They had no significant effect either on the substrate 
oxidation module (Fig. 2.4B) or on the proton leak (Fig. 2.4C). 

In this approach ANT is part of the phosphorylating module.  To determine the effect of 
acyl- CoA esters explicitly on the ANT we applied the modular kinetic analysis a second time.  
Oxidative phosphorylation was divided into two modules with the fraction of matrix ATP as 
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intermediate (Fig. 2.1B).  Fig. 2.5 shows the kinetic responses of these two modules.  It is clear that 

both 5 µM palmitoyl-CoA and 5 µM oleoyl-CoA inhibited the ATP-consuming module (Fig. 
2.5A), and had hardly any effect on the ATP-producing module (including the respiratory chain 
and the ATP synthase, Fig. 2.5B).  We conclude that the inhibition of the ATP consuming module 

is due to the inhibition of ANT because 5 µM palmitoyl-CoA does not inhibit hexokinase (results 
not shown).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Effect of palmitoyl-CoA and oleoyl-CoA on the kinetics of the modules of the 
oxidative phosphorylation (connecting intermediate: ∆∆∆∆ψψψψ).  A.  Kinetics of the phosphorylating 
module (oxygen uptake rate is corrected for proton leak rate at the same value of ∆ψ determined 
by titration of the substrate oxidation module with 0 - 20 nM myxothiazol.  B.  Kinetics of substrate 
oxidation module, determined by titration of the phosphorylating module module with 0 - 0.3 µM 
oligomycin.  C.  Kinetics of proton leak module, determined by titration of the substrate oxidation 
module with 0 - 1.25 mM malonate in the presence of 0.3 µM oligomycin.  Open symbols: control, 
black symbols: + 5 µM palmitoyl-CoA, grey symbols: + 5 µM oleoyl-CoA.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Effect of palmitoyl-CoA and oleoyl-CoA on the kinetics of the modules of the 
oxidative phosphorylation (connecting intermediate: fraction of matrix ATP).  A.  Kinetics of 
ATP-consuming module determined by titration of the ATP-producing module with 0 - 20 nM 
myxothiazol (n=10).  B.  Kinetics of ATP-producing module determined by titration of the ATP-
consuming module with 0 - 1.5 µM atractyloside (n=4).  Open symbols: control, black symbols: + 
5 µM palmitoyl-CoA, grey symbols: + 5 µM oleoyl-CoA.  Total concentration of matrix ATP + 
ADP = 11.4 ± 0.4 nmol.mg protein-1.  Error bars ± SEM. 
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Figs. 2.4 and 2.5 together show that both long chain acyl-CoA esters exclusively inhibit the 
ANT and have no direct effect on any other component of the oxidative phosphorylation.  Results 
shown in Fig. 2.6 support this conclusion as inhibition of phosphorylation with increasing 
concentrations of palmitoyl-CoA gave similar results as with atractyloside, a specific inhibitor of 
the ANT.  Because the rate decreases with increasing palmitoyl-CoA concentration, and the 

palmitoyl-CoA points are on the atractyloside curve, we conclude that between 0 and 20 µM, 
palmitoylCoA indeed has an exclusive inhibitory effect on the ANT module. 

 

 
Figure 2.6 Comparison of the effects of palmitoyl-CoA and atractyloside on phosphorylation 
flux and fraction of matrix ATP.  Open symbols: titration with atractyloside (data from Fig. 2.5B, 
control), closed symbols: titration with 0 - 20 µM palmitoyl-CoA, (n=3).  Error bars ±SEM. 
 
The effects of long chain acyl-CoA esters on mitochondrial oxidative phosphorylation under 

different phosphorylating conditions 
In vivo, both the redox potential input to the mitochondria and the availability of the substrate for 
the dephosphorylation of the ATP produced, may vary depending on the state of the cell.  
Therefore, besides the situation where substrates for both respiration and phosphorylation are in 
excess we considered two alternative situations that may also occur in vivo: (i) constant limiting 
redox-equivalent supply-flux, referring to the physiological condition where mitochondrial 
function is set by the supply of redox equivalents and (ii) a constant workload flux (i.e. when the 
extramitochondrial ATP utilization determines mitochondrial function). 

The effects of palmitoyl-CoA and oleoyl-CoA on the mitochondrial oxidative 
phosphorylation under three different conditions can be obtained from the data in Table 2.1.  
Comparison between rows A and B in Table 2.1 show the effects of palmitoyl-CoA, while 
comparison between rows A and E shows the effect of oleoyl-CoA on the oxidative 
phosphorylation under conditions of constant excess of ADP and glucose and ample redox 

equivalent supply.  Addition of 5 µM of palmitoyl-CoA reduced phosphorylation rate by 38% 

(n=16, P < 0.05) and increased ∆ψ by 15 mV (n=4, P < 0.05).  Because ∆ψ was calculated from 
TPP+ redistribution the values we report are estimates only (75).  The fraction of matrix ATP 
increased by 46 % (n=16, P < 0.05).  The extramitochondrial fraction of ATP decreased by 39 % 

(n=16, P < 0.05).  The effect of 5 µM of oleoyl-CoA was weaker than palmitoyl-CoA: 

phosphorylation rate decreased by 24% (n=4, P < 0.05) and ∆ψ increased by 9 mV (n=4, P < 0.05), 
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while the fraction of matrix ATP increased by 40 % (n=4, P < 0.05) and the extramitochondrial 
fraction of ATP decreased by 23 % (n=4, P < 0.05). 

The limited redox equivalent supply flux to the mitochondria can be mimicked by inhibiting 
electron flow in the mitochondrial respiratory chain with myxothiazol, inhibitor of complex III of 
the mitochondrial respiratory chain (Figures 2.4A and 2.5A).  In row C of Table 2.1 the situation is 
presented where the redox equivalent supply flux to the mitochondria is inhibited to a level similar 

to that obtained with 5 µM palmitoyl-CoA added, while in row F it is limited to a level similar to 

that obtained with 5 µM oleoyl-CoA.  At this virtually identical electron transfer rate palmitoyl-

CoA had a much stronger effect (B minus C) on both ∆ψ (it increased by 27 mV (n=10, P < 0.05)) 
and the intramitochondrial fraction of ATP (it increased 2.6 fold (n=10, P < 0.05)).  The effect of 

oleoyl-CoA (E minus F) was weaker compared to palmitoyl-CoA: ∆ψ increased by 13.5 mV (n=4, 
P < 0.05) and the intramitochondrial fraction of ATP increased 1.8 fold (n=4, P < 0.05). 
 

 Fraction ATPin Fraction ATPout ∆ψ, mV Jp, nmol ADP 
.min-1.mg prot-1 

Jo, nmol O2 
.min-1.mg prot-1 

A. 0.48 ± 0.02 0.13 ± 0.005 158.6 ± 0.9 376 ± 7 102 ± 2 
B. 0.70 ± 0.02 0.08 ± 0.006 173.9 ± 0.4 232 ± 9 57 ± 3 
C. 0.27 ± 0.03 0.08 ± 0.003 147.2 ± 0.8  (set to 57) 
D. 0.73 ± 0.01 0.35 ± 0.035 172.8 ± 1.4 (set to 232)  
E. 0.67 ± 0.03 0.10 ± 0.005 167.4 ± 0.9 286 ± 6 78 ± 2 
F. 0.38 ± 0.06 0.09 ± 0.009 153.9 ± 1.2  (set to 78) 
G. 0.68 ± 0.02 0.25 ± 0.025 169.3 ± 1.8 (set to 286)  

 
Table 2.1 Effect of palmitoyl-CoA and oleoyl-CoA on oxidative phosphorylation under different 
conditions.  A. State 3 in the absence of acyl-CoA esters (excess substrate, excess ADP because of 
excess added hexokinase); B. State 3 with 5 µM palmitoyl-CoA; C. Redox supply limited by 7.5 nM 
myxothiazol, at the same value of the redox equivalent flux as B; D. Constant work-load flux, at the 
same ATP consumption flux as B (by lowering of hexokinase from 5.78 to 0.5 U.ml-1).  E. State 3 
with 5 µM oleoyl-CoA; F. Redox supply limited by 5 nM myxothiazol, at the same value of the 
redox equivalent flux as E; G. Constant work-load flux, at the same ATP consumption flux as E (by 
lowering of hexokinase from 5.78 to 0.7 U.ml-1). 
 
 
 
 
 
 
 
 
 
 
 
 
See legend on the next page. 
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Figure 2.7 Effect of hexokinase concentration on oxygen uptake rate, matrix ATP 
concentration (A), medium ATP concentration (B) and ∆∆∆∆ψψψψ (C).  Data are expressed as averages 
from n=3 independent experiments, ±SEM.  Adenine nucleotide concentration in the matrix and in 
the medium was determined after separation with silicone oil. 
 
 

The third condition we considered was that of a constant workload flux, established by the 
ATP consuming branch (ANT + externally added hexokinase).  Different extramitochondrial ATP 
utilization rates were achieved by adding varying amounts of hexokinase.  The dependence of the 
oxygen uptake rate on ATP concentrations in the mitochondrial matrix (Fig. 2.7A), in the medium 
(Fig. 2.7B) and the membrane potential (Fig. 2.7C) were measured.  From this experiment the 

fraction of matrix ATP, the fraction of ATP in the medium and the value of ∆ψ at the same 

phosphorylation flux as in the presence of 5 µM palmitoyl-CoA (Table 2.1, row D) and 5 µM 

oleoyl-CoA (row G) were derived.  In contrast to the previous conditions, the differences in ∆ψ and 
the intramitochondrial fractions of ATP (B minus D and E minus G) were negligible.  In this case 
the extramitochondrial fraction of ATP in the control was 4.4 (n=3, P < 0.05) and 2.5 (n=3, P < 

0.05) times higher than in the presence of 5 µM palmitoyl-CoA and 5 µM oleoyl-CoA respectively.  
From this we conclude that the effects of long chain acyl-CoA esters depend on the working 
conditions of the mitochondrial oxidative phosphorylation. 
 
The effects of palmitoyl-CoA on the extramitochondrial AMP concentration 

AMP is produced in the reaction ATP + AMP ↔ 2ADP catalyzed by adenylate kinase in 
the mitochondrial intermembrane space (34). When there is no inhibitor of adenylate kinase in the 
reaction medium it is expected that the decrease in the external ATP/ADP ratio caused by 
palmitoyl-CoA will shift the adenylate kinase reaction towards the production of more ATP and 
buffer the change in the external ATP/ADP ratio. We have tested the effect of two concentrations 

of palmitoyl-CoA (5 and 10 µM) on the concentration of the external (medium) AMP. The 
experimental conditions were as in the previous experiments with excess redox substrates and 

excess ADP, except that instead of 100 µM we used 2 mM of ATP (this higher ATP concentration, 
which is realistic physiologically, was chosen in order to obtain measurable AMP concentrations). 
Addition of palmitoyl-CoA to mitochondria respiring on succinate indeed led to an increase in 

AMP concentration from 67 ± 10 µM in control to 88 ± 9 µM (n=3, P < 0.05) and 134 ± 6 µM 

(n=3, P < 0.05) in case of 5 and 10 µM of palmitoyl-CoA respectively. 
 

Discussion 
 

LCAC are the key intermediates in lipid biosynthesis and degradation.  There is much 
evidence that LCAC have an important function in the regulation of cellular metabolism and gene 
expression (reviewed in (98)).  Reported values of the total intracellular LCAC concentration vary 

from 5 to 160 µM depending on the tissue and the metabolic state of the cell (98).  Concentrations 
of these esters increase significantly in the fasting state and under diabetic conditions (219, 273).  
Despite these findings there is an ongoing discussion whether this increase in intracellular LCAC 
concentration has any consequences for cellular metabolism as the free concentration of cellular 
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LCAC is expected to be tightly regulated by both fatty acid and acyl-CoA binding proteins (202, 
204).  As an example of insufficient regulation, it was reported that the concentration of LCAC in 
the muscle of obese Zucker rats increased three times more than the concentration of acyl-CoA 
binding protein as compared to lean rats (104).  This finding shows that under some conditions the 
concentration of the free cytosolic LCAC can also increase in vivo. 

Bakker et al. hypothesized that the inhibition of the mitochondrial ANT by the increased 

concentration of cytosolic LCAC might be among the key mechanisms underlying β-cell 

dysfunction (13, 14).  In this study we have investigated the effect of 5 µM palmitoyl-CoA and 5 

µM oleoyl-CoA on the oxidative phosphorylation in isolated rat-liver mitochondria.  Literature 
reports suggest that LCAC act on ANT (70), but their effect on the other components of the 
mitochondrial oxidative phosphorylation was not determined previously.  To determine the sites of 
the direct action of palmitoyl-CoA and oleoyl-CoA in oxidative phosphorylation we applied 
modular kinetic (or top-down elasticity) analysis.  This type of analysis was previously 
successfully applied to determine the sites of action of different external effectors in oxidative 
phosphorylation (161, 174, 199).  We divided mitochondrial oxidative phosphorylation in two 

different ways as illustrated in Fig.  2.1.  Under the experimental conditions used, 5 µM palmitoyl-

CoA and 5 µM oleoyl-CoA exclusively inhibited ANT and this inhibition led to an increase in ∆ψ 
and ATP concentration in the mitochondrial matrix.  Palmitoyl-CoA (C16:0) had stronger 
inhibitory effect than oleoyl-CoA (C18:1).  Although it is thought that the inhibition of ANT by 
LCAC is caused by the CoA moiety due to structural similarity to adenine nucleotides, it was also 
shown that the length and the degree of unsaturation of acyl chain is important for the magnitude of 
ANT inhibition: saturated acyl-CoA esters exert stronger effect compared to unsaturated (C16:0 > 
C18:0 > C14:0 >C18:1 > C12:0 > C18:2) (259, 261). 

We demonstrated that 5 µM (~5 nmol. mg mitochondrial protein-1) palmitoyl-CoA and 
oleoyl-CoA had no direct effect on the other components of oxidative phosphorylation. However, 

in a similar concentration range (apparent Ki = 7.1 – 9.5 µM) palmitoyl-CoA has been shown to 
competitively inhibit the dicarboxylate carrier (208).  Recently it has been demonstrated that high 

concentrations (30 µM) of palmitoyl-CoA indeed inhibit this carrier in isolated rat-liver 
mitochondria (295).  The lack of effect of palmitoyl-CoA in our experimental setup can be 
explained by the use of high concenbtrations of succinate (10 mM), at this concentration the effect 
of similar concentrations of palmitoyl-CoA on dicarboxylate carrier in isolated rat-liver 
mitochondria has been shown to be small (19). 

Furthermore, we have shown that 5 µM of neither palmitoyl-CoA nor oleoyl-CoA affected 
the proton permeability of the mitochondrial membrane.  The latter finding also shows that under 
our experimental conditions there were no detergent type interactions of these esters with the 
membranes.   

Although at the concentration tested (5 µM) we found a single direct effect of palmitoyl-
CoA and oleoyl-CoA, there were many indirect effects that depended on the way mitochondrial 
oxidative phosphorylation was managed: 

(i) When the substrates for both respiration and phosphorylation were in excess, both 5 µM 

palmitoyl-CoA and 5µM oleoyl-CoA had a strong effect on the phosphorylation rate and ∆ψ: the 

rate decreased by 38% and 24 %, respectively, while ∆ψ increased by 15 mV and 9 mV.  Indeed, 
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recently it was shown that the insulin-resistant offspring of patients with type 2 diabetes had a 30 % 
reduced rate of mitochondrial oxidative phosphorylation as compared to controls (217).  The 
effects on the external and matrix fraction of ATP were opposite: the external fraction of ATP 
decreased by 39 % and 23 %, whereas the fraction of matrix ATP increased by 46 % and 40 % with 
palmitoyl-CoA and oleoyl-CoA respectively.  The conditions of this particular experiment could 
reflect the situation that occurs during type 2 diabetes in cell types that have insulin-independent 

glucose uptake (such us endothelial and β-cells).  These tissues have excess redox equivalent 
supply primarily caused by increased levels of fatty acids and secondly because of the 
hyperglycemia.  Similar changes in cytosolic and matrix ATP levels in response to increased 
LCAC were observed by Soboll et al (265) in intact rat-liver cells.  A prolonged decrease in the 
cytosolic fraction of ATP (as expected from our in vitro experiments) might lead to the opening of 

ATP-sensitive K+ channels that play an important role in the insulin release in β-cells (239).  This 
effect would be amplified by the reported direct stimulation of channel-opening by LCAC (40). 

(ii) In the situation where mitochondrial oxidative phosphorylation is managed by a 
constant supply of redox equivalents, the initial decrease of respiration caused by acyl-CoA should 
be overcome by an increased redox potential returning the reducing equivalent flux to the initial 
value.  In this situation both esters caused a much higher increase in ATP concentration in the 

matrix and a much higher increase in ∆ψ than when all substrates were in excess.  Importantly, 
now extramitochondrial ATP was not affected by palmitoyl-CoA (Table 2.1, B minus C and E 
minus F). 

(iii) When the extramitochondrial ATP-consumption flux was maintained constant, ∆ψ and 

the fractions of matrix ATP were not affected by 5 µM of palmitoyl-CoA or 5 µM of oleoyl-CoA, 
but the extramitochondrial ATP was affected dramatically (Table 2.1, B minus D and E minus G). 

Our experiments showed that the extramitochondrial AMP concentration increased in a 
palmitoyl-CoA concentration dependent manner.  Increased AMP concentration might lead to extra 
adenosine formation (affecting glucose uptake (63, 91, 95)), and activation of ATP synthesis 
mediated by AMP-activated protein kinase (58, 240).  The latter, however, is hindered by 
inhibition of ANT by LCAC. 

Modular kinetic analysis as applied by us may be useful more generally for (medical) 
systems biology.  The method enables one to define the site of the molecular action of agents that 
have widespread effects on many functions, such as long chain acy-CoA esters.  It gives insight in 
how a single agent working on a single molecular target has a multitude of indirect effects, the 
relative severity of which depends on the regulatory condition.  Indeed, notwithstanding its 

multifarious effects on functional properties such as ∆ψ, matrix ATP, external ATP and AMP, the 
action of palmitoyl-CoA and oleoyl-CoA was localized unequivocally to the ANT (Fig. 2.4A in 
combination with Fig. 2.5).  Obesity and type 2 diabetes are characterized by different effects that 
vary depending on the tissues and individuals.  This might suggest that many molecular factors and 
targets are involved.  This study shows that a single primary molecular mechanism might still 
account for much of the substantial variety of the effects of LCAC in different tissues.  In addition, 
the data presented give direct information about the relative effects of the two factors expected to 

determine the flux through the ANT (fraction of matrix ATP and ∆ψ) on this flux. 
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Abstract 
 

Inhibition of the mitochondrial adenine nucleotide translocator (ANT) by long chain acyl-
CoA esters (LCAC) has been proposed to contribute to cellular dysfunction in obesity and type 2 
diabetes by increasing the formation of reactive oxygen species (ROS) and adenosine via effects on 

the redox state of coenzyme Q , mitochondrial membrane potential (∆ψ) and cytosolic ATP levels.  

We here show that 5 µM palmitoyl-CoA increased the ratio of reduced-to-oxidized coenzyme Q 

(QH2/Q) by 42 ± 9 %, ∆ψ by 13 ± 1 mV (9 %) and intramitochondrial ATP/ADP ratio by 352 ± 34 

%, and decreased extramitochondrial ATP/ADP ratio by 63 ± 4 % in actively phosphorylating 
mitochondria.  The latter reduction is expected to translate into a 24 % higher extramitochondrial 
AMP concentration.  Furthermore, palmitoyl-CoA induced a concentration-dependent formation of 

H2O2 that was only partly explained by its effect on ∆ψ.  Although all measured fluxes and 
intermediate concentrations were affected by palmitoyl-CoA, modular kinetic analysis revealed 
that this resulted mainly from inhibition of the ANT.  Through Metabolic Control Analysis we then 
determined to what extent ANT controls the investigated mitochondrial properties, with succinate 
or glutamate + malate as respiratory substrates, under state 3 conditions.  In steady state the ANT 
intermediately controlled oxygen uptake (control coefficients C = 0.12 / 0.13) and phosphorylation 
(C = 0.13 / 0.14) flux with succinate or glutamate plus malate as respiratory substrate.  ANT 
stronger controlled intra- (C = -0.39 / -0.70) and extramitochondrial ATP/ADP ratios (C = 0.24 / 

0.23), while the control exerted over the QH2/Q ratio (C = -0.07 – -0.04) and ∆ψ (C = -0.13 / -0.07) 
was moderate.  The quantitative assessment of palmitoyl-CoA effects showed that mitochondrial 
properties that were controlled the strongest by ANT were affected the most.  Our observations 
suggest that LCAC may contribute to cellular dysfunction in obesity and type 2 diabetes through 
effects on cellular energy metabolism and ROS production. 

 

Introduction 
 

In mammals, mitochondria produce the major part of ATP required to drive energy-
dependent cellular processes.  However, mitochondria play more indirect roles.  Impaired 
mitochondrial function is emerging as an important factor in insulin resistant states: lower 
efficiency of mitochondrial oxidative phosphorylation was demonstrated in both elderly people and 
in insulin resistant offspring of individuals with type 2 diabetes, as compared to young, healthy 
controls (216, 235, 239).  Although under physiological conditions free fatty acids (FFA) are an 
important source of fuel for many tissues since they can yield relatively large quantities of ATP, 
obesity-related persistent oversupply of FFA and accumulation of triglycerides in non-adipose 
tissues is thought to contribute to the molecular mechanisms underlying both insulin resistance and 

β-cell dysfunction in type 2 diabetes (99, 289).  Free and esterified fatty acids interfere with 
mitochondrial oxidative phosphorylation in vitro (70, 249).  Furthermore, imbalance in fatty acid 
metabolism resulting in activation of non-oxidative rather than oxidative pathways and 
accumulation of biologically active molecules (e.g. long chain acyl-CoA’s (LCAC), ceramide, 
diacylglycerol) could adversely affect cellular function by direct effects on variety of enzymes and 
induction of apoptosis (257, 289).  
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Tight regulation of intracellular concentrations of free LCAC by acyl-CoA binding protein 
can be impaired under pathological conditions with excess lipid supply (e.g. obesity) due to 
inadequate expression of the latter (104, 273).  It was hypothesized that increased levels of free 
LCAC interfere with mitochondrial function through inhibition of adenine nucleotide translocator 
(ANT), leading to lower cytosolic ATP and matrix ADP availability, increased mitochondrial 

membrane potential (∆ψ) and reduction level of coenzyme Q (13).  The two latter events are 
expected to promote the formation of reactive oxygen species (ROS) (36, 113, 174), resulting in 
impaired cellular functions and cell death. 

Moreover, increased AMP production by adenylate kinase caused by low cytosolic 
ATP/ADP ratio and further breakdown of AMP to adenosine is expected to cause an increase in 
extracellular adenosine concentration (13).  The latter is a potent vasodilator (272), can promote 
sodium retention in the kidney and stimulate the sympathetic nervous system activity (76). 

Fatty acid-induced insulin resistance in liver is one of the main causes of hyperglycemia in 
type 2 diabetes, and the role of mitochondria in this dysfunction is not fully elucidated.  We have 
shown that in isolated rat-liver mitochondria oxidizing succinate, palmitoyl-CoA inhibited the 
ANT, and induced working condition-dependent changes in intra- and extramitochondrial ATP 

levels and ∆ψ (74).  The relative contribution of a particular enzyme to the control of metabolic 
pathway flux and concentrations reaction intermediates will determine to what extent inhibition of 
that enzyme would affect pathway flux and intermediate concentrations.  The control can be 
quantitatively assessed using Metabolic Control Analysis (MCA) (121, 129, 152).  The control of 
fluxes and intermediates is a system property, i.e. it is determined by all enzymes constituting the 
pathway.  For this reason here we quantitatively assessed the control of fluxes and intermediates of 
oxidative phosphorylation not only by the ANT but also by other components of oxidative 
phosphorylation.  Furthermore, we tested parts of the aforementioned hypothesis by determining 
the effects of palmitoyl-CoA on actively phosphorylating (state 3) mitochondria oxidizing a more 
physiological NADH-delivering substrate, i.e. glutamate plus malate.  To investigate which 
mitochondrial enzymes are involved in the multiple effects that we encountered we implemented 
modular kinetic analysis.  We found that palmitoyl-CoA acts directly on the ANT, and then 
indirectly induces ROS production and a concomitant reduction in extramitochondrial ATP/ADP 
ratio.  The extent to which palmitoyl-CoA affected different mitochondrial properties can largely 
be explained by the magnitude of the control exerted by the ANT over these properties. 
 

Materials and methods 
 
Materials 

Yeast hexokinase was from Roche (Mannheim, Germany).  Oligomycin, myxothiazol, 
atractyloside, rotenone, palmitoyl-CoA, P1, P5-di(adenosine-5’) pentaphosphate (Ap5A) and 
coenzyme Q1 were from Sigma-Aldrich. 
 
Isolation of mitochondria 

Liver mitochondria were isolated from male Wistar rats (250-300 g) as in (201).  Protein 
content was determined according to Bradford (35), with bovine serum albumin as a standard. 
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Oxygen uptake and ∆ψ measurements 

Mitochondria were incubated at 25°C in a closed, stirred and thermostated glass vessel 
equipped with Clark-type oxygen electrode and TPP+-sensitive electrode as described (72).  The 
assay medium contained 25 mM creatine, 25 mM creatine phosphate, 75 mM KCl, 20 mM Tris, 2.3 

mM MgCl2, 5 mM glutamate plus 5 mM malate, 50 µM Ap5A, pH 7.3.  An ADP-regenerating 
system consisting of excess hexokinase (5.78 U.ml–1), glucose (12.5 mM) and KH2PO4 (5 mM) was 

used to maintain steady-state respiration rates.  100 µM of ATP was added to initiate state 3 
respiration. 
 
Determination of adenine nucleotide concentrations 

Adenine nucleotides were extracted with phenol as described (149).  Concentrations were 
measured using a luciferin-luciferase ATP monitoring kit (BioOrbit, Turku, Finland).  ATP 
concentrations in the medium and in the matrix were derived from the hexokinase kinetics as 
described (72).  Since hexokinase kinetics was determined in a medium containing creatine and 
creatine phosphate, the same medium (including the two latter substances) was used in all 
experiments with mitochondria.  AMP concentration was determined spectrophotometrically using 
a standard enzymatic assay (146). 

 
Coenzyme Q reduction measurements 

Coenzyme Q reduction levels were determined in a thermostated (25°C) vessel equipped 
with platinum and oxygen electrodes, by polarographically measuring the redox state of exogenous 

coenzyme Q1 (2 µM) (207).  To calibrate the platinum electrode traces, samples were taken from 
incubations of mitochondria in standard assay medium without further additions (state 1) and 

mitochondria incubated with substrate (10 mM succinate plus 2 µM rotenone, or 5 mM glutamate 
plus 5 mM malate, state 2).  1 ml of sample was quenched with 3 ml 0.2 M HClO4 in methanol 

(0°C), coenzyme Q was extracted with 3 ml of petroleum ether (40-60 °C) and reduced and 
oxidized coenzyme Q in the samples was determined by HPLC as described (291). 

 
Measurement of H2O2 production 

H2O2 production rate was estimated from the oxidation rate of p-hydroxyphenylacetic acid 
(excitation and emission wavelengths 317 nm and 414 nm, respectively) as described (186).  

Briefly, mitochondria were incubated at 25 °C in 2 ml of standard assay medium containing 1 mM 
diethylenetriaminepentaacetic acid, 0.2mM p-hydroxyphenylacetic acid, 10 U.ml-1 horseradish 
peroxidase and 30 U.ml-1 superoxide dismutase under following conditions: state 3 and state 3 plus 

inhibitors (palmitoyl-CoA (1, 2.5 and 5 µM), 5-chloro,3-t-butyl,2'-chloro,4'-nitro-salicylanilide (S-

13, 0.2 µM), atractyloside (1.5 µM), carboxyatractyloside (0.1 µM), oligomycin (0.5 µM), 

rotenone (2 µM), malonyl-CoA (0.1 mM)) or palmitoyl-L-carnitine (5 µM).  The fluorescence 
signal was quantified using H2O2 as a standard.   
 
Calculation of extra-mitochondrial AMP concentrations 

AMP concentration was calculated as (for derivation see supplementary material, appendix 
A.1): 
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where r is ATP/ADP ratio (equal to our experimental extramitochondrial ATP/ADP ratio only 

when formation of AMP is blocked by Ap5A).  a is the total amount of adenylates (100 µM), Keq is 
the equilibrium constant of adenylate kinase (Keq=0.442 (23)). 
 
Modular kinetic analysis 

The modular kinetic analysis was carried out as described in Chapter 2.   
 
Metabolic control analysis 

The flux control coefficient is defined as the fractional change in the system flux (Jk) at 
steady state in response to an infinitesimal change in the activity of an enzyme (module) i (vi) 
directly caused by an external agent pi (cf. 129, 152): 
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The concentration control coefficient is defined as the fractional change in the steady-
state concentration of that intermediate (or ratio of concentrations) (Xm) in response to an 
infinitesimal direct perturbation of the enzyme (module) i rate (vi) (129, 152, 309, 315): 
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µ is chemical potential, R is gas constant, T is absolute temperature.  This leads to the following 
definition of the membrane potential control coefficient (309): 
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where F is Faraday constant, the primed control coefficient corresponds to the one defined in the 
middle part of Eq. 3.3. 

Effectively, the value of the control coefficient of an enzyme indicates the % reduction in a 
system flux (for flux control coefficients) or in an intermediate concentration (for concentration 
control coefficients) in response to 1 % inhibition of the reaction rate of that enzyme.   

The elasticity coefficient is defined as the fractional change in rate v through enzyme i 
caused by the fractional change in the concentration of intermediate Xm (129, 152): 
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The elasticity coefficient with respect to the membrane potential is defined as (309): 
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For analysis of metabolic control we conceptually sub-divided the system of oxidative 
phosphorylation into six modules (coenzyme Q-reducing module, coenzyme QH2-oxidizing 
module, proton leak module, ATP synthesis module, ANT and hexokinase) connected by four 

intermediates (ratio of reduced-to-oxidized coenzyme Q (QH2/Q), ∆ψ, intra- and 
extramitochondrial ATP/ADP ratios (ATPin/ADPin and ATPout/ADPout, respectively)) (Fig. 3.1).  
The control coefficients of the modules for the oxygen uptake and phosphorylation fluxes and 
concentrations of four intermediates were calculated from the system fluxes and elasticity 
coefficients using a matrix method (100, 231, 312).  In the calculation we assumed that the 
coenzyme Q-reducing and coenzyme QH2-oxidizing modules are insensitive to changes in the 
ATPin/ADPin and ATPout/ADPout ratios (i.e. the relevant elasticity coefficients are zeros) (123); in 

case of succinate oxidation, the coenzyme Q-reducing module is insensitive to ∆ψ; ATP synthesis 

is sensitive only to ∆ψ and ATPin/ADPin ratio; the hexo kinase rate is sensitive only to 

ATPout/ADPout ratio, whereas the proton leak is sensitive only to ∆ψ (123); ANT is sensitive to all 
four intermediates including the QH2/Q ratio (94). 

 
Figure 3.1 Division of the oxidative phosphorylation into modules.  The modules: 1 – Q-
reducing module, comprised of dicarboxylate carrier and substrate dehydrogenase (NADH or 
succinate depending on the substrate used), 2 – QH2-oxidizing module, comprised of cytochrome 
bc1 complex and cytochrome c oxidase, 3 – proton leak module, comprised of passive membrane 
permeability to protons and cation cycling, 4 – ATP synthesis, comprised of ATP synthase and 
phosphate carier, 5 – adenine nucleotide translocator and 6 – hexokinase.  The intermediates: α –
QH2/Q ratio, β – membrane potential (∆ψ), δ – matrix ATP/ADP ratio (ATPin/ADPin), γ – 
extramitochondrial ATP/ADP ratio (ATPout/ADPout).  Arrows marked e, h1 and p indicate electron 
flux, trans-membrane proton flux and ATP flux, respectively.  The dashed arrow h1 going from Q-
reducing module to ∆ψ is valid only when glutamate plus malate is used as a substrate. 
 
 

To obtain the elasticity coefficients that were assumed to have a non-zero value we used a 
multiple modulation method (112), i.e. each module was titrated with specific inhibitor (Table 3.1) 
and the co-response of the flux and intermediate level was measured.  The fluxes were plotted 
against intermediate level and the experimental points were fitted with hyperbolic function (not 
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shown in figures): 
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where α, β, γ are parameters that are estimated by least squares approximation.   
 

Module Succinate Glutamate plus malate 

Q reducing Myx, Oligo, Atr Myx, Oligo, Atr 
QH2 oxidizing Mal, Oligo, Atr Rot, Oligo, Atr 

Proton leak Mal, Myx Rot, Myx 
ATP synthesis Mal, Myx, Atr Rot, Myx, Atr 
ANT Mal, Myx, Oligo, Hk Rot, Myx, Oligo, Hk 
Hk Mal, Myx, Oligo, Atr Rot, Myx, Oligo, Atr 

 
Table 3.1 Modulations used to determine the co-response coefficients. Mal – malonate (0-
0.625 mM), Oligo – oligomycin (0-0.3 µM), Atr – atractyloside (0-1.5 µM), Rot – rotenone (0-30 
nM), Myx – myxothiazol (0-25 nM), Hk – hexokinase (0-5.78 U.ml-1). 
 
 

The curves representing input and output intersect at the steady state, and the steady-state 
values of the co-response coefficients, i.e. coefficients quantifying the ratio of responses of 
intermediate Xm and flux Jk after perturbation of module i directly caused by an external agent pi 
(134), were calculated from the slopes of these curves at the intersection as: 
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The co-response of ∆ψ and Jk is defined as: 
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This was done for experiments in the absence and in the presence of 5 µM palmitoyl-CoA.  

The co-responses of fluxes and ∆ψ were determined from experiments like in Fig. 2.4 (for 
succinate) and Fig. 3.4 (for glutamate plus malate), the co-responses of phosphorylation flux (Jp) 
and ATP/ADP ratios were determined from experiments like in Fig. 2.5 (for succinate) and Fig. 3.5 
(for glutamate plus malate), the co-responses of oxygen uptake fluc (Jo) and QH2/Q ratio for both 
respiratory substrates were determined from experiments like in Fig. A.2.1, the co-responces of Jp 
and intermediates in response to changes in hexokinase concentration for both respiratory 
substrates were determined from experiments like in Fig. A.2.2.  All co-response coefficients are 
listed in Table A.2.1 (supplementary material, appendix A.2). 

The response of the flux Jk to the change in enzyme (module) i (i ≠ k) is transmitted via 
changes in intermediates Xm.  The response can be approximated by the expression (310): 
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Dividing by the flux control coefficient yields: 
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Thus when the co-response coefficients are known, the elasticity coefficients of each 
module to each intermediate can be calculated from sets of equations like Eq. 3.11.  E.g. the 

elasticity coefficients of coenzyme-Q reducing module for QH2/Q ratio and ∆ψ in case of 
glutamate plus malate oxidation was calculated from the following set: 
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The calculations for succinate as a respiratory substrate were performed using data 
presented in Chapter 2.  All elasticity coefficients are listed in Table A.2.2 (supplementary 
material, appendix A.2), and a detailed calculation of control coefficients is given in supplementary 
material, appendix A.2. 

 
Calculation of partial integrated response 

Partial integrated responses quantify the response of a system variable a (flux J or 
intermediate X), mediated through a pathway enzyme (module) i, to a singe step-change in the 
concentration of external effector q, and were calculated as (4, 5).  
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were Iε is integrated elasticity of a process i to the change in concentration of external effector q (4, 
5): 
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where Xq and X0 are concentrations of intermediates, and Jq and J0 are fluxes through the modules 
after and before the exposure to external effector q, respectively. 
The overall response of a system variable is a sum of all partial responses: 
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where aq and a0 are system variables after and before the exposure to external effector q, 
respectively. 

Thus the partial response indicates how much of the effector-induced change in a system 
variable is caused by changes in activity of each pathway enzyme (module). 

 
Data presentation and statistical analysis 

Data are from experiments with n non-overlapping sets of mitochondrial preparations.  For 
each set, a complete calculation of co-responses, steady-state values of fluxes and intermediates, 
elasticity coefficients, control coefficients, integrated elasticity coefficients and partial integrated 
responses has been performed.  The values presented in Tables 3.2 – 3.5, A.2.1 and A.2.2 represent 
the averages (± SEM) of the results obtained from n sets of data.  Statistical significance of 
palmitoyl-CoA effects was determined using paired Student's t-test.  A P<0.05 that the difference 
arose by chance was considered to make the difference statistically significant. 

 

Results 
 
Palmitoyl-CoA effects on steady-state fluxes and intermediate concentrations 

Table 3.2 summarizes the effects of 5 µM palmitoyl-CoA on steady-state fluxes and 
intermediate concentrations for isolated rat-liver mitochondria respiring on glutamate plus malate.  

Palmitoyl-CoA decreased oxygen uptake flux (Jo) by 56 ± 3 %, phosphorylation flux (Jp) by 58 ± 7 

%, and increased proton leak flux (Jh
1) by 37 ± 6 %.  An opposite effect was found on the 

extramitochondrial and matrix ATP/ADP ratios: the former decreased by 63 ± 4 %, while the latter 

increased by 352 ± 34 %.  The reduced-to-oxidized coenzyme Q ratio (QH2/Q) increased by 42 ± 9 

%, while ∆ψ increased by 13 ± 1 mV (9 %).  QH2/Q ratio in mitochondria respiring on succinate 

was 4.9 ± 0.3 and 5.4 ± 0.2 in the absence and presence of 5 µM palmitoyl-CoA, respectively.  We 
conclude that palmitoyl CoA affects virtually all steady-state properties of these mitochondria, be it 
to varying extents. 
 
 

 No Palmitoyl-CoA  + 5 µM Palmitoyl-CoA 

Jo, (nmol O2. min-1. mg protein-1) 53 ± 3 23 ± 2† 
Jp, (nmol ADP. min-1. mg protein-1) 375 ± 26 160 ± 15† 
Jh

1, (nmol O2. min-1. mg protein-1) 3.3 ± 0.3 4.5 ± 0.4† 

∆ψ (mV) 150 ± 2 163 ± 3† 

ATPin/ADPin 0.67 ± 0.04 3.03 ± 0.04† 
ATPout/ADPout 0.16 ± 0.01 0.06 ± 0.01* 

QH2/Q 6.7 ± 1.0 9.4 ± 1.3* 

AMPout (calculated), µM 70.02 86.68 

 

Table 3.2 Steady state values of fluxes and intermediates, as affected by palmitoyl-CoA.  
Averages from n = 4 sets of data, ±SEM.  †P<0.01 and *P<0.05 vs. no palmitoyl-CoA.  Jo – 
oxygen uptake flux, Jp – phosphorylation flux, Jh

1 – proton leak flux.   



Chapter 3 

 58

Palmitoyl-CoA effects on mitochondrial H2O2 production 
We have shown that 5 µM palmitoyl-CoA caused a significant increase in ∆ψ in actively 
phosphorylating mitochondria (state 3) respiring on succinate (72) and NADH-delivering substrate 

(Table 3.2).  To test the notion that palmitoyl-CoA-induced increase in ∆ψ would stimulate ROS 
production (14), we determined the effect of palmitoyl-CoA on the H2O2 production in 
mitochondria respiring on succinate.  Figure 3.2A shows that palmitoyl-CoA induced H2O2 
production in state 3 in a concentration dependent manner.  The palmitoyl-CoA-induced H2O2 

production was partially sensitive to protonophore S-13, suggesting dependence on ∆ψ (Fig. 3.2B).  
In line with this, inhibition of ANT with atractyloside or carboxyatractyloside and ATP synthase 
with oligomycin also induced H2O2 formation, although to lower extent (Fig. 3.2B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Effect of palmitoyl-CoA on H2O2 production in isolated mitochondria respiring on 
succinate.  A. Dependence of H2O2 production on palmitoyl-CoA concentration.  B. Comparison of 
the effects of various inhibitors on H2O2 production.  St 3 – state 3, p-CoA – palmitoyl-CoA (5 
µM), protonophore S-13 (0.2 µM), AT – atractyloside (1.5 µM), CAT – carboxyatractyloside (0.1 
µM), Oligo – oligomycin (0.5 µM), Ro – rotenone (2 µM) M-CoA – malonyl-CoA (0.1 mM), PC – 
palmitoyl-L-carnitine (5 µM).  All inhibitors were added in state 3.  Averages from n = 4 
independent experiments, ±SEM.  *P<0.001 vs. state 3, #P<0.02 and $P<0.002 vs. 5 µM palmitoyl-
CoA. 
 
 

To test whether palmitoyl-CoA metabolism via β-oxidation contributes to increased H2O2 

production, we have determined the effect of palmitoyl-L-carnitine (substrate for β-oxidation) and 
malonyl-CoA (inhibitor of palmitoyl-carnitine transferase 1, part of the mitochondrial acyl-CoA 

transport system).  5 µM palmitoyl-L-carnitine alone and in combination with atractyloside (to test 
whether the effect of palmitoyl-CoA requires both its oxidation and its inhibition of ANT) 

stimulated H2O2 production rate less than 5 µM palmitoyl-CoA (Fig. 3.2B), suggesting that β-
oxidaton was not involved.  Furthermore, rotenone, inhibitor of respiratory chain complex I had no 
significant effect on palmitoyl-CoA-induced H2O2 production.  However, partial inhibition of 
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palmitoyl-CoA-induced H2O2 production with malonyl-CoA (Fig. 3.2B) suggests that palmitoyl-
CoA partially exerts its effect from the matrix side. 
 
Palmitoyl-CoA effects on extramitochondrial AMP concentration 

We have shown that 5 µM palmitoyl-CoA caused a significant decrease in 
extramitochondrial ATP/ADP ratio (ATPout/ADPout) (Table 3.2).  However, it was not possible to 
determine the effect of decreased extramitochondrial ATP availability on the extramitochondrial 
AMP formation experimentally, since we used Ap5A as inhibitor of adenylate kinase in order to 
prevent depletion of available ATP and ADP, and to maintain steady-state respiration.  Instead, we 
did a theoretical calculation of extramitochondrial AMP concentration ([AMP]out) expected at 
different ATPout/ADPout ratios.  We assumed that the adenylate kinase reaction is at equilibrium, 
which is a safe assumption because there is not much net flux expected through this enzyme under 
the investigated conditions. 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 3.3 Dependence of AMP concentration on the ATP/ADP ratio.  A Dependence of AMP 
concentration on the ATP/ADP ratio when the total concentration of adenylates is 100 µM. [AMP]  

was calculated as described in ‘Materials and methods’ using an equilibrium constant for 
adenylate kinase equal to 0.442 (23).  The points on the curve show [AMP] expected to be present 
at the experimentally obtained mean values of ATPout/ADPout for succinate (Table 2.1) and 
glutamate plus malate (Table 3.2), respectively, if adenylate kinase was not inhibited.  B 
Dependence of AMP concentration on the ATP/ADP ratio when the total concentration of 
adenylates is 2mM.  The points show experimentally determined dependence of the [AMP]total on 
the ATPtotal/ADPtotal ratio in actively phosphorylating (state 3) mitochondria respiring on succinate 
with no adenylate kinase inhibitor added.  The points correspond to conditions with 0, 5 or 10 µM 
palmitoyl-CoA added, and are averages of n = 3 independent experiments, ±SEM.  *P<0.05 vs. no 
palmitoyl-CoA.  Succ – succinate, g + m – glutamate plus malate, p-CoA – palmitoyl-CoA.  Open 
symbols – no palmitoyl-CoA, closed symbols – + palmitoyl- CoA. 
 
 

Figure 3.3A shows [AMP]out predicted to be present at different steady-state ATPout/ADPout 
ratios, with the assumption that the proportions of adenine nucleotides are regulated by the 
adenylate kinase equilibrium.  In the range of relatively low ATPout/ADPout ratios, a small decrease 
leads to strong increase in [AMP]out, while [AMP]out changes relatively little in the range of high 
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ATPout/ADPout ratios.  As indicated in Fig. 3.3A, when using experimentally obtained values of 
ATPout/ADPout ratios (Table 3.2 and Table 2.1) in the calculation, inhibition with palmitoyl-CoA 
would cause an increase in [AMP]out by 17 % and 24 % with succinate and glutamate plus malate 
as substrates, respectively. 
 
Palmitoyl-CoA specifically affects the ANT 

However, such low ATPout/ADPout ratio (< 0.2) obtained using excess hexokinase and low 

concentration of total adenylates (i.e. 100 µM) is not likely to be relevant under physiological 
conditions.  For this reason we performed an experiment without adenylate kinase inhibitor and 
with higher and more physiologically relevant total adenylate concentration (2 mM).  We 

determined how palmitoyl-CoA (5 and 10 µM) affects ATPtotal/ADPtotal ratio and [AMP]total in 

actively phosphorylating (state 3) mitochondria respiring on succinate and compared the 
experimental and calculated values (Fig. 3.3B).  Because the total adenylate concentration in the 
medium was high (2 mM) and the contribution of the matrix adenylates was relatively low (ca. 10 

µM), we assumed that changes in ATPtotal/ADPtotal ratio reflect changes in ATPout/ADPout ratio.  
Palmitoyl-CoA caused a significant concentration-dependent decrease in ATPtotal/ADPtotal ratio and 
increase in [AMP]total, which corresponded quite well with the correlation of [AMP]out and the 
ATPout/ADPout ratio predicted by the calculation. 

In Chapter 2 we have shown that 5 µM palmitoyl-CoA inhibited the ANT and had no effect on the 
other components of oxidative phosphorylation in isolated rat-liver mitochondria respiring on 

succinate.  Here we tested how 5 µM palmitoyl-CoA affects oxidative phosphorylation in the 
situation when also NADH dehydrogenase becomes active, i.e. when mitochondria are respiring on 
a NADH-delivering substrate glutamate plus malate.  To identify the sites of the oxidative 
phosphorylation directly affected by palmitoyl-CoA, we applied modular kinetic analysis as in 

Chapter 2: with either ∆ψ or matrix ATP/ADP ratio (ATPin/ADPin) as an intermediate.  Modular 

kinetic analysis with ∆ψ as connecting intermediate revealed that palmitoyl-CoA inhibits 
phosphorylating module (Fig. 3.4A), since the flux through the module (Jp) was significantly lower 
in the presence of palmitoyl-CoA than in its absence, when both conditions are compared for the 

same levels of ∆ψ.  The flux through the substrate oxidation module was slightly, although not 
significantly, higher in the presence of palmitoyl-CoA (Fig. 3.4B) indicating a tendency of 

palmitoyl-CoA to stimulate the activity of this module, possibly via effect on β-oxidation.  The 
proton leak kinetics was not affected directly by palmitoyl-CoA (Fig. 3.4C). 

Further analysis with ATPin/ADPin ratio as an intermediate showed that the ATP-consuming 
module (comprised of ANT and hexokinase) was inhibited by palmitoyl-CoA (Fig. 3.5A), as 
concluded from lower flux through the module in the presence of palmitoyl- CoA, while the ATP-
producing module was not affected (Fig. 3.5B).  We showed previously that hexokinase is not 
inhibited by palmitoyl-CoA (72).  Therefore our current data indicate that also in mitochondria 
respiring on NADH-delivering substrate the ANT is the only component of oxidative 
phosphorylation affected by palmitoyl-CoA, although a stimulatory effect on substrate oxidation 
cannot be completely excluded.  Thus the multitude of the effects on steady-state fluxes and 
intermediate concentrations exerted by palmitoyl-CoA in isolated mitochondria is achieved through 
this inhibition. 
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Figure 3.4 How palmitoyl-CoA affects the kinetics of the oxidative phosphorylation modules 
around ∆∆∆∆ψψψψ.  A Kinetics of the phosphorylation module as determined by titration of the substrate 
oxidation module with 0 – 25 nM of myxothiazol.  B Kinetics of substrate oxidation module 
determined by titrating the phosphorylation module with 0 – 0.3 µM of oligomycin.  C Kinetics of 
the proton leak module as determined by titration of the substrate oxidation module with 0 – 55 nM 
of rotenone when phosphorylation module was blocked with 0.3 µM of oligomycin.  Jo – oxygen 
uptake flux, Jp – phosphorylation flux, Jh

1 – proton leak flux.  Jp was calculated as: Jp=Jo-Jh at the 
same value of ∆ψ; Jh

1 was measured as Jo in the absence of ADP phosphorylation.  Averages from 
n = 4 independent experiments, ±SEM.  Open symbols: no palmitoyl-CoA; closed symbols: + 5 µM 
palmitoyl-CoA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 How palmitoyl-CoA affects the kinetics of the modules of oxidative 
phosphorylation around matrix ATP/ADP ratio.  A. Kinetics of the ATP-consuming module as 
determined by titration of the ATP-producing module with 0 – 20 nM of myxothiazol.  B. Kinetics 
of the ATP-producing module as determined by titration of the ATP-consuming module with 0 – 
0.75 µM of atractyloside.  Jp was calculated as: Jp=Jo-Jh at the same value of ∆ψ and multiplied by 
ADP/O ratio (ADP/O = 2.7 ± 0.1).  Averages from n = 4 independent experiments, ±SEM.  Open 
symbols: no palmitoyl-CoA; closed symbols: + 5 µM palmitoyl-CoA. 
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Metabolic control of mitochondrial properties 

To address the question whether palmitoyl-CoA affected the properties it should be 
expected to affect for its direct action on ANT, and whether we could account for the observation 
that some properties were affected more than others, we used the systems biology method of 
Metabolic Control Analysis.  To assess the control of fluxes and intermediates we used the modular 
approach (illustrated in Fig. 3.1).  

Metabolic control of fluxes. Control coefficients of the six modules of oxidative 
phosphorylation over the oxygen uptake (Jo) and phosphorylation flux (Jp) for both respiratory 
substrates are summarized in Table 3.3.  The distribution pattern of the control over Jp among the 
modules was similar to that of Jo for both substrates used except for the negative control exerted by 

proton leak (because it dissipates ∆ψ which is needed to drive ADP phosphorylation and the 
adenine nucleotide translocation).  In all conditions, the control distribution was as expected for 
state 3: the bulk of flux control was shared between the respiratory chain and the modules involved 
in the production of extramitochondrial ATP (actually, glucose-6-phosphate), with hardly any 
control by proton leak.  The contribution of ANT to the control of Jo and Jp was moderate and 
similar with both respiratory substrates.  

 
 

Succinate  

oJ
iC  

pJ

iC  

Module, i No p-CoA + 5 µM p-CoA No p-CoA + 5 µM p-CoA 

Q red 0.130.02 0.090.02† 0.140.02 0.090.02† 
QH2 ox 0.450.01 0.310.04* 0.460.01 0.300.03* 
Leak 0.020.00 0.060.01† -0.030.01 -0.040.01 

ATP synth 0.060.00 0.120.04* 0.060.01 0.150.05* 
ANT 0.120.03 0.200.02* 0.130.03 0.240.02† 
Hk 0.220.01 0.210.01 0.240.01 0.260.02 

 Glutamate plus malate 

Q red 0.260.04 0.140.02* 0.270.04 0.160.02* 
QH2 ox 0.140.02 0.140.01 0.150.02 0.160.02 
Leak 0.040.00 0.140.01† -0.030.00 -0.060.01† 

ATP synth 0.280.04 0.220.02 0.310.04 0.280.03 
ANT 0.130.01 0.200.01* 0.140.01 0.260.01† 
Hk 0.150.03 0.150.01 0.160.04 0.200.01 

 
Table 3.3 Flux control coefficients.  The control coefficients were calculated from elasticity 
coefficients (supplementary material, appendix A.2, Table A.2.2) and steady-state fluxes (Table 3.2 
and Table 2.1 for glutamate plus malate, and succinate, respectively) using Eq. 3.A.14 
(supplementary material, appendix A.2).  Averages from n = 3 (succinate) and n = 4 (glutamate 
plus malate) sets of data, ±SEM (indicated as subscript).  †P<0.01 and *P<0.05 vs. condition with 
no palmitoyl-CoA.  Q red – Q reducing, QH2 ox – QH2 oxidizing, Leak – proton leak, ATP synth – 
ATP synthesis, ANT – adenine nucleotide translocator and Hk – hexokinase modules, p-CoA – 
palmitoyl-CoA. 
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Comparing the two substrates, using glutamate plus malate instead of succinate, control of 
fluxes shifts from the respiratory chain to ATP synthesis.  Furthermore, the distribution of the 
control within the respiratory chain shifts from the part downstream of coenzyme Q with succinate 
to the part upstream of coenzyme Q with glutamate plus malate.   

In agreement with the fact that ANT is the main target of palmitoyl-CoA in the system of 
oxidative phosphorylation under these experimental conditions, we found that with both respiratory 
substrates the control exerted by ANT over Jo and Jp significantly increased upon inhibition with 
palmitoyl-CoA.  The control of Jo increased by 67 % and 55 % with succinate and glutamate plus 
malate, respectively, while the control of Jp was affected stronger: it increased by 87 % and 83 % 
with succinate and glutamate plus malate, respectively.  Due to the summation property of flux 
control coefficients (129, 152), an increase in the control strength of one component of the system 
automatically leads to a decrease in the control strength of other component(s).  In our case, an 
increase in the control of fluxes by ANT was mainly compensated by decreased control by the 
respiratory chain modules (Table 3.3).  Furthermore, the control of fluxes by proton leak slightly 

but significantly increased due to the fact that palmitoyl-CoA increases ∆ψ, moving the system to a 
new steady state that is closer to state 4, where control by proton leak is high. 

Control of QH2/Q ratio and ∆ψ.  Coenzyme Q reduction level and ∆ψ are among the factors 
determining ROS production by mitochondrial respiratory chain (33, 113, 174). The control of 
these intermediates by the six modules of oxidative phosphorylation is summarized in Table 3.4.  

The sum of all concentration (also ∆ψ) control coefficients in a pathway is zero (129, 152, 308).  
Accordingly, the values of coefficients can be positive or negative, depending on whether an 
enzyme is involved in the production or the consumption of an intermediate, respectively.  For both 
substrates used, the QH2/Q ratio was almost solely controlled by the respiratory chain enzymes, 
with the coenzyme Q reducing module 
exerting positive control and coenzyme QH2 oxidizing module exerting negative control, while the 

control of ∆ψ was shared equally between ∆ψ-generating (positive control) and ∆ψ-consuming or 

∆ψ-consumption stimulating processes (negative control) (Table 3.4).  In case of succinate 

oxidation most control of ∆ψ within the respiratory chain was residing in the part downstream 
coenzyme Q (bc1 complex and cytochrome c oxidase), while in case of glutamate plus malate the 
part upstream coenzyme Q (dicarboxilate carrier and substrate dehydrogenases) had slightly more 

control of ∆ψ, possibly due to the fact that NADH dehydrogenase, a proton pumping enzyme, 
becomes active.  With both respiratory substrates ANT exerted negative control over QH2/Q ratio 

and ∆ψ (Table 3.4).  This is due to the fact that activation of the ANT stimulates the 

phosphorylation branch of oxidative phosphorylation, which consumes ∆ψ. The negative control 
over QH2/Q ratio is explained similarly. 

Palmitoyl-CoA had hardly any effect on the control of QH2/Q ratio when glutamate plus 
malate was used as a substrate.  With succinate palmitoyl-CoA mainly affected the control of 
QH2/Q ratio by respiratory chain modules: control by both coenzyme Q reducing and coenzyme 
QH2 oxidizing modules has decreased.  Furthermore, palmitoyl-CoA had little effect on the control 

of ∆ψ except that the control by coenzyme Q reducing and ATP synthesis module significantly 
decreased with glutamate plus malalate as substrate, and for both substrates the negative control 

exerted by proton leak slightly increased due to the effect of palmitoyl-CoA on ∆ψ. 
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Succinate  
QQH

iC 2
 

ψ∆
iC  

inin ADPATP

iC  
outout ADPATP

iC  

Module, i No 
p-CoA 

+ 5 µM 
p-CoA 

No 
p-CoA 

+ 5 µM 
p-CoA 

No 
p-CoA 

+ 5 µM 
p-CoA 

No 
p-CoA 

+ 5 µM 
p-CoA 

Q red 0.570.11 0.380.06 0.100.02 0.100.03 0.200.05 0.180.10 0.250.05 0.140.04* 
QH2 ox -0.300.06 -0.140.04 0.390.02 0.400.06 0.780.12 0.790.31 0.850.03 0.460.06* 
Leak -0.010.00 -0.020.00 -0.020.00 -0.050.01 -0.040.01 -0.110.05 -0.050.01 -0.060.01 

ATP synth -0.040.01 -0.050.01 -0.070.01 -0.090.01 0.260.02 0.790.13* 0.110.01 0.230.07* 
ANT -0.070.01 -0.080.01 -0.130.02 -0.170.03 -0.390.02 -0.780.11* 0.240.05 0.370.03* 
Hk -0.150.03 -0.090.02 -0.260.04 -0.190.05 -0.810.19 -0.880.20 -1.410.04 -1.130.01* 

 Glutamate plus malate 

Q red 0.560.14 0.600.11 0.200.02 0.100.02† 0.550.14 0.460.18 0.410.06 0.280.03* 
QH2 ox -0.400.13 -0.420.08 0.110.03 0.120.01 0.230.08 0.590.21 0.230.04 0.300.04 
Leak -0.010.00 -0.030.00* -0.020.00 -0.040.01* -0.050.01 -0.200.08 -0.040.01 -0.110.02† 

ATP synth -0.080.02 -0.050.01 -0.140.01 -0.070.01† 0.700.11 1.300.40 0.480.06 0.530.07 
ANT -0.040.00 -0.060.02 -0.070.01 -0.060.01 -0.700.14 -1.280.36* 0.230.02 0.480.03† 
Hk -0.040.01 -0.040.01 -0.080.02 -0.050.01 -0.730.11 -0.880.25 -1.310.03 -1.470.09 

 
Table 3.4 Concentration control coefficients.  The concentration control coefficient of each 
module i over QH2/Q, ∆ψ, ATPin/ADPin and ATPout/ADPout was calculated from elasticity 
coefficients (supplementary material, appendix A.2, Table A.2.2) and steady-state fluxes (Table 3.2 
and Table 2.1 for glutamate plus malate, and succinate, respectively) using Eq. 3.A.14 
(supplementary material, appendix A.2).  Control coefficients for ∆ψ were multiplied by 
F∆ψ(V)/RT (Eq. 3.4).  Averages from n=3 (succinate) and n=4 (glutamate plus malate) sets of 
data, ±SEM (indicated as subscript).  †P<0.01 and *P<0.05 vs. condition with no palmitoyl-CoA.  
Q red – Q reducing, QH2 ox – QH2 oxidizing, Leak – proton leak, ATP synth – ATP synthesis, 

ANT – adenine nucleotide translocator and Hk – hexokinase modules, p-CoA – palmitoyl-CoA.   
 
 

Control of matrix and extramitochondrial ATP/ADP ratios. The control of ATPin/ADPin 
ratio and ATPout/ADPout ratio is summarized in Table 3.4.  For both substrates used, control of 
ATPin/ADPin ratio was shared among all modules of oxidative phosphorylation with small negative 
control exerted by proton leak.  ANT exerted large negative control over ATPin/ADPin ratio, since 
it functions as a ‘consumer’ of matrix ATP by transporting it from mitochondria to inter-membrane 
space.  The distribution of control within the respiratory chain depended on the substrate used: for 
succinate the QH2 oxidizing module exerted more control than Q reducing module, whereas with 
glutamate plus malate as a substrate it was the opposite.  Palmitoyl-CoA tended to increase positive 
control of ATPin/ADPin ratio by ATP synthesis and negative control by proton leak.  The negative 
control of ATPin/ADPin ratio by ANT increased by 100 % and 82 % succinate and glutamate plus 
malate as substrate, respectively. 

For both substrates hexokinase exerted the highest negative control of ATPout/ADPout ratio 
(Table 3.4).  The remainder of the control was distributed among the respiratory chain modules, 
ATP synthesis and ANT with a negligible negative control exerted by proton leak.  Similarly to the 
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control of the ATPin/ADPin ratio, the distribution of control of ATPout/ADPout ratio within the 
respiratory chain depended on the substrate used.  Comparing the two substrates, ATP synthesis 
exerted less control over ATPout/ADPout ratio in case of succinate oxidation.  Palmitoyl-CoA 
increased the control of ATPout/ADPout ratio by ATP synthesis and proton leak, and decreased the 
control by the Q reducing module with both respiratory substrates, and the control by the QH2 
oxidizing module and hexokinase with succinate.  The control of ATPout/ADPout ratio by the ANT 
increased by 56 % and 113 % with succinate and glutamate plus malate as substrate, respectively. 
 
Partial integrated responses of system fluxes and intermediates to palmitoyl-CoA 

Table 3.5 summarizes integrated elasticities to palmitoyl-CoA and partial integrated responses of 
fluxes and intermediates to palmitoyl-CoA mediated through each module of the experimental 
system.  With both respiratory substrates ANT had the largest elasticity to palmitoyl-CoA, in 
agreement with the finding that under our experimental conditions ANT is the main target of 
palmitoyl-CoA in the system of oxidative phosphorylation.  As a consequence, the response 
mediated through ANT contributed the most to the overall response of system fluxes and 
intermediates to palmitoyl-CoA, i.e. the response through the ANT was responsible for 68 % of the 
decrease in Jo, 68 % of the decrease in Jp, 56 % of the increase in QH2/Q ratio, 70 % of the increase 

in ∆ψ, 72 % of the increase in ATPin/ADPin ratio, and 59 % of the decrease in ATPout/ADPout ratio 
with succinate as substrate.  Similar results were obtained when glutamate plus malate was used as 
a substrate: the response through ANT contributed by 75 % to the reduction in Jo, 76 % to the 

reduction in Jp, 68 % to the increase in ∆ψ, 88 % to the increase in ATPin/ADPin ratio, and 69 % to 
the reduction in ATPout/ADPout ratio.  The exception was the QH2/Q ratio, where the response 
through ANT contributed only by 29 % to the overall increase in the QH2/Q ratio, while the main 
cause of palmitoyl-CoA-induced increase in QH2/Q ratio stemmed from stimulation of Q reducing 
module (52 %), in support to results of modular kinetic analysis (Fig. 3.4B) indicating that 
respirato ry chain is likely to be affected by palmitoyl-CoA, either directly or through effect on 
intermediate levels. 

The response of a system variable to an external effector mediated through a specific 
module is determined by the control exerted by that module over a system variable and the 
elasticity of that module to the effector (4, 160).  Table 3.5 shows that the overall effects of 
palmitoyl-CoA on system fluxes and intermediates were mainly mediated through ANT and that 
the properties that were controlled the strongest by the ANT were affected the most. 
 

Discussion 
 

We have shown that palmitoyl-CoA induces ROS production in actively phosphorylating 
isolated rat-liver mitochondria and influences the extramitochondrial ATP/ADP ratio in such a way 
that these changes are expected to result in increased [AMP]out.  This is in line with a mechanism 
we proposed to underlie the association between obesity and type 2 diabetes (13, 14). 

Due to multiple interactions in mitochondria, it can be difficult to distinguish whether the 
observed palmitoyl-CoA effects relate to one or to many primary effects.  Therefore we 
implemented two systems biology approaches: (i) modular kinetic analysis, which enables one to  
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 Succinate 

i oJ
CoAp

i IR −  pJ
CoAp

i IR −  
QQH

CoAp
i IR 2

−  ψ∆
−CoAp

i IR  inin ADPATP
CoAp

i IR −  outout ADPATP
CoAp

i IR −  i
CoApI −ε  

1 -0.020.00 -0.020.00 -0.080.03 0.000.00 -0.020.00 -0.030.01 -0.140.04 
2 0.070.01 0.070.01 -0.050.02 0.010.00 0.110.01 0.130.03 0.150.03 
3 0.000.00 0.000.00 0.000.00 0.000.00 0.000.01 0.010.01 -0.070.10 
4 -0.050.02 -0.050.02 0.040.02 0.010.00 -0.220.08 -0.100.04 -0.830.29 
5 -0.370.04 -0.400.04 0.240.04 0.070.00 1.270.10 -0.750.08 -3.320.43 
6 -0.040.00 -0.040.00 0.030.00 0.010.00 0.140.01 0.260.04 -0.180.03 

IRC -0.410.02 -0.440.01 0.180.04 0.090.00 1.280.03 -0.490.04  
RE -0.400.02 -0.460.01 0.170.04 0.090.00 1.260.04 -0.510.03  

 Glutamate plus malate 

1 0.160.04 0.160.05 0.330.08 0.020.01 0.330.11 0.250.07 0.620.17 
2 0.010.05 0.010.05 -0.100.13 0.000.00 -0.010.03 0.020.08 0.250.44 
3 0.010.00 0.000.00 0.000.00 0.000.00 -0.010.00 -0.010.00 0.170.08 
4 0.030.10 0.030.11 -0.010.03 0.000.01 0.090.27 0.050.18 0.020.38 
5 -0.660.12 -0.710.13 0.180.06 0.060.01 3.791.44 -1.100.18 -5.000.89 
6 -0.020.00 -0.020.00 0.000.00 0.000.00 0.090.01 0.160.01 -0.120.01 

IRC -0.470.08 -0.530.08 0.400.10 0.080.01 4.281.68 -0.620.11  
RE -0.560.03 -0.580.03 0.420.09 0.090.01 4.091.73 -0.720.04  

 
Table 3.5 Contribution of individual modules of oxidative phosphorylation to the overall 
response of system variables to palmitoyl-CoA.  The integrated elasticity coefficients (Iε) and 
partial integrated responses (IR) of each module to 5 µM palmitoyl-CoA were calculated as 
described in ‘Material and methods’.  Averages from n = 3 (succinate) and n = 4 (glutamate plus 
malate) sets of data, ±SEM (indicated as subscript).  Modules (i): 1 – Q reducing, 2 – QH2 
oxidizing, 3 – proton leak, 4 – ATP synthesis, 5 – ANT, 6 – hexokinase.  P-CoA – palmitoyl-CoA, 
IRC and RE – calculated (sum of partial responses) and experimentally observed overall response, 
respectively.  
 
 
localize the primary site of action of agents that have many effects, and (ii) Metabolic Control 
Analysis, which enables one to analyze distributed control of cellular functions.  Using modular 
kinetic analysis we established that the multitude of effects palmitoyl-CoA had on mitochondrial 
functions may well originate from a single molecular action, i.e. the direct inhibition of ANT.  The 
assessment of the metabolic control of fluxes and intermediate concentrations by ANT then 
revealed that this enzyme partially controls many fluxes, concentrations and potentials and that 
most of the corresponding control strengths were affected by palmitoyl-CoA.  This then confirmed 
that an increase in AMP concentration and, at least partly, stimulation of ROS production are 
effects of ANT inhibition.  Taken together, it indicates that LCAC may affect not only 
mitochondrial function but also the control and (by implication, cf. ref. 236) regulation of that 
function. 

We have shown that inhibition of ANT with palmitoyl-CoA resulted in a significantly lower 
ATPout/ADPout ratio.  Lowering of extramitochondrial ATP concentration can cause increased 
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formation of AMP by adenylate kinase.  Subsequently this could stimulate cellular response to 
stress through activation of AMP-dependent processes (126) or lead to break down of AMP into 
adenosine and to the extracellular release of the latter (13).  The primary mechanism of 
intracellular adenosine production is AMP hydrolysis by cytosolic 5’-nucleotidase (292).  
Increased concentrations of free ADP and AMP in the cytosol are major determinants of adenosine 
production with extracellular adenosine release correlating linearly with free cytosolic AMP 
concentration (48).  Under pathological conditions characterized by inappropriate intracellular 
triglyceride accumulation, low cytosolic ATP concentration might persist due to constant inhibition 
of ANT leading to a sustained increase in extracellular adenosine concentrations, resulting in 
hyperperfusion, hypertension, increased urate production and other abnormalities common to 
insulin resistant states (13). 

With respect to this we have demonstrated here how [AMP]out would increase with the 
decreasing ATPout/ADPout ratio, with a stronger increase observed at low ATPout/ADPout ratios and 
smaller changes at high ratios.  This finding indicates that the effect of LCAC on AMP production 
will vary depending on the energy state of the cell.  Starvation or incubation with fatty acids was 
demonstrated to cause a concomitant decrease in cytosolic ATP/ADP ratios and an increase in total 
LCAC concentrations in perfused rat-liver and isolated hepatocytes, indicating a possible inhibition 
of ANT by LCAC (7, 254, 265).  The cytosolic ATP/ADP ratios in these experiments were 
reported to be 7 and 6 in fed and starved conditions, respectively.  Considering our findings, we 
expect that such a change in cytosolic ATP/ADP ratios would cause only a slight increase in 
absolute cytosolic AMP concentration (Fig. 3.3).  However, at these low concentrations of AMP, 
the relative increase in concentration would still be substantial and so would be the relative effect 
on the production rate of adenosine: in vivo 5’-nucleotidase operates at substrate concentrations 
three orders of magnitude below its Km of 1.2 mM (285). 

Inhibition/deinhibition of ANT depending on LCAC concentration might be relevant in the 
regulation of cellular metabolism in vivo via an effect on AMP-activated protein kinase (AMPK).  
Activation of AMPK enacts a switch from anabolic to catabolic metabolism that generates ATP 

(e.g. stimulation of β-oxidation) (126) Thus the activation of AMPK would seem to be a desirable 
effect in obesity since it would promote the consumption of excess fat.  However, the combination 
of persistent ANT inhibition by LCAC with constant activation of AMPK might have some 

adverse effects, because stimulation of β-oxidation in response to activation of AMPK cannot lead 
to the normal quota of ATP production due to lack of intramitochondrial ADP.  Much of the 

enhanced respiratory activity would lead to an increased ∆ψ which together with the increased 
redox potential might further stimulate ROS production (cf. below).  In addition, since AMPK 
stimulates cellular fatty acid uptake (189) and the availability of circulating fatty acids is increased 
in obesity, this could lead to intracellular accumulation of triglycerides.  Furthermore, due to the 

decreased flux through the tricarboxylic acid cycle in case of ANT inhibition, β-oxidation-derived 
acetyl-CoA will be then used for ketone body synthesis.  And indeed, a short-term overexpression 
of AMPK in mouse-liver was shown to induce fatty liver and stimulate ketogenesis (103). 

Stimulation of ROS production is thought to contribute to dysfunction of many different 

cell types, but in particular to β-cell dysfunction in insulin resistant states due to the low expression 

of antioxidant enzymes (281).  The mitochondrial ∆ψ and the redox state of coenzyme Q are 

known to affect ROS formation (33, 113, 174).  We have shown that 5 µM palmitoyl-CoA caused a 
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substantial increase in ∆ψ (13 mV with glutamate plus malate and 15 mV with succinate (Chapter 
2) as a substrate, as compared to a total state 3 – state 4 difference of ca. 25 mV) and induced H2O2 
production in mitochondria respiring on succinate.  Sensitivity of the palmitoyl-CoA-induced H2O2 
production to protonophore showed that the process depends on the electrochemical potential 
difference for protons.  This substantiates the part of our hypothesis that LCAC bring about ROS 

production through an increase in ∆ψ (14).  With both respiratory substrates, the QH2/Q ratio was 
less affected by palmitoyl-CoA, casting doubt on the alternative route by which palmitoyl-CoA 
could affect ROS production.  Effects through the more elusive local ubiquinone radical remain an 
option.  Our results indicate that the palmitoyl-CoA effect on H2O2 production might be exerted 

partially from the matrix side, but the effect is probably β-oxidation-independent as the substrate of 

β-oxidation palmitoyl-L-carnitine stimulated H2O2 production less than did equal amounts of 
palmitoyl-CoA.  Moreover, palmitoyl-CoA did not enhance respiration directly as measured in the 
modular kinetic analysis methodology.  A possibility remains that palmitoyl-CoA increased the 
redox level of intramitochondrial NADH and of flavoproteins, but was not able to further stimulate 
respiration because respiration already ran at Vmax.  In such a case the more reduced redox potential 
at the top of the electron transfer chain might cause extra ROS production.  Our observation that 
atractyloside, a direct inhibitor of ANT, caused ROS production that could only partly account for 
palmitoyl-CoA-induced ROS production indicates that ANT is only partly involved in this process.  
It is possible that palmitoyl-CoA decreased mitochondrial antioxidant capacity by inhibiting 
nicotinamide nucleotide transhydrogenase (241), an enzyme that provides NADPH for regeneration 
of two important antioxidant compounds, glutathione and thioredoxin, in the mitochondria, and this 
way contributed to increased ROS production. 

Our data show that ANT controls many steady-state concentrations, potentials and fluxes.  
In agreement with this, the specific effect of palmitoyl-CoA on the ANT appears to be consistent 
with its ability to affect many fluxes, concentrations and potentials.  Table 3.2 shows that 
palmitoyl-CoA affects different mitochondrial properties to different extents.  In light of these 

observations we asked whether MCA could have served to predict the total effects of 5 µM 

palmitoyl-CoA.  We showed that ANT has relatively mild control of ∆ψ and the QH2/Q ratio, and 

indeed these variables were least affected by 5 µM palmitoyl-CoA. The Jo, Jp, ATPin/ADPin and 
ATPout/ADPout ratios were more strongly controlled by the ANT, and indeed this corresponded with 

a stronger effect of 5 µM palmitoyl-CoA.  We conclude that the specific effect of palmitoyl-CoA 
on ANT and the varying extent to which ANT controls various mitochondrial properties at steady 
state can largely explain the observed effects of palmitoyl-CoA. 

The relatively low control of QH2/Q ratio and ∆ψ by ANT is in agreement with the finding 

that inhibition of ANT by palmitoyl-CoA and the resulting increase in ∆ψ can only partly account 

for the observed increase in ROS production.  We found that for ∆ψ and the QH2/Q ratio, their 
immediate producers and consumers, i.e. the respiratory chain components, exerted the strongest 

control.  This indicates that if an increase in ROS production is brought about by alterations in ∆ψ 
and the QH2/Q ratio, an interference with the respiratory chain function will contribute more than 
interference with any other component of oxidative phosphorylation. 

It has been shown that at least the control of Jo by the ANT is comparable in isolated liver 
mitochondria (279) and isolated hepatocytes (93) indicating that at least to a certain extent results 
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obtained in isolated mitochondria can be extrapolated to the situation in intact cell.  Our results 
reconfirmed the observation that in isolated rat-liver mitochondria ANT has limited control over Jo 
(29, 121, 279) and that the ANT controls Jp stronger than Jo (cf. 314).  However, it has been 
demonstrated that ANT control over Jo changes depending on the intra- and extramitochondrial 
ATP utilization (111, 303, 314).  Accordingly, the effect of LCAC on the ANT control over Jo 
should depend on the ATP-elasticity of the ATP-utilizing processes active at the moment of 
inhibition: e.g. inhibition of ANT in rat-liver cells with the specific inhibitor atractyloside 
decreased glucose synthesis to a greater extent than urea synthesis, although both processes require 
ATP (7).  

In conclusion, we have shown that the ANT controlled all investigated properties of the 
mitochondrial oxidative phosphorylation to different extents with the largest control exerted over 
ATP/ADP ratios.  Most importantly, the palmitoyl-CoA effects were largely in correspondence 
with this.  Our results suggest that LCAC effects on ROS formation may not so much involve 

changes in redox state of ubiquinone but rather changes in ∆ψ. 
 
 

Supplementary material 
 
Appendix A.1 Calculation of extramitochondrial AMP concentration 

 
Extramitochondrial AMP concentration was calculated with the assumptions: 
a) The total amount of adenylates is constant: 

[ ] [ ] [ ] aAMPADPATP =++       (Eq. 3.A1) 

b) Adenylate kinase is at equilibrium: 

[ ] [ ]
[ ]2ADP

AMPATP
Keq

⋅=        (Eq. 3.A2) 

c) The following nucleotide ratio is clamped at a constant value: 

[ ]
[ ]ADP

ATP
r =          (Eq. 3.A3) 

Elimination of [ADP] and [ATP] from these yields: 

[ ]
][

)1(
AMPa

AMPrr
Keq −

⋅+⋅=        (Eq. 3.A4) 

Solution for [AMP]: 

[ ]
eq

eq

Krr

Ka
AMP

++
⋅

=
2

       (Eq. 3.A5) 
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Appendix A.2 Calculation of control coefficients 

 
The control coefficients were calculated from: 

C = E−1 ⋅ A         (Eq. 3.A.14) 
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Figure A.2.1 Inhibitor titration curves from which the co-responses of Jo and QH2/Q ratio were 
determined.  Response of oxygen uptake flux to changes in QH2/Q ratio caused by titration of: A 
Q-reducing module with 0 - 25 nM rotenone (upward pointing triangles) and QH2-oxidizing 
module with 0 - 25 nM myxothiazol (downward pointing triangles); B ATP synthesis module with 0 
- 0.25 µM oligomycin (circles) and ANT module with 0 – 0.75 µM atrctyloside (diamonds); C Q-
reducing module with 0 - 1.25 mM malonate (squares), QH2-oxidizing module with 0 - 25 nM 
myxothiazol (downward pointing triangles), ATP synthesis module with 0 - 0.3 µM oligomycin 
(circles) and ANT module with 0 - 1.5 µM atrctyloside (diamonds). From the same experiments the 
co-responses of Jp and QH2/Q ratio were determined.  Jp was calculated by subtracting Jh

1 from Jo 
at the same value of ∆ψ.  Substrate: A, B glutamate plus malate, C succinate. Average from n=4 
(glutamate plus malate) and n=3 (succinate); ± SEM. Open symbols: no palmitoyl-CoA, closed 
symbols: + 5 µM palmitoyl-CoA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
See legend on the next page. 
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Figure A.2.2 Titrations with hexokinase from which the co-responses of phosphorylation flux 
(Jp) and ∆∆∆∆ψψψψ (A), QH2/Q (B), ATPin/ADPin (C) and ATPout/ADPout (D) ratios were determined.  
Respiration was titrated with 0 - 5.78 U.ml–1 of hexokinase.  Jp was calculated by subtracting Jh

1 
from Jo at the same value of ∆ψ.  Triangles - succinate, circles – glutamate plus malate as 
substrate.  Averages from n=3 for succinate, and n=4 for glutamate plus malate, ±SEM.  Open 
symbols – no palmitoyl-CoA, closed symbols + 5 µM palmitoyl-CoA. 
 
 

 Succinate Glutamate plus malate 

# Modulation Intermediate X Flux J Co-response coefficient O 

    No p-CoA p-CoA No p-CoA p-CoA 

1 Hk ATPout/ADPout Jp -5.3 ± 1.2 -3.1 ± 0.6 -7.1 ± 2.0 -11.8 ± 5.4 

2 Hk ATPin/ADPin Jp -1.3 ± 0.1 -1.2 ± 0.0 -4.5 ± 1.4 -6.0 ± 4.5 

3 Hk ∆ψ Jp -2.0 ± 0.2 -0.4 ± 0.1* -2.0 ± 0.4 -1.8 ± 0.3 

4 Hk QH2/Q Jp -0.8 ± 0.1 -3.0 ± 1.3 -1.2 ± 0.5 -2.8 ± 2.0 

5 Mal / Rot QH2/Q Jo 4.2 ± 0.5 4.0 ± 0.7 1.7 ± 0.6 3.7 ± 1.0* 

6 Mal / Rot ∆ψ Jo 0.7 ± 0.1 1.0 ± 0.2 0.4 ± 0.0 0.6 ± 0.2 

7 Mal / Rot ∆ψ Jh
1 1.6 ± 0.2 1.0 ± 0.1 2.9 ± 0.6 1.4 ± 0.4* 

8 Mal / Rot QH2/Q Jp 4.0 ± 0.6 3.9 ± 0.6 1.6 ± 0.6 2.9 ± 0.8* 

9 Mal / Rot ∆ψ Jp 0.7 ± 0.1 1.1 ± 0.2 0.6 ± 0.1 0.8 ± 0.1 

10 Mal / Rot ATPin/ADPin Jp 1.6 ± 0.0 2.2 ± 0.6 1.5 ± 0.5 2.7 ± 0.9 

11 Mal / Rot ATPout/ADPout Jp 1.8 ± 0.2 1.5 ± 0.0* 1.6 ± 0.1 1.9 ± 0.1* 

12 Myx QH2/Q Jo -0.6 ± 0.0 -0.4 ± 0.0 -2.3 ± 0.6 -2.1 ± 0.4 

13 Myx ∆ψ Jo n.d. n.d. 0.5 ± 0.1 0.5 ± 0.0 

14 Myx ∆ψ Jh
1 0.9 ± 0.2 0.8 ± 0.1 2.3 ± 1.0 1.5 ± 0.4 

15 Myx QH2/Q Jp -0.6 ± 0.0 -0.4 ± 0.0 -2.2 ± 0.5 -4.4 ± 2.0 

16 Myx ∆ψ Jp 0.8 ± 0.1 1.3 ± 0.0 0.7 ± 0.1 0.6 ± 0.1 

17 Myx ATPin/ADPin Jp 1.8 ± 0.0 2.5 ± 0.9 1.2 ± 0.3 4.0 ± 1.4 

18 Myx ATPout/ADPout Jp 1.9 ± 0.3 1.5 ± 0.0* 1.6 ± 0.1 1.8 ± 0.1 

19 Oligo QH2/Q Jo -0.7 ± 0.1 -0.5 ± 0.1 -0.3 ± 0.0 -0.4 ± 0.1 

20 Oligo ∆ψ Jo -1.2 ± 0.1 -0.8 ± 0.3 -0.5 ± 0.1 -0.2 ± 0.0* 

21 Oligo QH2/Q Jp -0.6 ± 0.0 -0.5 ± 0.1 -0.3 ± 0.0 -0.3 ± 0.1 

22 Oligo ∆ψ Jp -1.1 ± 0.1 -0.8 ± 0.1 -0.4 ± 0.1 -0.2 ± 0.0* 

23 Oligo ATPin/ADPin Jp 4.3 ± 0.0 6.3 ± 1.6 1.6 ± 0.4 4.9 ± 1.7 

24 Oligo ATPout/ADPout Jp 1.9 ± 0.2 1.5 ± 0.0* 1.6 ± 0.0 1.8 ± 0.1 

25 Atr QH2/Q Jo -0.5 ± 0.0 -0.2 ± 0.0 -0.2 ± 0.1 -0.2 ± 0.1 

26 Atr ∆ψ Jo -1.1 ± 0.1 -0.8 ± 0.1 -0.5 ± 0.0 -0.3 ± 0.1* 

27 Atr ∆ψ Jp -1.0 ± 0.1 -0.5 ± 0.0* -0.5 ± 0.0 0.0 ± 0.1* 

28 Atr ATPin/ADPin Jp -2.8 ± 0.0 -2.3 ± 0.1 -5.0 ± 0.9 -4.0 ± 1.6 

29 Atr ATPout/ADPout Jp 1.8 ± 0.5 1.5 ± 0.0* 1.6 ± 0.1 1.9 ± 0.1* 

 

See legend on the next page. 
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Table A.2.1 Co-response coefficients.  The co-response coefficients were determined from 
slopes of inhibitor titration curves at steady state as described in ‘Materials and methods’.  The co-
responses of ∆ψ and fluxes were multiplied by F∆ψ(V)/RT (Eq. 3.9).  Averages from n = 3 
(succinate) and n = 4 (glutamate plus malate) sets of data, ±SEM.  †P<0.01 and *P < 0.05 vs. 
condition with no palmitoyl-CoA.  Jo – oxygen uptake flux, Jp – phosphorylation flux, Jh

1 – proton 
leak flux, Hk – hexokinase, Mal – malonate, rot – rotenone, Myx – myxothiazol, Oligo – 
oligomycin, Atr – atractyloside, p-CoA – palmitoyl-CoA.  Titration with malonate or rotenone was 
used for succinate and glutamate plus malate as a substrate, respectively. 
 
 

Succinate Glutamate + malate Elasticity 

coefficient No p-CoA + 5 µM p-CoA No p-CoA + 5 µM p-CoA 
redQ

QQH

 

2
ε  -1.7 ± 0.4 -2.6 ± 0.5 -0.9 ± 0.2 -1.2 ± 0.2 

redQ 

ψε ∆  n.d. n.d. -1.5 ± 0.2 -2.6 ± 0.5 

oxQH

QQH

 2

2
ε  0.4 ± 0.1 0.6 ± 0.0 1.9 ± 0.5 1.0 ± 0.2 

oxQH  2

ψε ∆  -1.1 ± 0.1 -1.6 ± 0.4 -3.0 ± 0.4 -4.2 ± 0.3 

leak

ψε ∆  0.7 ± 0.1 1.1 ± 0.1 0.4 ± 0.1 0.2 ± 0.1* 

synthATP 

ψε ∆  5.6 ± 0.2 2.4 ± 0.6* 2.6 ± 0.5 3.3 ± 0.4* 

synthATP

ADPATP inin

 ε  -2.2 ± 0.3 -0.8 ± 0.1* -0.5 ± 0.1 -0.5 ± 0.1 

ANT

QQH2
ε  0.1 ± 0.1 0.1 ± 0.0 -0.1 ± 0.2 0.1 ± 0.0 

ANT

ψε ∆  8.6 ± 1.4 5.2 ± 1.8 0.5 ± 0.3 0.7 ± 0.3 

ANT

ADPATP inin
ε  1.4 ± 0.2 0.8 ± 0.3 0.6 ± 0.5 0.6 ± 0.2 

ANT

ADPATP outout
ε  -1.2 ± 0.3 -0.7 ± 0.1 -0.3 ± 0.4 -0.4 ± 0.0 

Hk

ADPATP outout
ε  0.5 ± 0.0 0.7 ± 0.0* 0.6 ± 0.0 0.6 ± 0.0 

 
Table A.2.2 Elasticity coefficients.  The elasticity coefficients were calculated as described in 
‘Material and methods’ using co-response coefficients listed in Table A.2.2.  The elasticity 
coefficients for ∆ψ were multiplied by RT/F∆ψ(V) (Eq. 3.6).  Average from n =3 (succinate) and 
from n = 4 (glutamate plus malate) sets of data, ±SEM.  †P<0.01 and *P < 0.05 vs. condition with 
no palmitoyl-CoA.  P-CoA – palmitoyl-CoA.   
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Abstract 
 

We have proposed that inhibition of the mitochondrial adenine nucleotide translocator 
(ANT) by long chain acyl-CoA (LCAC) is central in a mechanism underlying the association 
between obesity and type 2 diabetes.  Here we test: (i) whether long-term exposure to a high-fat 
diet (HFD) does lead to an adaptation of the mitochondrial compartment that would hinder such 
ANT inhibition, and (ii) whether ANT has significant control of the relevant aspects of oxidative 
phosphorylation after HFD feeding. 

7 weeks of HFD feeding induced a 24±6 % (P<0.01) increase in total hepatic LCAC 

concentration and accumulation of the oxidative stress marker Nε-(carboxymethyl)lysine (CML) 
(staining scores 0.8±0.3 vs.  9.0±1.0, P<0.001).  The mitochondrial copy number, oxygen uptake, 

membrane potential (∆ψ), ADP/O ratio, the content of coenzyme Q9, cytochromes b and a+a3 were 
not significantly influenced by HFD, while the content of cytochromes c+c1 decreased by 20±5 % 

(P<0.05).  Modular kinetic analysis with either ∆ψ or matrix ATP/ADP ratio as intermediate, 
revealed that neither the kinetics of substrate oxidation, phosphorylation and proton leak modules 
nor those of the ATP-producing and ATP-consuming modules were influenced significantly.  In 
mitochondria from HFD-fed rat-livers ANT exerted significant control over oxygen uptake (control 
coefficient C=0.14) and phosphorylation fluxes (C=0.15), extra- (C=0.23) and intramitochondrial 

(C=-0.56) ATP/ADP ratios, and ∆ψ (C=-0.11). 
We conclude that although HFD induces hepatic accumulation of both LCAC and CML, 

there is no major homeostatic adaptation to these metabolic challenges at the level of oxidative 
phosphorylation.  Furthermore, ANT retains control of fluxes and intermediates, making inhibition 
of this enzyme an even more probable link between obesity and type 2 diabetes. 
 

Introduction 
 
A diet rich in fat has been shown to induce impaired insulin-stimulated glucose uptake 

(126), hyperinsulinemia (77), and to lead to development of obesity, type 2 diabetes (307), 
nonalcoholic fatty-liver disease (244), and atherosclerosis (21) in the long-term.  The increased 
availability of circulating fatty acids to non-adipose tissues regulating glucose homeostasis 
(skeletal muscle, liver, pancreas) in response to high-fat feeding contributes to accumulation of 
intracellular triglycerides and other fatty acid products (i.e. diacylglycerol, long chain acyl-CoA 
esters (LCAC), ceramide) (67, 244).  These lipid metabolites appear to affect a large number of 
cellular enzymes leading to decreased intracellular glucose oxidation (175), impaired insulin 
signaling (176) and increased oxidative stress (270).  The precise mechanism(s) by which so many 
effects arise simultaneously is not yet clear. 

High-fat diets have been linked to changes in the fatty acid composition and therewith the 
fluidity of plasma and intracellular membranes (275), which in turn affect their passive 
permeability to protons (45) as well as the distribution and dimerization of receptors, activities of 
mitochondrial membrane-bound enzymes (16, 200, 320) and the content of coenzyme Q (221).  
Mitochondrial function is essential for cellular energy metabolism, the production of reactive 
oxygen species (ROS), and therewith important for the management of cell life and death.  
Impaired mitochondrial function is emerging as a factor in insulin resistance, obesity and type 2 
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diabetes (216, 217, 235).  Yet, there have been few studies that ascertained the precise nature and 
pinned down the molecular mechanism(s) of this dysfunction. 

We have proposed a mechanism underlying the association between state of lipid 
oversupply (e.g. obesity) and type 2 diabetes, in which a single molecular action could affect many 
of the relevant functional properties of mitochondria: a direct inhibition of adenine nucleotide 
translocator (ANT) by increased availability of intracellular LCAC should impair adenine 
nucleotide metabolism and lead to increased levels of cytosolic AMP and adenosine (13, 14).  

Furthermore, it should also increase mitochondrial membrane potential (∆ψ) and the redox state of 
ubiquinone, causing an increase in ROS production and oxidative stress (13, 14).  For this to be 
true ANT should be a single molecular target of LCAC in mitochondria.  Furthermore, ANT should 
have significant control over the various mitochondrial properties and this control should remain or 
be reinforced upon action of LCAC.  We showed that both these requirements were met in liver 
mitochondria from non-obese rats (Chapters 2 & 3). 

Our hypothesis explains the link between obesity and symptoms of type 2 diabetes 
exclusively through an acute mechanism: LCAC are just required to inhibit ANT directly.  
However, LCAC could reprogram gene expression and alter the biochemical composition or 
abundance of the mitochondria in long-term; therefore here we test this possibility.  Furthermore, 
the control exerted by the target of LCAC, i.e. the ANT over various facets of mitochondrial 
function could decrease in response to sustained lipid oversupply (e.g. induced by a high-fat diet) 
making the proposed mechanism (13, 14) less probable.  In this paper we therefore assess whether 
also after a high fat diet feeding ANT exerts significant control over various functional properties 
of mitochondrial oxidative phosphorylation, notably those that correlate with AMP and ROS 

production (such as extramitochondrial ATP/ADP ratio and ∆ψ). 
To this end, rats were exposed for 7 weeks to either a high-fat diet (HFD) or a low fat diet 

(LFD).  We then examined the effects on (i) abundance, properties and functioning of mitochondria 
and (ii) control of this functioning by ANT.  Our observations are in line with the proposed acute 
mechanism linking obesity to type 2 diabetes through inhibition of ANT by LCAC. 
 

Materials and methods 
 
Materials 

Yeast hexokinase was from Roche (Mannheim, Germany).  Oligomycin, myxothiazol, 
atractyloside, coenzyme Q9, heptadecanoyl-CoA and P1,P5 - di(adenoside-5’) pentaphosphate were 
obtained from Sigma-Aldrich. 
 
Animals and diets 

The animal treatment conformed to the Guide for the Care and Use of Laboratory animals 
published by the US National Institutes of Health (NIH publication No.85-23, revised 1996) and 
the guidelines of the Institutional Animal care and Use Committee of the VU University medical 

center.  One group of adult male Wistar rats (302 ± 4.6 g (mean, ±SEM), n=16) were given a low-
fat diet (LFD) (Hope Farms, Woerden, The Netherlands, cat#4148.01) containing 8 weight % of 
total fat, 22 wt% protein and 60 wt% carbohydrate for 7 weeks.  The second group (301 ± 3.7 g, 
n=18) received an isocaloric high-fat diet (HFD) (Hope Farms, Woerden, The Netherlands, 
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cat#4148.02) containing 25 wt% fat, 32 wt% protein and 25 wt% carbohydrate.  This way 50.4 % 
of the ingested calories was derived from fat in case of HFD, compared to 16.4 % in case of LFD.  
The percentage of saturated and unsaturated fat was 42.4 % and 57.6 %, respectively, in both LFD 
and HFD.  It may be noted that HFD was also high in protein and low in carbohydrates.  In this 
paper we will discuss the diets in terms of their fat contents, but these correlating changes in 
protein and carbohydrate composition should also be taken into consideration. 

At week 6, rats fasted for 6–8 h received an oral glucose load (2 g/kg of body weight). 
Blood glucose was measured from tail bleeds with a HemoCue glucose analyser (Angelholm, 
Sweden) at 120 min after glucose ingestion. 
 
Isolation of mitochondria 

Liver mitochondria were isolated through a standard differential centrifugation procedure as 
described (201), with 250 mM sucrose, 10 mM Tris-HCl, 3 mM EGTA and 2 mg.ml-1 BSA (pH 
7.7) as the isolation medium.  Protein content was determined according to Bradford (35) with 
BSA as standard. 
 

Measurement of oxygen uptake, ∆ψ and the ADP/O ratios 

In order to simultaneously monitor the oxygen uptake and ∆ψ, mitochondria were 

incubated at 25°C in a closed, stirred and thermostated glass vessel equipped with Clark-type 

oxygen electrode and TPP+-sensitive electrode as described before (72).  The reaction medium 
contained 25 mM creatine, 25 mM creatine phosphate, 75 mM KCl, 20 mM Tris, 2.3 mM MgCl2, 

5.0 KH2PO4, mM 2 mg.ml-1 BSA, 10 mM succinate, 2 µM rotenone, 50 µM Ap5A, pH 7.3.  An 
ADP-regenerating system consisting of excess hexokinase (5.78 U.ml–1) and glucose (12.5 mM) 

was used to maintain steady-state respiration rates.  100 µM of ATP (which would be rapidly 
converted to ADP by the hexokinase) was added to initiate state 3 respiration. 

The ADP/O ratio was determined in reaction medium containing 1 mg of mitochondrial 

protein.ml-1 supplemented with 10 mM succinate, 2 µM rotenone and 50 µM Ap5A (to inhibit 
mitochondrial adenylate kinase) by measuring the amount of oxygen taken up (corrected for proton 

leak driven respiration (123)) in response to 400 µM ADP as described (132). 
 
Determination of mitochondrial cytochrome c + c1, b, and a + a3 content 

The concentrations of mitochondrial cytochromes c+c1, b and a+a3 were determined from 
the difference spectra recorded with a modified SLM Aminco DW-2 double-beam dual wavelength 

spectrophotometer (176).  20 µl of mitochondrial suspension was added to 1 ml of 20 mM Tris 
buffer, pH 7.2 and the oxidized spectra were recorded from 500 nm to 650 nm.  Reduced spectra 
were recorded in the same sample after reduction of the cytochromes with solid sodium dithionite.  
The concentrations of the cytochromes were calculated from the Gaussian deconvolution of the 

reduced minus oxidized difference spectra (176) using the extinction coefficients: εc+c1
(551–542 

nm) = 19 mM-1.cm-1 (64), εb(561–572 nm) = 20 mM-1.cm-1 (64), εa+a3
(605–630 nm) = 24 mM-

1.cm-1 (293). 
 
Coenzyme Q9 measurements 
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Mitochondrial coenzyme Q9 was extracted with acidic methanol and petroleum ether and 

was determined by reverse-phase HPLC using Lichrosorb 10 RP 18 column (4.6 mm × 250mm, 
Phenomenex) and ethanol/methanol (3:2, v/v) as a mobile phase, flow rate 1 ml.min-1, as described 
in (285).  The oxidized and the reduced coenzyme Q9 were detected at 275 nm and 290 nm, 
respectively using a Perkin-Elmer LC 235 diode array detector and the concentrations were 
calculated from the peak area using coenzyme Q9 as a standard (291). 
 
Determination of the adenine nucleotide concentration 

Adenine nucleotides were extracted with phenol as described (149).  The ATP and ADP 
concentrations in the samples were measured using a luciferin-luciferase ATP monitoring kit 
(BioOrbit, Turku, Finland).  The fractions of ATP in the medium and in the mitochondrial matrix 
were derived from the hexokinase kinetics as described (72).   

 
Determination of the long chain acyl-CoA concentration in liver 

Frozen liver biopsies were rapidly homogenized with five volumes of ice-cold ammonium 
acetate buffer (100 mM, pH 5.0).  Next, 0.27 ml of the homogenate was mixed with 0.03 ml of the 
internal standard solution (100 µM heptadecanoyl-CoA dissolved in aqueous 10 mM ammonium 
bicarbonate containing 27% acetonitrile) and 0.6 ml acetonitrile/2-propanol (1/1, v/v).  After 
thorough vortex-mixing, the extract was subjected to a dual centrifugation procedure (2000 g for 10 
min, followed by 20000 g for 30 min).  The concentration of acyl-CoA esters in the supernatant 
was determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS) with an API 
3000 triple quadruple tandem mass spectrometer (Sciex - Applied Biosystems, Toronto, Canada) 
interfaced with a TurboIonSpray source.  The LC equipment consisted of Series 200 autosampler, 
quaternary pump and inline degasser (Perkin Elmer, Norwalk, CT, USA).  Mass spectra were 
acquired and processed with Analyst version 1.3.1 software (Sciex - Applied Biosystems).  
Optimization of mass spectrometric parameters was performed by direct infusion of standard 
solutions into the source of the mass spectrometer with syringe pump (Harvard Apparatus, 
Holliston, MA, USA).  Samples were analyzed at ambient temperature by reversed-phase HPLC 
with SymmetryShield RP8 column (2.1 x 100 mm; 3.5 µm particle size; Waters, Milford, MA) 
using a mobile phase consisting of 30% acetonitrile in 2 mM ammonium bicarbonate with a flow 
rate of 0.2 ml.min-1, injection volume 50 µl.  Analyses were performed in negative-ion mode, the 
ion-spray voltage of -4200 V, the temperature of turbo ion gas 350 ˚C.  The transitions from the 
doubly charged precursor ions to the singly charged product ions, resulting from collision-induced 
loss of a phosphate group, were monitored for 50 msec in multiple reaction-monitoring mode.  The 

following acyl-CoAs (mass transitions) were analyzed: C14:0 (487.8 → 896.3), C16:0 (501.8 → 

924.3), C16:1 (500.8 → 922.3), C17:0 (508.8 → 938.3), C18:0 (515.8 → 952.3), C18:1 (514.8 → 

950.3), C18:2 (513.8 → 948.3), C18:3 (512.8 → 946.3), C20:4 (525.8 → 972.3), C20:5 (524.8 → 

970.3), C22:6 (537.8 → 996.3).  Quantification was based on peak area using C17:0-CoA as 
internal standard. 

The sensitivity (response coefficient) of total hepatic LCAC concentration to change in total 
fatty acid (FA) concentration in the diet was calculated as: 
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][%=      (Eq. 4.1) 

Determination of the relative mitochondrial copy number 

Genomic DNA was extracted and purified from approximately 30 mg of frozen liver using 
DNeasy columns (Qiagen, Venlo, The Netherlands).  Purity and quantity of extracted DNA was 
determined spectrophotometrically at 260 and 280 nm.  The mitochondrial DNA (mtDNA) content 
was measured using real-time PCR.  Primers for mtDNA were designed using Primer Express 
software (Applied Biosystems): forward primer – 5’-ACACCAAAAGGACGAACCTG-3’, reverse 

primer – 5’-ATGGGGAAGAAGCCCTAGAA-3’; and for proliferator-activated receptor-γ 

coactivator-1α (PGC-1α): forward primer – 5’-ATGAATGCAGCGGTCTTAGC-3’, reverse 
primer – 5’-AACAATGGCAGGGTTTGTTC-3’ were published previously (326).  Reactions were 
carried out in the presence of 1x SYBR® Green PCR Master Mix (4309155, Applied Biosystems), 

0.5 µM of each forward and reverse primer, and 50 ng genomic DNA.  A standard curve was 
created using serial dilutions of genomic DNA mixture.  Amplifications were performed in an ABI 
PRISM® 7700 Sequence Detection System with the following cycle conditions: 95oC for 10 min 
followed by 40 cycles of 95oC for 15”, 60oC for 30”, and 72oC for 30”.  All PCR-reactions were 
verified by agarose gel electrophoresis.  The threshold cycle number (Ct) was calculated using SDS 
software version 1.9 (Applied Biosystems) and an automated setting of the baseline.  The relative 
mitochondrial copy number (Rc) was determined as described in (278), using the equations: 

tC

cR ∆= 2          (Eq. 4.2) 

)()1( mtDNAtPGCtt CCC −=∆ − α        (Eq. 4.3) 

 
Immunohistochemistry 

The formalin-fixed paraffin-embedded liver sections (4 µm) were mounted on the 

microscope slides.  The cellular localization of Nε-(carboxymethyl)lysine (CML) and 4-hydroxy-2-
nonenal (HNE) was determined with a monoclonal antibody against CML, (dilution 1:500, v/v) 
(246) and a monoclonal antibody against HNE (dilution 1:100, v/v) (284) using immunoperoxidase 
staining with diaminobenzidine as chromogen.  Sections from four LFD-fed and six HFD-fed rat 
livers were analyzed.  The staining was evaluated semiquantitatively by assessing each slide at 40x 
magnification.  A staining score was calculated as a score for percentage of positive cells (<25% = 
1, 26-50% = 2, 51-75% = 3, >75% = 4) multiplied by an intensity score (negative = 0, weak = 1, 
moderate = 2, strong = 3).  Thus the highest possible staining score was 12. 
 
Modular kinetic analysis 

The modular kinetic analysis was carried out as described in Chapter 2.   
 
Modular control analysis 

The flux (or concentration) control coefficient is a quantitative measure of how important an 
enzyme is in controlling a pathway flux (or concentration of an intermediate) at steady state (cf. 
129).  Effectively it indicates the % reduction in a system flux (or concentration of an intermediate) 
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in response to 1 % inhibition of the reaction rate of that enzyme.  For metabolic control analysis 
(MCA), the system of oxidative phosphorylation was divided into five modules (substrate 
oxidation module, proton leak module, ATP synthesis module, adenine nucleotide translocator and 

hexokinase) connected by three intermediates (∆ψ, intra- and extramitochondrial ATP/ADP ratios) 
(Fig. 4.1).  The control coefficients of ANT for oxygen uptake (Jo) and phosphorylation (Jp) fluxes, 

∆ψ, and intra- and extramitochondrial ATP/ADP ratio were calculated from the system fluxes and 
elasticity coefficients using modular MCA as described in Chapter 3.  Co-response coefficients and 
elasticity coefficients that were used in the calculations of control coefficients were determined as 
described in Chapter 3 and are given in supplementary material Tables S.1 and S.2, respectively.  
The remainder of flux and concentration control coefficients is given in Tables 4.S.3 and 4.S.4, 
respectively. 
 
Data presentation and statistical analysis 

Data are expressed as averages ± SEM.  The n values represent the number of experiments 
performed on independent mitochondrial preparations.  Statistical significance of the differences 
was determined using Student's t-test.  A P<0.05 that the difference arose by chance was 
considered to make the difference statistically significant. 

 

Figure 4.1 Division of oxidative phosphorylation into modules.  The modules: 1 – substrate 
oxidation module, comprised of dicarboxilate carrier and respiratory chain, 2 – proton leak 
module, comprised of passive membrane permeability to protons and cation cycling across the 
membrane, 3 – ATP synthesis, comprised of ATP synthase and phosphate carier, 4 – adenine 
nucleotide translocator and 5 – hexokinase.  The intermediates: α – membrane potential (∆ψ), β– 
matrix ATP/ADP ratio (ATPin/ADPin), δ – extramitochondrial ATP/ADP ratio (ATPout/ADPout).  
Arrows marked e, h1 and p indicate electron flux, trans-membrane proton flux and ATP flux, 
respectively. 
 

 

Results 
 
High -fat diet causes impaired glucose tolerance 

After 7 weeks of exposure to the diets the mean body weight was not significantly different 

between the two diet groups (468 ± 14 g and 465 ± 12 g for LFD and HFD group, respectively).  
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Fasting glucose levels (6.1 ± 0.3 mM and 6.7 ± 0.1 mM for LFD and HFD group, respectively) 
were significantly higher (P < 0.05) in HFD group.  Moreover, 2 hours post-load blood glucose 

levels (7.3 ± 0.5 mM and 8.8 ± 0.3 mM for LFD and HFD group, respectively) were significantly 
higher (P < 0.05) in HFD group. 
 
High -fat diet increased hepatic long chain acyl-CoA ester content 

Table 4.1 shows the LCAC composition in rat-liver following a 7-week LFD- or HFD-
feeding.  The HFD-feeding resulted in a significant increase in the LCAC content of the liver: the 
total LCAC concentration was 24 ± 6 % (P < 0.01, n=6) higher in livers of HFD-fed rats than in 
livers of LFD-fed rats.  This effect was limited when related to the fatty acid content of HFD (the 
amount of fatty acids in the HFD was three times the amount in the LFD): the average response 
coefficient was 0.1, reflecting appreciable homeostasis.   

HFD (which had the same relative fatty acid composition as the low fat diet) caused slight 
change of the hepatic LCAC composition in the direction of that of the diet, but the change was 
rather limited: the composition remained closer to the composition of LCAC in the control (LFD) 
liver than to the fatty acid composition in HFD.  The most abundant LCAC-species in both LFD- 
and HFD-fed rat livers were oleoyl-CoA (C18:1) and arachidonoyl-CoA (C20:4).  Especially the 
latter was much more abundant in the livers than in the diet.  More generally, the concentration of 
long chain acyl-CoA esters containing acyl groups with C20 was much less affected by HFD-
feeding compared to the ones with a shorter acyl chain. 

 
 

LCAC content in livers 

LFD liver HFD liver 

Chain length: 

double bonds 

nmol. g wet weight-1 % nmol. g wet weight-1 % 

FA content in 

diets, 

% 

C14:0 0.86 ± 0.07 5.2 0.89 ± 0.03 4.3 0.9 

C16:0 1.87 ± 0.2 11.2 2.5 ± 0.14* 12.2 36.9 

C16:1 1.57 ± 0.13 9.4 1.16 ± 0.03* 5.6 0.2 

C18:0 0.57 ± 0.06 3.4 0.93 ± 0.14* 4.5 3.7 

C18:1 5.34 ± 0.29 32.1 7.24 ± 0.46** 35.2 40.6 

C18:2 1.7 ± 0.11 10.2 2.75 ± 0.28** 13.4 15.9 

C18:3 0.2 ± 0.02 1.2 0.33 ± 0.02** 1.6 0.9 

C20:4 4.13 ± 0.39 24.8 4.37 ± 0.25 21.3 

C20:5 0.13 ± 0.01 0.8 0.15 ± 0.01* 0.7 

C20:6 0.25 ± 0.02 1.5 0.23 ± 0.02 1.1 

 
(0.6) 

Total 16.63 ± 0.98 100 20.55 ± 0.6** 100 100 

 
Table 4.1 Effect of the diet on long chain acyl-CoA content in liver.  Data are averages from 
n=6 rat-livers for each diet group, ± SEM.  FA – fatty acid, LFD – low fat diet, HFD – high fat 
diet.  *P<0.05, **P<0.01 vs. low fat diet. 
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High-fat diet increased protein oxidative stress 

We examined whether HFD-feeding led to increased oxidative stress.  Nε-(carboxymethyl)lysine 
(CML) and 4-hydroxy-2-nonenal (HNE) were stained as tissue markers of protein and membrane 
lipid damage, respectively.  Livers from LFD-fed rats only showed mildly positive CML-staining 

(staining score 0.8 ± 0.3) (Fig. 4.2A), whereas HFD-feeding caused significant (P < 0.001) 

accumulation of CML in the cytosol of hepatocytes (staining score 9.0 ± 1.0), with areas around the 
central vein and the portal triad most affected (Fig. 4.2B).  4-hydroxy-2-nonenal (HNE; a marker of 
membrane lipid damage) accumulated only slightly the cytosol and in the nuclei of hepatocytes, 
and this was similar between both diet groups (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 Immunohistochemistry of Nεεεε-(carboxymethyl)lysine (CML) in livers of low-fat 
and high-fat diet treated rats.  A. No accumulation of CML in low-fat diet treated rat-livers.  B. 
High-fat diet treatment causes accumulation of Nε-(carboxymethyl)lysine in rat-livers.  
Magnification ×20.  Nuclei were stained with Mayer’s haematoxylin. 
 
 
High-fat diet hardly affected mitochondrial makeup 

Our proposal of how LCAC may relate state of lipid oversupply to type 2 diabetes 
pathology (13, 14) does not include any long-term effects, such as slow but progressive damage or 
adaptation.  To investigate whether this is realistic, we examined whether the HFD had indeed not 
affected the mitochondria.  The mitochondrial copy number, as determined by the ratio of mtDNA 

relative to genomic DNA (PGC-1α gene) did not differ significantly between the livers of LFD- 
and HFD-fed rats (204 ± 62 (n = 4) and 221 ± 52 (n = 4), respectively. 

The number of mitochondria being similar, the biochemical composition of the 
mitochondria could have changed.  Table 4.2 summarizes the content of respiratory chain 
coenzymes for the two diet groups.  There was no significant difference in the content of coenzyme 
Q9, cytochrome b and cytochromes a + a3 between the diet groups.  The content of the cytochrome 
c + c1 was 20 ± 5 % (P < 0.05) lower in the HFD-treated group. 

A B 
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Although the number of mitochondria was the same in livers from LFD- and HFD-fed rats, 
the HFD feeding could have increased the respiratory activity of mitochondria.  Thus we 
determined steady-state properties of isolated, actively phosphorylating (state 3) liver mitochondria 
from HFD- and LFD-fed rats respiring on the TCA-cycle intermediate succinate as the substrate.  
Table 4.3 shows that there was no such adaptation either: steady-state oxygen uptake and 

phosphorylation rate, ∆ψ, the ratio of reduced-to-oxidized coenzyme Q9, the intra- and 
extramitochondrial ATP/ADP ratio were all similar between the diet groups.  Furthermore, the 
basal membrane permeability to protons was not changed in mitochondria from HFD-fed rat-livers 
(Table 4.3).  The efficiency of oxidative phosphorylation expressed as the number of ADP 
molecules phosphorylated per oxygen atom reduced (ADP/O ratio) was not affected by the diet 
either (Table 4.3). 

 
 

Cytochromes, nmol. mg protein-1  

c + c1 b a + a3 

Co Q9 

pmol. mg protein-1 

LFD 0.46 ± 0.03 0.30 ± 0.02 0.20 ± 0.01 106.2 ± 10.1 
HFD 0.36 ± 0.03* 0.28 ± 0.03 0.18 ± 0.01 123.9 ± 9.1 

 

Table 4.2 Effect of the diet on the content of the respiratory chain cytochromes and 
coenzyme Q9.  Data are expressed as averages of n=13 experiments for both diet groups, ± SEM.  
LFD – low fat diet, HFD – high fat diet.  *P≤0.05 vs. low fat diet. 
 

 LFD HFD 

Oxygen uptake rate, 
nmol O2.min-1. mg protein-1 78.0 ± 4.0 

 
73.3 ± 1.0 

Phosphorylation rate, 
nmol ADP.min-1.mg protein-1 276 ± 10 

 
275 ± 16 

Proton leak rate, 
nmol O2.min-1. mg protein-1 3.2 ± 0.3 

 
3.5 ± 0.3 

∆ψ, mV 153.8 ± 1.3 153.8 ± 1.4 

Ratio reduced-to-oxidized Q9 3.3 ± 0.2 3.8 ± 0.3 
Intramitochondrial ATP/ADP ratio  0.59 ± 0.1 0.54 ± 0.1 
Extramitochondrial ATP/ADP ratio 0.16 ± 0.02 0.16 ± 0.01 

ADP/O ratio 1.75 ± 0.02 1.79 + 0.04 

 

Table 4.3 Effect of the diet on the steady-state properties of actively phosphorylating (state 
3) mitochondria.  Data are averages of n=6 experiments, ± SEM.  LFD – low fat diet, HFD – high 
fat diet. 
 
 

Finally, we examined the functional components of mitochondrial oxidative 
phosphorylation, through a modular kinetic analysis (cf. 72, Chapter 2).  The kinetics of the 
phosphorylating module (Fig. 4.3A), substrate oxidation module (Fig. 4.3B) and the proton leak 
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mo dule (Fig 4.3C) were comparable between mitochondria from livers of rats fed LFD and HFD.  
This is concluded from similar magnitudes of the phosphorylation flux, the oxygen uptake flux and 

the proton leak flux when compared for any same magnitude of ∆ψ.  Modular kinetic analysis with 
the intramitochondrial ATP/ADP ratio as an intermediate yielded similar kinetics for the ATP-
producing module (Fig. 4.4A), as well as for the ATP-consuming module (Fig. 4.4B) in the 
mitochondria in livers of LFD- and HFD-fed rats.  This is concluded from the similar fluxes 
through the modules in both investigated groups at any given matrix ATP/ADP ratio. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Kinetics of the modules of oxidative phosphorylation; connecting intermediate is 
∆∆∆∆ψψψψ.  A Kinetics of the phosphorylating module determined by titration of the substrate oxidation 
module with 0 – 1.25 mM malonate.  B Kinetics of substrate oxidation module determined by 
titration of the phosphorylating module with 0 - 0.3 µM oligomycin.  C Kinetics of proton leak 
module determined by titration of the substrate oxidation module with 0 – 25 nM myxothiazol in 
the presence of 0.3 µM oligomycin.  Phosphorylation flux Jp was calculated from the oxygen 
uptake rate corrected by proton leak rate at the same value of ∆ψ; proton leak flux Jh was 
measured as the oxygen uptake flux in the absence of phosphorylation.  Data are expressed as 
averages from n = 6 experiments, ±SEM.  Jp – phosphorylation flux, Jo – oxygen consumption flux, 
Jh – proton leak flux; open symbols – low fat diet, closed symbols – high fat diet. 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
See legend on the next page. 
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Figure 4.4 Kinetics of the modules of oxidative phosphorylation, connecting intermediate is 
fraction of matrix ATP.  A Kinetics of ATP-consuming module determined by titration of the ATP-

producing module with 0 - 20 nM myxothiazol.  B Kinetics of ATP-producing module determined 

by titration of the ATP-consuming module with 0 - 1.5 µM atractyloside.  Phosphorylation flux Jp 

was calculated from the oxygen uptake rate corrected by proton leak rate at the same value of ∆ψ 

multiplied by the corresponding ADP/O ratio.  Data are expressed as averages from n=6 

experiments, ±SEM.  Jp – phosphorylation flux, open symbols – low fat diet, closed symbols – high 

fat diet. 
 
 
The adenine nucleotide translocator controls mitochondrial function in livers of HFD-fed rats 

Our hypothesis requires that ANT have significant control over various properties of 
mitochondrial oxidative phosphorylation also in conditions of lipid oversupply.  We therefore 
determined the control exerted by ANT in mitochondria isolated from HFD-fed rat livers and 
compared this control to that in liver mitochondria from LFD-fed rats.  Table 4.4 shows the control 

coefficients of ANT for oxygen uptake (Jo) and phosphorylation (Jp) fluxes, ∆ψ, intra- and 
extramitochondrial ATP/ADP ratio in liver mitochondria from from LFD- and HFD-fed rats.  ANT 
exerted strong control on the intra- and extramitochondrial ATP/ADP ratios, and substantial control 

over oxygen uptake and phosphorylation fluxes and ∆ψ.  Furthermore, the control was retained 

also after exposure to HFD.  The control of intramitochondrial ATP/ADP ratio and ∆ψ by ANT 
was negative, since stimulation of ANT activity leads to lower levels of these intermediates.   
 

Control coefficient LFD HFD 
oJ

ANTC  0.13 ± 0.03 0.14 ± 0.03 

pJ
ANTC  0.14 ± 0.03 0.15 ± 0.03 

ψ∆
ANTC  -0.09 ± 0.02 -0.11 ± 0.02 

inin ADPATP

ANTC  -0.46 ± 0.10 -0.56 ± 0.14 

outout ADPATP

ANTC  0.21 ± 0.04 0.23 ± 0.05 

 
Table 4.4 Metabolic control of fluxes and intermediates of oxidative phosphorylation by the 
ANT in liver mitochondria from LFD- and HFD-fed rats.  The control coefficients were 
calculated from elasticity coefficients (supplementary material, Table 4.S.2) and steady-state fluxes 
(Table 4.3) using Eq. 3.A.14 (Chapter 3, supplementary material, appendix A.2).  Control 
coefficient of the ANT for ∆ψ was multiplied by F∆ψ(V)/RT (Eq. 3.4).  Averages from n=3 sets of 
data, ±SEM.  Jo and Jp – uxygen uptake and phosphorylation fluxes, respectively; ATPin/ADPin and 
ATPout/ADPout intra- and extramitochondrial ratios, respectively. 
 
 

Discussion 
 

This chapter examined whether two aspects of a proposed link between state of lipid 
oversupply and type 2 diabetes (13, 14) are upheld in an experimental system where rats were fed a 
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high-fat diet.  We first showed that the diet had an effect on the livers of the animals: the diet 
elevated their hepatic LCAC-content by 24 %, and caused a substantial accumulation of the 

oxidative stress marker Nε-(carboxymethyl)lysine.  We then showed (i) that the diet did not alter 
the make-up and number of the mitochondria in the rat-livers significantly and (ii) that also in the 
liver mitochondria of the HFD-fed rats ANT exerted significant control on various aspects of 
oxidative phosphorylation.  Thus our current data support the hypothesis that inhibition of ANT by 
LCAC can at least partly underlie the proposed mechanism linking state of lipid oversupply and 
type 2 diabetes (14).   

We previously reported that HFD-feeding induces a glucose intolerant, non-obese 
phenotype, with accumulation of intracellular triglycerides in skeletal muscle and liver (215, cf. 
307).  Here we demonstrate that HFD also causes a significant increase in the concentration of 
LCAC, the metabolically active form of fatty acids, in liver.  Strong homeostasis in LCAC 
composition was observed, although HFD-induced changes in the LCAC profile partly reflected 
the dietary fatty acid composition.  In the present study the most obvious increase was observed in 
LCAC species containing acyl chains with C16:0 and C18 of various degrees of unsaturation, while 
the content of LCAC with C20 was less affected by HFD.   

LCAC are emerging as important regulators of a variety of biological processes including 
mitochondrial metabolism (265), insulin secretion and signaling (184).  It has been suggested that 
inhibition of the mitochondrial ANT by increased concentration of intracellular LCAC caused by 

oversupply of lipids results in lower cytosolic and higher matrix ATP availability, increased ∆ψ, 
and stimulation of ROS production in insulin resistant states (132).  Only LCAC (i.e. C > 12) but 
not short chain acyl-CoA esters or free CoA are potent inhibitors of the ANT (259, 261).  Saturated 
LCAC such as palmitoyl-CoA exert stronger effects than unsaturated LCAC (259).  Indeed, 
addition of palmitoyl-CoA (C16:0) to isolated rat-liver mitochondria caused the predicted changes 

in extra- and intramitochondrial ATP levels and ∆ψ (72), while oleoyl-CoA (C18:1) had 
qualitatively similar but quantitatively weaker effects (see Chapter 2).  In these experiments, the 
effects of LCAC on mitochondrial oxidative phosphorylation were acute, i.e. the experiments did 
not allow for adaptation through such mechanisms as changes in gene expression.  The results of 
such short-term experiments cannot be simply extrapolated to the long term in vivo.  During 
prolonged exposure to LCAC in vivo, mitochondria might adapt so as to do away with the acute 
effects of LCAC.  If such adaptive mechanisms counteracting the putative inhibition of ANT by 

LCAC occured in vivo, one would expect to find lowered values of ∆ψ and matrix ATP/ADP ratio 
in vitro in isolated mitochondria from HFD rats in the absence LCAC.  We did not observe this; in 

fact ∆ψ and ATP/ADP ratio in the matrix were quite similar between the two diet groups, 
suggesting that no such adaptation had taken place.  We further showed that after HFD feeding 
ANT retained strong control of fluxes and intermediates that are considered important for 

implications for type 2 diabetes, i.e. ∆ψ, extramitochondrial ATP/ADP ratio and AMP 
concentration (13, 14).  Thus if any adaptation had escaped our observation, then this did not seem 
to interfere with the control of various aspects of oxidative phosphorylation by ANT.  This 
observation is important in that respect that for the inhibition of an enzyme (i.e. inhibition of ANT 
by LCAC) to have significant effect on system fluxes and intermediate levels, that enzyme must 
have significant control over system fluxes and intermediate concentrations. 
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So far the reports on adaptation of mitochondria to high-fat diets and lipid overload have 
been inconclusive (81, 270), possibly due to experimental variations, such as duration of diet 
exposure, lipid composition of the diet, and possibly the presence of adaptive mechanisms that 
prevent alterations in ATP production.  Our data now show that at least under one regimen, 
adaptation does not occur, neither at the mitochondrial level nor in terms of a change in the number 
of mitochondria per cell.  Therewith our hypothesis appears to be relevant at least under one set of 
well-defined conditions, and perhaps under many others as well, except that it may be amplified or 
attenuated by additional adaptive mechanisms. 

Although we did not find adaptation at the level of oxidative phosphorylation in response to 
HFD feeding, we cannot exclude that adaptation occurred at other levels.  The lack of strong 
functional impairment observed in isolated mitochondria when they are separated from the 
cytosolic (presumably toxic) environment might be an indication that other, unassessed, adaptation 
processes have been present (e.g. increased levels of antioxidant enzymes, ROS scavengers, 
mitochondrial uncoupling proteins (UCPs)) that allowed mitochondria to maintain normal 
functionality. 

However, lower content the cytochrome c + c1 in liver mitochondria from HFD-fed rats 
could serve as the sign that on the longer term HFD would have led to impaired mitochondrial 
function.  Cytochrome c loss from the mitochondrial intermembrane space is an early step in a 
chain of events leading to changes in the mitochondrial integrity (e.g. the opening of the 

permeability transition pore and dissipation of ∆ψ) and is a signal towards apoptosis (185).   
The HFD used in this study induces a non-obese phenotype (215).  It was proposed that 

increased energy expenditure due to the uncoupling of mitochondrial oxidative phosphorylation is 
one of the regulatory mechanisms limiting weight gain in HFD-fed rats (206).  Naturally occurring 
proton leak across the membranes driven by the proton electrochemical potential gradients is 
determined by: (i) the physical properties of phospholipid bilayers and (ii) the UCPs that catalyze 
an inducible proton conductance, which both have been shown to be influenced by the amount and 
composition of dietary lipids (224, 227).  We found no significant effect of HFD on the proton leak 
rate and kinetics in vitro.  However, from our experiment we can only conclude that the integrity 
and the physical properties of the mitochondrial membrane were not affected by HFD feeding.  It 
can not be excluded that there was increased expression and activity of UCPs in liver mitochondria 
from HFD-fed rats in vivo, because it is possible that the procedure of isolation of the mitochondria 
caused removal of substances activating UCPs, e.g. fatty acids by binding to albumin present in the 
isolation and the reaction media. 

In this study CML and HNE-protein adducts were used as markers of oxidative damage.  
CML can arise from both non-enzymatic glycosylation and oxidation of proteins (106) and from 
metal-catalyzed lipoprotein peroxidation (105), whereas HNE is a product of peroxidative 
degradation of polyunsaturated membrane lipids (22).  Exposure to HFD but not LFD increased 
accumulation of CML in the liver indicating increased oxidative stress.  The observation that in 
HFD livers more CML, but not HNE, was found around the central vein and the portal triad, 
combined with the fact that HFD led to higher fasting blood glucose levels, indicates that CML 
formation resulted from increased protein glycation.  The lack of HNE accumulation in livers of 
HFD-fed rat is in line with the fact that unsaturation index of both diets was the same, while it was 
shown that high levels of unsaturated fat rather than of saturated fat increased lipid-mediated 
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oxidative stress and decreased the activity of antioxidant enzymes due to higher susceptibility of 
double bonds to oxidation (263). 

In summary, long-term HFD feeding caused accumulation of LCAC in liver but did not 
cause adaptive changes in the kinetics of the components of the oxidative phosphorylation, 
resulting in increased oxidative stress as indicated by accumulation of CML.  The ANT retained 
control of fluxes and intermediates also in liver mitochondria from HFD-fed rats, suggesting that 
LCAC should exert their acute effects on mitochondrial function also under conditions of lipid 
oversupply.   

 
 

Supplementary material 
 

 LFD HFD 

# Modulation Intermediate X Flux J Co-response coefficient O 

1 malonate ∆ψ Jh
1 1.7 ± 0.51 1.7 ± 0.40 

2 myxothiazol ∆ψ Jh
1 2.5 ± 0.05 1.5 ± 0.45 

3 malonate ∆ψ Jp 0.9 ± 0.15 0.9 ± 0.07 
4 myxothiazol ATPin/ADPin Jp 2.0 ± 0.15 2.1 ± 0.07 
5 myxothiazol ATPout/ADPout Jp 1.5 ± 0.03 1.5 ± 0.03 
6 oligomycin ∆ψ Jo -0.6 ± 0.01 -0.7 ± 0.05 
7 oligomycin ∆ψ Jp -0.6 ± 0.01 -0.7 ± 0.06 
8 oligomycin ATPin/ADPin Jp 2.0 ± 0.24 2.2 ± 0.51 
9 oligomycin ATPout/ADPout Jp 1.5 ± 0.03 1.5 ± 0.03 
10 atractyloside ∆ψ Jo -0.8 ± 0.05 -0.9 ± 0.06 
11 atractyloside ∆ψ Jp -0.7 ± 0.05 -0.8 ± 0.05 
12 atractyloside ATPin/ADPin Jp -3.6 ± 0.23 -3.8 ± 0.24 
13 atractyloside ATPout/ADPout Jp 1.5 ± 0.03 1.5 ± 0.03 
15 hexokinase ATPout/ADPout Jp -2.1 ± 0.27 -2.5 ± 0.65 
16 hexokinase ATPin/ADPin Jp -0.9 ± 0.09 -0.9 ± 0.14 
17 hexokinase ∆ψ Jp -0.9 ± 0.27 -1.1 ± 0.38 

 
Table 4.S.1 Co-response coefficients.  The co-response coefficients were determined from 
slopes of inhibitor titration curves at steady state as described in Chapter 3, section ‘Materials and 
methods’.  The co-responses of ∆ψ and fluxes were multiplied by F∆ψ(V)/RT (Chapter 3, Eq. 3.9).  
Averages from n = 3 sets of data, ±SEM.  LFD – low fat diet, HFD – high fat diet. 
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 LFD HFD 
oxSubstr

ψε ∆  
-1.5 ± 0.1 -1.2 ± 0.1 

leak

ψε ∆  
0.4 ± 0.03 0.7 ± 0.2 

synthATP 
ψε ∆  

3.4 ± 0.8 3.9 ± 0.6 

synthATP

ADPATP inin

 ε  
-1.0 ± 0.2 -1.1 ± 0.1 

ANT

ψε ∆  
0.1 ± 0.3 0.1 ± 0.4 

ANT

ADPATP inin
ε  

1.5 ± 0.3 1.2 ± 0.2 

ANT

ADPATP outout
ε  

-1.2 ± 0.3 -1.1 ± 0.4 

Hk

ADPATP outout
ε  

0.7 ± 0.01 0.7 ± 0.01 

 
Table 4.S.2 Elasticity coefficients.  The elasticity coefficients were calculated as described in 
Chapter 3, section ‘Material and methods’ using co-response coefficients listed in Table 4.S.1.  The 
elasticity coefficients for ∆ψ were multiplied by RT/F∆ψ(V) (Chapter 3, Eq. 3.6).  Averages from n 
=3 sets of data, ±SEM.  LFD – low fat diet, HFD – high fat diet. 
 

 

 

 oJ

iC  
pJ

iC  

Module, i LFD HFD LFD HFD 
Substr ox 0.43 ± 0.05 0.48 ± 0.01 0.44 ± 0.05 0.49 ± 0.01 
Leak 0.02 ± 0.003 0.02 ± 0.003 -0.02 ± 0.003 -0.02 ± 0.003 
ATP synth 0.19 ± 0.03 0.15 ± 0.01 0.21 ± 0.04 0.16 ± 0.01 
ANT 0.13 ± 0.03 0.14 ± 0.03 0.14 ± 0.03 0.15 ± 0.03 
Hk 0.22 ± 0.01 0.20 ± 0.04 0.23 ± 0.02 0.22 ± 0.04 

 
Table 4.S.3 Metabolic control of fluxes.  The control coefficients were calculated from 
elasticity coefficients (supplementary material, Table 4.S.2) and steady-state fluxes (Table 4.3) 
using Eq. 3.A.14 (Chapter 3, supplementary material, appendix A.2).  Averages from n = 3 sets of 
data, ± SEM.  Substr ox – substrate oxidation, Leak – proton leak, ATP synth – ATP synthesis, ANT 
– adenine nucleotide translocator, Hk –hexokinase, LFD – low fat diet, HFD – high fat diet. 
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 ψ∆
iC  

inin ADPATP

iC  
outout ADPATP

iC  

Module i LFD HFD LFD HFD LFD HFD 
Substr ox 0.390.02 0.430.03 0.860.06 1.030.04 0.670.08 0.740.02 
Leak -0.020.003 -0.020.002 -0.040.003 -0.050.01 -0.030.003 -0.030.003 
ATP synth -0.130.02 -0.120.01 0.420.09 0.360.09 0.310.06 0.250.01 
ANT -0.090.02 -0.110.02 -0.460.10 -0.560.14 0.210.04 0.230.05 
Hk -0.150.01 -0.170.04 -0.780.07 -0.790.15 -1.150.02 -1.180.06 

 
Table 4.S.4 Metabolic control of intermediates.  The control coefficients were calculated from 
elasticity coefficients (supplementary material, Table 4.S.2) and steady-state fluxes (Table 4.3) 
using Eq. 3.A.14 (Chapter 3, supplementary material, appendix A.2).  Control coefficients for ∆ψ 
were multiplied by F∆ψ(V)/RT (Chapter 3, Eq. 3.4).  Averages from n = 3 sets of data, ± SEM 
(indicated as the subscript).  Substr ox – substrate oxidation, Leak – proton leak, ATP synth – ATP 
synthesis, ANT – adenine nucleotide translocator, Hk –hexokinase, LFD – low fat diet, HFD – high 
fat diet. 
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Abstract 
 

Free fatty acids may create a state of continuous and progressive damaging to the vascular 
wall manifested by endothelial dysfunction.  In this study we determine the mechanisms by which 
fatty acids palmitate (C16:0) and oleate (C18:1) affect intracellular long chain acyl-CoA (LCAC) 

content, energy metabolism, cell survival and proliferation and activation of NF-κB in cultured 
endothelial cells.  

A 48-hour exposure of human umbilical vein endothelial cells (HUVEC) to 0.5 mM 
palmitate or 0.5 mM oleate increased total long chain acyl-CoA (LCAC) content 1.7 and 2 fold, 

respectively and decreased ATPtotal/ADPtotal ratio by 26 ± 5% (mean ± SEM) and 15 ± 2%, 

respectively, which was prevented by the acyl-CoA synthetase inhibitor triacsin C.  Furthermore, 

palmitate inhibited cell proliferation by 34 ± 5%, while oleate stimulated it by 12 ± 2%.  α-

tocopherol fully and triacsin C partially abolished the effect of palmitate on cell proliferation.  
Palmitate and oleate increased caspase-3 activity 3.2 and 1.4 fold, respectively.  Palmitate-induced 

caspase-3 activation was prevented by triacsin C and slightly reduced by α-tocopherol and by the 
de novo ceramide synthesis inhibitor fumonisin B1.  Both fatty acids induced antioxidant-sensitive 

nuclear translocation of NF-κB after 72 hours, but not after 48 hours.  
In conclusion, we showed that fatty acids influence different aspects of HUVEC function 

resulting in amongst other activation of apoptotic and inflammatory pathways.  Our results indicate 
that the effects depend on the fatty acid type and may be related to accumulation of LCAC. 

 

Introduction 
 

Vascular endothelium co-regulates the tone, the coagulation, and the inflammatory 
responses in blood vessels (107, 262).  Endothelial dysfunction is an early step in the pathogenesis 
of atherosclerosis and is a feature of insulin resistance, obesity, hypertension and type 2 diabetes 
(52, 57). 

Although the precise molecular mechanisms underlying endothelial dysfunction in these 
conditions are not fully elucidated, the elevated level of plasma free fatty acids (FFA) may be an 
important contributor (230).  Increased intracellular concentration of fatty acid products (e.g. 
diacylglycerol, long chain acyl-CoA esters (LCAC)) have been shown to activate and cause 
cellular redistribution of protein kinase C isoforms (144) resulting in the induction of inflammatory 

pathways via NF-κB activation (195, 244), while accumulation of ceramide was implicated in the 
activation of stress response pathways and apoptosis (187). 

We proposed a combined molecular, cellular and systemic mechanism that can at least 
partly underlie cellular dysfunction observed under conditions of lipid oversupply (13, 14).  The 
mechanism includes inhibition of mitochondrial adenine nucleotide translocator (ANT) by 
increased intracellular LCAC concentrations resulting from sustained exposure of cells to high 
concentrations of circulating FFA.  The ANT catalyzes exchange of cytosolic ADP for 
mitochondrial ATP, and is important for cellular energy metabolism (170).  As the consequence of 
ANT inhibition, cytosolic ATP/ADP ratio should decrease and mitochondrial membrane potential 

(∆ψ) should rise, thereby promoting formation of reactive oxygen species (ROS).  Both decreased 
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availability of cytosolic ATP and ROS production would affect cell function and viability 
negatively.  Therewith, fatty acids would create a state of continuous and progressive damaging of 
the vascular wall that is manifested by low-grade inflammation and endothelial dysfunction.   

We have demonstrated recently that LCAC inhibit ANT in isolated rat-liver mitochondria 

leading to increase in ∆ψ and decrease in extramitochondrial ATP concentration (72).  To test 
whether inhibition of ANT by LCAC may underlie lipid-induced endothelial dysfunction and to 
gain more insight into the additional mechanisms involved, we investigated the effects of palmitate 
(C16:0) and oleate (C18:1), common dietary fatty acids, on the various players in our hypothesis.  

The latter included energy metabolism, cell survival and proliferation, activation of NF-κB, and 
expression of adhesion molecules in cultured human umbilical vein endothelial cells (HUVEC).  
Our results indicate that the impairment of cell function may depend on fatty acid type and may be 
related to accumulation of LCAC, in ways that are in line with our hypothesis, and make us 
formulate a more detailed version. 
 

Materials and methods 
 
Materials 

If not indicated otherwise, all chemicals were obtained from Sigma (St. Louis, MO, USA). 
 
Cell culturing 

Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as described 
(294).  Confluent monolayers of cells were used, in passages 2–3. 
 
Fatty acid treatment 

Palmitate and oleate were prepared as 10 mM stock solutions in de-mineralized water 
containing 1.7 mM fatty acid-free BSA (Serological proteins, Kankakee, IL, USA), left for few 

hours in a 60 °C water bath, filtered (0.22 µm filter) and stored at –20 °C.  Before each experiment 
the stock solution was diluted in complete culture medium to yield final concentrations of 0.1–0.5 
mM.  The corresponding BSA concentration was used as control. 
 
Cell proliferation assay 

HUVEC proliferation was assessed in terms of [3H]thymidine (1 µCi.ml-1; Amersham 
Biosciences, Baie d’Urfe, Canada) incorporation into newly-synthesized DNA as described (209). 
 
Measurement of ICAM-1, VCAM-1 and E-selectin expression 

ICAM-1, VCAM-1 and E-selectin expression in HUVEC was determined after incubation 

with fatty acids (0.1–0.5 mM, 24 hours) or tumor necrosis factor-α (TNF-α, 10 U.ml-1, 6 hours) as 
described (59). 
 
Determination of adenine nucleotide concentrations 

HUVEC were cultured with fatty acids or inhibitors (0.05 mM atractyloside, 0.1 mM 

carboxyatractyloside, 20 µM triacsin C) for 48 hours, or with 5 µM rotenone, or 5 µM carbonyl 
cyanide p-(trifluoro-methoxy) phenylhydrazone (FCCP) for 10 min, washed with PBS and scraped 
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into 0.3 ml of PBS.  Adenine nucleotides were extracted with phenol as described (149) and the 
concentrations were determined using a luciferin-luciferase ATP monitoring kit (BioOrbit, Turku, 
Finland). 
 
Determination of LCAC concentrations 

After 48 hours incubation with fatty acids, culture medium was removed and cells were 
scraped into 0.25 ml of ammonium acetate (100 mM, pH 5.0).  Cell suspension (0.2 ml) was added 

to 0.4 ml of acetonitrile/2-propanol (1:1, v/v), vortex-mixed (30 sec), sonicated (10 sec, 10-12 µm 

amplitude) and cell debris was removed by centrifugation (20800 ×g, 10 min, 4 °C).  LCAC 
concentration was determined in the supernatant using liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) with an API 3000 triple quadrupole tandem mass spectrometer 

(Sciex−Applied Biosystems, Toronto, Canada) interfaced with a TurboIonSpray source.  Analyses 

were performed in negative-ion mode, ion-spray voltage −4.2 kV, turbo ion gas temperature 350 

°C.  Mass spectra were processed with Analyst version 1.3.1 software (Sciex–Applied Biosystems).  
Samples were analyzed by reversed-phase HPLC on a SymmetryShield RP8 column (2.1x100 mm; 
3.5 µm particle size; Waters, Milford, MA) using 30 % acetonitrile in 2 mM ammonium 
bicarbonate as mobile phase, at a flow rate 0.2 ml.min-1.  Quantification was based on peak area 
using palmitoyl-CoA and oleoyl-CoA as the standards. 
 
Measurement of caspase-3 activity 

After exposure of HUVEC to fatty acids with or without various substances that may affect 

induction of apoptotic processes (25 µM α-tocopherol, 10 µM fumonisin B1, 20 µM traiacsin C) 
for 48 hours, cells were detached from the bottom of the plate using trypsin, collected by 

centrifugation (230 ×g, 5 min) and washed with cold PBS.  Caspase-3 enzymatic activity was 
determined with EnzChek Caspase-3 Assay Kit #2 (Molecular probes, Eugene, OR, USA) 
(excitation/emission filters 492/535 nm).  The enzymatic activity was normalized with the total 
protein concentration that was determined using Bradford protein assay (Bio-Rad, München, 
Germany). 
 

Determination of NF-κB translocation 

HUVEC were cultured with fatty acids with or without 1 mM N-acetyl-L-cysteine for 24, 

48 and 72 hours or TNF-α (10 U.ml-1) for 6 hours on 8-well glass Lab-Tek chamber slides (Nalge 
Nunc International, Naperville, IL, USA).  Then cells were fixed with 80 % (v/v) acetone, washed 
with PBS and blocked with 10 % (v/v) newborn calf serum.  Next, cells were sequentially 

incubated with anti-NF-κB p65 mouse monoclonal antibody (1:500; Chemicon, Temecula, CA, 
USA) and FITC-conjugated rabbit anti-mouse IgG (1:50; Dako, Carpinteria, CA, USA) for 1 hour.  

NF-κB translocation was qualitatively analyzed with an Axiovert 200 Marianas digital microscopy 
workstation (Intelligent Imaging Innovations, Denver, CO, USA).  The microscope and other 
hardware settings were controlled through Slidebook version 4.0.10.2 software (Intelligent Imaging 

innovations).  A custom 10× air lens was used. 
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Western blot analysis of NF-κB translocation 

Preparation of nuclear and cytosolic fractions.  To obtain nuclear and cytosolic fractions, 
endothelial cells were washed with cold culture medium and dissociated from the plate bottom with 

trypsin.  After centrifugation at 230 × g for 5 min (4 °C) the supernatant was removed and cell 
pellet was resuspended in 0.5 ml of washing buffer (10 mM Hepes, 1.5 mM MgCl2, 10 mM KCl, 

pH 7.9) and centrifuged at 230 × g for 5 min (4 °C).  After removing the supernatant cell pellet was 
incubated with lysis buffer (washing buffer plus 0.1 % Triton X100, 1 mM 1,4–dithiotreitol and 1 
mM phenylmethanesulfonyl fluoride) for 10 min on ice.  Then cell debris was separated by 

centrifugation at 230 × g for 5 min (4 °C) and the cytosolic fraction was collected and placed 

immediately at -80 °C.  The remaining pellet was resuspended in 0.5 ml of cold washing buffer, 

centrifuged at 230 × g for 5 min (4 °C) and washing buffer was removed.  Then 0.5 mM of lysis 
buffer (20 mM Hepes, 25 % (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM 
1,4–dithiotreitol, 1 mM phenylmethanesulfonyl fluoride, pH 7.9) was added and the pellet was 

incubated for 30 min on ice.  The nuclear fraction was obtained after centrifugation at 20000 × g 

for 20 min (4 °C) and stored immediately at -80 °C.  Protein content in both fractions was 
determined according to Bradford using Bio-Rad protein assay (Bio-Rad, Munchen, Germany).  

Western blot.  NF-κB was separated by SDS-polyacrylamide gel electrophoresis (181) after 

loading 10 µg of total protein for each sample.  Proteins were transferred to polyvinylidene 

difluoride membranes (Amersham Biosciences) and detected by immunoblotting with anti-NF-κB 
p65 monoclonal antibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 hour at 4 

°C.  After washing with PBS containing 0.05 % (w/v) skim milk powder and 0.5 % (w/v) Tween 
20, membranes were treated with horseradish peroxidase-conjugated goat anti-mouse IgG (1:2000; 
Dako) for 1 hour at room temperature, and the immunocomplexes were visualized using an 
enhanced chemiluminescence (ECL+) Western blotting detection system (Amersham Biosciences). 

 
Data presentation 

Data are means of 2–5 independent experiments; ±SEM.  Statistical significance of the 
differences was determined using Student's t-test (paired).  The difference was considered to be 
statistically significant when P < 0.05. 
 

Results  
 
Effect of fatty acids on LCAC concentration 

Our hypothesis contended that extracellularly added fatty acids should move inside and be 
modified to the corresponding CoA esters.  We tested this experimentally and the effect of 
palmitate and oleate on LCAC concentration is shown in Fig. 5.1.  The main acyl-CoA species 
determined in endothelial cell extracts were palmitoyl-CoA (C16:0), stearoyl-CoA (C18:0) and 
oleoyl-CoA (C18:1).  A 48-hour incubation with 0.5 mM palmitate increased palmitoyl-CoA (P < 
0.05) concentration sixfold.  Incubation with 0.5 mM of oleate resulted in fourfold higher (P < 
0.01) oleoyl-CoA concentration. 

Our results indicate that there might be some negative cross effects: although palmitate had 
no significant effect on stearoyl-CoA concentration, it decreased (P < 0.01) oleoyl-CoA 
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concentration threefold, while oleate decreased palmitoyl-CoA and stearoyl-CoA concentrations 
fourfold.  Yet both palmitate (P < 0.05) and oleate (P < 0.05) increased the total LCAC 
concentration 1.7 and 2 fold, respectively. 
 

 
Figure 5.1 The effect of 48-hour incubation with fatty acids on long chain acyl-CoA 
concentration in HUVEC.  Data are expressed as averages from n=3 independent experiments, 
±SEM.  *P<0.05, **P<0.01 vs. control. 
 
 
Effect of fatty acids on total-ATP to total-ADP ratio 

To test the hypothesis that fatty acids affect endothelial cell energy metabolism we 
determined their effect on the total-ATP to total-ADP (ATPtotal/ADPtotal) ratio (Fig. 2).  A 48-hour 

incubation with 0.5 mM palmitate or oleate decreased ATPtotal/ADPtotal ratio by 26 ± 5 % (P < 0.05) 

and 15 ± 2 % (P < 0.05), respectively (Fig. 2A).  Lower concentrations of either palmitate or oleate 

had no significant effect on ATPtotal/ADPtotal ratio.  To determine whether the effects of fatty acids 
are related to increased formation of LCAC we tested an inhibitor of acyl-CoA synthetase triacsin 
C.  Under all conditions tested, triacsin C caused a significant increase in ATPtotal/ADPtotal (Fig. 
2B). 

At the concentrations tested, the lowering of ATPtotal/ADPtotal ratios induced by fatty acids 
was modest.  This could have been because, out of experimental necessity, we could only look at 
total ATP and ADP (i.e. the sum of cytosolic and mitochondrial).  Because ANT inhibition should 
increase the intramitochondrial ATP/ADP ratio whilst decreasing the cytosolic, this could occlude 
the decrease in ATPtotal/ADPtotal ratio.  The finding that specific ANT inhibitors atractyloside and 
carboxyatractyloside at concentrations known to inhibit ANT in hepatocytes (93, 277) even after 
prolonged incubation did not affect the ATPtotal/ADPtotal ratio in HUVEC (Fig. 5.2C) suggested that 
the effect of fatty acids on cytosolic ATP/ADP ratio was obscured by increased intramitochondrial 
ATP or alleviated by homeostatic mechanisms. 

To distinguish between these two possibilities we tested an inhibitor of mitochondrial 
respiratory chain and a protonophore.  Both should decrease the intramitochondrial and the 
cytosolic ATP/ADP ratio and hence lead to an enhanced if any activity of homeostatic 
mechanisms.  Rotenone, an inhibitor of NADH dehydrogenase decreased ATPtotal/ADPtotal ratio 
by 75 ± 1 % (P < 0.01), whereas a protonophore FCCP reduced it by 38 ± 2 % (P < 0.05) (Fig. 
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5.2C).  This suggests that increased intramitochondrial ATP/ADP ratio rather than homeostatic 
compensation had occluded much of the reduction in ATPtotal/ADPtotal ratio observed with 
atractylates and fatty acids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 The effect of fatty acids and inhibitors of acyl-CoA synthetase, the mitochondrial 
adenine nucleotide translocator, NADH dehydrogenase and the protonphore on ATPtotal/ADPtotal 
ratio in HUVEC. A Effect of a 48-hour incubation with palmitate and oleate. In control cells 
ATPtotal/ADPtotal ratio was 6.6 ± 1.9 (set to 100 %). Averages from n=3 and n=4 for palmitate and 
oleate, respectively, ±SEM. *P<0.05 vs. control. B Effect of acyl-CoA synthetase inhibitors triacsin 
C. Averages from n=2, ±SEM. *P<0.05 vs. control, #P<0.05 vs. condition with no triacsin C. C 
Effect of mitochondrial inhibitors. The inhibitors used were: atractyloside and 
carboxyatractyloside (for ANT), rotenone for NADH dehydrogenase and a protonophorous 
uncoupler FCCP (to dissipate the electrochemical potential difference for protons). Averages from 
n=3, ±SEM. *P<0.05 vs. control, **P<0.01 vs. control. FA – fatty acid, AT – atractyloside, CAT – 
carboxyatractyloside, Ro – rotenone. 
 
 
Activation of Caspase-3 by fatty acids 

Next we determined how fatty acids affect the induction of apoptotic pathways.  Palmitate 
and oleate increased caspase-3 activity 3.2 (P < 0.05) and 1.4 (P < 0.05) fold, respectively (Fig. 
5.3).  To elucidate the mechanisms underlying the fatty acid-induced caspase-3 activation, we 

determined the effects α-tocopherol, fumonisin B1 (inhibitor of ceramide synthase) and triacsin C.  
Oleate-induced activation of caspase-3 was not significantly affected by any of the tested 
substances.  Palmitate-induced caspase-3 activation was blocked by triacsin C indicating that the 

process relies on formation of LCAC.  Furthermore, both α-tocopherol and fumonisin B1 tended to 
reduce caspase-3 activity suggesting that ROS and ceramides may be involved.  Interestingly, in 
control cells fumonisin B1 and triacsin C caused a significant increase in caspase-3 activity, which 
might be due to the fact that both inhibitors are competitive inhibitors and thus are less toxic when 
fatty acids and their metabolites are abundant. 
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Figure 5.3 The effect of fatty acids on caspase-3 activation in HUVEC.  Cells were incubated 
with fatty acids with or without α-tocopherol (25 µM), fumonisin B1 (10 µM) and triacsin C (20 
µM) for 48 hours.  In control cells caspase-3 activity was 0.012 mM Z-DEVD–R110.hour-1.mg 
protein-1 (set to 100 %).  Averages from n=6, ±SEM.  *P<0.05 vs. control, **P<0.01 vs. control, 
#P<0.05 vs. 0.5 mM palmitate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 The effect of 48-hour incubation with fatty acids on HUVEC proliferation.  A. 
Effect of a 48-hour incubation with fatty acids on cell proliferation.  The proliferation of HUVEC 

was assessed by [3H]thymidine incorporation into newly synthesized DNA.  Averages from n=3, 
±SEM; *P<0.01 vs. control.  B Effect of a 48-hour incubation with α-tocopherol (25 µM), 
fumonisin B1 (10 µM) and triacsin C (20 µM) on cell proliferation.  Averages from n=3, ±SEM; 
*P<0.05 vs. control, **P<0.01 vs. control, $P<0.05 vs. 0.5 mM palmitate, $$P<0.01 vs. palmitate, 
#P<0.05 vs. 0.5 mM oleate.  C Phase contrast pictures of HUVEC cultured under the same 
experimental conditions as in panel A, magnification 10x. 
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Effects on cell proliferation 

Fig. 5.4A shows the effect of a 48-hour incubation with fatty acids on cell proliferation 
assessed from [3H]thymidine incorporation into newly synthesized DNA.  Thus, 0.5 mM of 

palmitate decreased the proliferation by 34 ± 5 % (P<0.05), while lower concentrations had no 

significant effect.  In contrast, 0.5 mM of oleate stimulated proliferation by 12 ± 2 % (P=0.06).  In 
agreement, phase contrast microscopy revealed lower cell number with 0.5 mM palmitate and more 
cells with altered morphology with 0.5 mM oleate compared to BSA control (Fig. 5.4C).  

Next we assessed the involvement of oxidative stress, increased ceramide and LCAC 
formation in the mechanisms underlying fatty acid induced effects on the proliferation of 
HUVECs.  Fig. 5.4B shows that inhibition of cell proliferation caused by palmitate was prevented 

by α-tocopherol and partly by triacsin C suggesting that it was caused by oxidative stress and, at 
least partly, mediated by LCAC.  Albeit to different extent, fumonisin B1 inhibited cell 
proliferation under all tested conditions. 
 

Activation of NF-κB by fatty acids 

To examine whether fatty acids activated inflammatory response pathways we monitored 

their effects on NF-κB.  A 48-hour incubation with 0.5 mM palmitate or 0.5 mM oleate did not led 

to activation of NF-κB (results not shown).  Meanwhile after 72 hours both palmitate an oleate 

activated NF-κB causing its translocation to the nucleus (Fig. 5.5A).  The effect of oleate was 

stronger than the effect of palmitate, but weaker compared to TNF-α (Fig. 5.5A).  These results 
were supported by Western blot analysis (Fig. 5.5B).  

We also tested how the antioxidant N-acetyl-L-cysteine and α-tocopherol, inhibitor of 
ceramide synthase fumonisin B1 and inhibitor of acyl-CoA synthetase triacsin C affected fatty acid-

induced activation of NF-κB.  After 72 hours of incubation, N-acetyl-L-cysteine (Fig 5.5B) and α-

tocopherol (not shown) reduced fatty acid-induced translocation of NF-κB to the nucleus.  In 
contrast to the palmitate treated cells, in the oleate treated cells both fumonisin B1 and triacsin C 

inhibited translocation of NF-κB to the nucleus (Fig 5.5C). 
 
Effect of fatty acids on the expression of adhesion molecules 

Because activation of NF-κB could induce cellular adhesion molecules (282), we examined 
whether FA affected the expression levels of ICAM-1, VCAM-1 and E-selectin (Fig. 5.6).  
Palmitate had no significant effect, whereas oleate slightly but significantly stimulated ICAM-1 

expression, with the strongest increase of 16 ± 3 % observed at 0.5 mM (P < 0.05).  A similar trend 
was observed with regard to the expression of VCAM-1: palmitate had no effect, while oleate 
slightly stimulated VCAM-1 expression.  At a concentration of 0.5 mM, oleate increased VCAM-1 

expression by 24 ± 6 % (P = 0.06).  Moreover, 0.5 mM of oleate, but not palmitate, potentiated 

TNF-α induced VCAM-1 expression (30 ± 1 %, P < 0.05).  Neither FA affected E-selectin 

expression, whereas 0.5 mM oleate potentiated TNF-α induced E-selectin expression by 25 ± 6 % 
(P < 0.05). 
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Figure 5.5 Activation of NF-κκκκB by fatty acids.  A. NF-κB p65 localization after stimulation 
with TNF-α (10 U.ml-1, 6 hours), palmitate (0.5 mM) or oleate (0.5 mM) for 72 hours.  A 
representative experiment out of n=3.  B. Western blot analysis of NF-κB p65 distribution over 
nuclear and cytosolic fractions of HUVEC cultured under the same conditions as in panel A, ± N-
acetyl-L-cysteine (1 mM).  C Western blot analysis of NF-κB p65 in the nuclear and cytosolic 
fractions of HUVEC cultured with oleate (0.5 mM) for 72 hours without or with α-tocopherol (25 
µM), fumonisin B1 (10 µM) and triacsin C (20 µM).  PA – palmitate, OA – oleate, NAC – N-acetyl-
L-cysteine, N – nuclear faction, C – cytosolic fraction. 
 

Figure 5.6 The effect of 24-hour incubation with fatty acids on ICAM-1, VCAM-1 and E-
selectin expression.  A 6-hour incubation with TNF-α (10 U.ml-1) was used as a positive control.  
Average n=3, ±SEM.  aP<0.05 and a∗P<0.01 – TNF-α vs. control, cP<0.05 and c∗P<0.01 – oleate 
vs. control, dP<0.05 0.5 mM oleate + TNF-α vs. TNF-α. 
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Discussion 
 

We have shown that FAs cause accumulation of LCAC, decrease in ATPtotal/ADPtotal ratio, 

and activation of NF-κB and caspase-3 in HUVEC.  It has been demonstrated that palmitate caused 

an increase in the total LCAC concentration in clonal pancreatic β-cells, but the effect on the 
content of individual LCAC species was not determined (219).  In this study a 48-hour incubation 
with FA caused a significant increase in LCAC concentration due to accumulation of acyl-CoA 
species corresponding to the FA type used in the incubation. 

Ectopic accumulation of LCAC was proposed to lead to cellular dysfunction in obesity and 
type 2 diabetes due to inhibition of the mitochondrial adenine nucleotide translocator (ANT), 
cytosolic ATP depletion and increased ROS production (14).  We recently demonstrated that 
palmitoyl-CoA inhibited the ANT in isolated rat-liver mitochondria leading to lower extra-
mitochondrial ATP concentrations (72).  The effect of oleoyl-CoA was less pronounced (see 
Chapter 2), in agreement with the reports that saturated LCAC are stronger inhibitors of ANT than 
unsaturated LCAC (259, 260).  In the present study with whole cells we showed that after 48 hours 
both 0.5 mM palmitate and 0.5 mM oleate, but not lower concentrations, caused a significant 
reduction in ATPtotal/ADPtotal ratio.  The effect of palmitate was stronger than that of oleate, which 
could possibly indicate different levels of ANT inhibition by palmitoyl-CoA and oleoyl-CoA. 

Interestingly, specific ANT inhibitors did not affect the ATPtotal/ADPtotal ratio in HUVEC, 
although they have been shown to decrease this ratio in hepatocytes (93, 277) casting doubt on the 
hypothesis that fatty acid-induced effect on the ATPtotal/ADPtotal ratio is a result of ANT inhibition 
by LCAC.  Explanations for this difference between the experiments with liver cells and our 
experiments with HUVEC could be: (i) ANT inhibitors did not sufficiently enter our endothelial 
cells because of a different membrane composition as compared to the hepatocytes used in 
references (93) and (277), (ii) most ATP in endothelial cells might derive not from oxidative 
phosphorylation but from glycolysis, (iii) the increase in intramitochondrial ATP/ADP ratio 
resulting from inhibition of the ANT occluded much of the decrease in cytosolic ATP/ADP ratio, 
(iv) in endothelial cells ANT has little control over the ATP/ADP ratio due to various homeostatic 
mechanisms.  Indeed it has been shown that depending on localization and specific function of 
endothelial cells their ATP derives from glycolysis (78) or oxidative phosphorylation (269).  The 
observed decrease in ATPtotal/ADPtotal ratio caused by rotenone and FCCP indicates that oxidative 
phosphorylation is the main source of ATP in HUVEC and that homeostasis did not dominate.  
That same result supports the contention (iii) that the effects measured in terms of ATPtotal/ADPtotal 
ratio should be occluded somewhat by opposite changes in the intramitochondrial ATP/ADP ratio 
in case of inhibition of the ANT by LCAC.  Accordingly, our results are in line with a reduction in 
cytolic ATP/ADP ratio caused by LCAC inhibition of the ANT.  However, a lower 
ATPtotal/ADPtotal ratio in FA-treated HUVEC could also result from interference of free FAs with 
the mitochondrial respiratory chain or the proton impermeability of the inner mitochondrial 
membrane (9). 

The finding that the inhibitor of acyl-CoA synthetase triacsin C prevented FA-induced 
decrease in ATPtotal/ADPtotal ratio indicates that the effect of fatty acids on this ratio is indeed 
mediated by LCAC.  However, it is still not clear whether the effect of triacsin C is a result of ANT 
de-inhibition or it is merely an effect of disruption of biosynthetic pathways involving fatty acids 
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and their products that also consume ATP. The latter may be a plausible explanation for the triacsin 
C effects observed in control cells. 

NF-κB regulates the inflammatory response and plays a role in pathogenesis of 
atherosclerosis and insulin resistance (195).  Different stimuli, including ROS, were shown to 

cause activation and nuclear translocation of NF-κB (82).  We showed that after 72 hours both 

palmitate and oleate induced nuclear translocation of NF-κB.  The translocation was prevented by 

N-acetyl-L-cysteine, a substance known to increase intracellular glutathione levels (286), and α-
tocopherol, indicating that it was triggered by oxidative stress.  Furthermore, fumonisin B1 and 

triacsin C inhibited oleate-induced translocation of NF-κB to the nucleus indicating that the 
observed effects rely on formation of both ceramides and LCAC.  The delay of fatty acid effects on 

NF-κB translocation compared to other cellular processes may indicate that activation of NF-κB 

could serve as a protective mechanism.  NF-κB was implicated in the processes of cell proliferation 

and survival in some cell types (323).  Thus the fact that oleate increased NF-κB levels in the 
nucleus more than palmitate combined with the observation that in the presence of oleate cells were 
generally doing better in terms of their viability may be in support to that observation. 

Endothelial adhesion molecules are important in atherosclerotic lesion formation (26, 234).  

Their expression is under regulation of NF-κB (282) and is stimulated by TNF-α (109).  The 
degree of unsaturation of fatty acids was shown to correlate with the expression of adhesion 
molecules (282) possibly due to oxidation of double bonds resulting in increased oxidative stress 

and activation of NF-κB (85).  In contrast to anti-inflamatory effects of low concentrations of 
oleate (0.09 mM) (282), we demonstrated that after 24 hours high concentrations (0.5 mM) 
increased the expression of ICAM-1 and VCAM-1 but not of E-selectin, whereas palmitate had no 

significant effect.  Likewise, after 24 hours, palmitate did not activate NF-κB in contrast to oleate.  

The transient increase of NF-κB synthesis we observed after 24 hours of incubation with oleate, 
might explain different effects of oleate and palmitate on cell proliferation and expression of 
adhesion molecules. 

TNF-α is an important mediator of inflammatory responses and its production increases in 

obesity (141).  Our finding that oleate and TNF-α exerted a synergistic effect on the expression of 

VCAM-1 and E-selectin suggests that in obesity the pro-inflammatory action of TNF-α will be 
aggravated by high concentrations of oleate.   

A balance between processes of cell division, apoptosis and necrosis appears to determine 
the cell’s proliferation rate.  Apoptosis can be executed via pathway stimulated by mitochondria-
derived signals (65, 185) or by receptor activation (142).  We have shown that 0.5 mM of palmitate 
increased caspase-3 activity and impaired cell proliferation, while 0.5 mM of oleate increased 
caspase-3 activity, although to lower extent than palmitate, and slightly stimulated cell 
proliferation.  The distinct effects of palmitate and oleate on cell proliferation reported for several 
cell types (10, 200) could be attributed to different intracellular metabolism of saturated and 
unsaturated fatty acids.  Saturated fatty acids are preferentially converted to diacylglycerol and 
ceramide, important signaling molecules regulating proliferation, differentiation, growth arrest and 
apoptosis (53, 79).  We have shown that incubation with palmitate caused accumulation of 
palmitoyl-CoA, a known precursor of de novo ceramide synthesis (268).  Activation of the 
sphingomyelin/ceramide pathway has been demonstrated to exert an anti-proliferatory effect (192).  
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The literature about the mechanisms underlying fatty acid induced apoptosis are 
controversial and suggest that a number of cellular events may be involved including increased 

ROS production, increased formation of ceramide and activation of NF-κB (53).  We showed here 
that the effect of palmitate on cell proliferation and caspase-3 activation was at least partly 

abolished by α-tocopherol indicating the involvement of increased ROS production therein.  In 
addition, the finding that triacsin C diminishes the effects of palmitate on proliferation suggests that 
this is also dependent on and mediated by acyl-CoA esters.  Unfortunately, the results obtained 
with fumonisin B1 were inconclusive due to high cytoxicity of this inhibitor, which was also 
reported previously and was suggested to result from activation of apoptosis by increased 
sphinganine to sphingosine ratio (297).  Apparently, in contrast to protective effect of fumonisin B1 
observed after short-term exposure (115), long-term inhibition of sphingolipid biosynthesis is lethal 
to the cell.  Thus the role of ceramides in fatty acid induced endothelial cell dysfunction remains to 
be elucidated. 

In conclusion, we showed that the hypothesis that related fatty acids to a molecular target 
and then through a number of system effects to the dysfunction of the endothelial cell was 
consistent with our results.  Figure 5.7 summarizes the consequences of our findings for the 
proposed mechanism connecting fatty acids to atherosclerosis (13, 14), with the aspects that have 
been confirmed experimentally in this paper and in ref. (72) depicted in solid lines.  Fig. 5.7A 
shows the original hypothesis that does not allow for a diversification between the modes of action 
of different fatty acids.  Based on our findings reported in this paper and on the existing literature 
we propose a little more sophisticated version of the hypothesis that allows more diverse roles of 
different types of fatty acids and more than one route of caspase-3 activation, with additional 

involvement of NF-κB and cell-adhesion proteins (Fig. 5.7B).  The long-term effects of both 
palmitate and oleate include activation of pro-apoptotic and inflammatory pathways, which 
ultimately may lead to the impairment of endothelial function in vivo and the development of 
cardiovascular disease. 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
Figure 5.7 Mechanisms of fatty acid-induced endothelial dysfunction.  A. The original 
hypothesis.  B. The extended hypothesis.  Solid lines – experimentally proven in this thesis, dashed 
lines – hypothetical. 
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Diabetes mellitus, especially type 2 diabetes mellitus is becoming a major health problem 
worldwide, which affects individuals from different age groups, both men and women.  The term 
used previously, i.e. ‘adult onset diabetes’ that refers to diabetes as an age-related disease, is not 
used anymore because the incidence and the prevalence of the disease are increasing within 
juvenile populations.  Type 2 diabetes might be considered as the disease of modern society since 
the observed outburst of the disease is closely related to changes in lifestyle towards lower physical 
activity and the consumption of unhealthy diets.  This leads to alarming increases in incidence and 
prevalence of overweight and obesity.  The precise etiology of type 2 diabetes is still not known.  
Along with strong genetic predisposition, environmental factors manifesting through increased 
adiposity are thought to be the main underlying causes.  The accumulating data reviewed in the 
introductory chapter of this thesis indicate that as a result of obesity, especially visceral obesity, 
increased release of adipose tissue-derived biologically active molecules (e.g. cytokines, hormones, 
free fatty acids) into the circulation can affect a number of cellular processes leading to cellular and 
tissue malfunction.  This then may result in an inability to maintain glucose homeostasis and in the 
long-term lead to complications manifesting through eye, kidney, heart, nerve, or blood vessel 
disease. 

Type 2 diabetes is a multifactorial disease with insulin synthesis, release and action being 
impaired at various levels and through a number of molecular mechanisms.  Because the disease 
reflects changes in many components in the network that regulates glucose homeostasis, rather than 
just a single change in a single molecular mechanism, it is best called a biological systems disease, 
similarly to various types of cancer (139).  

One can approach diseases that are caused by failure of a single function carried out by a 
single molecule by trying to eliminate the faulty molecule or adjust its properties.  The 
identification of the faulty molecule should be comparatively simple.  With biological systems 
diseases such an approach tends to be less effective, because malfunctioning of a faulty molecule 
will permeate through the network and affect many physiological functions at the same time.  This 
makes it difficult to identify the molecular origin of the disease on the basis of the complex 
pathology.  Moreover, other factors in the network will affect the pathology and may even appear 
to be additional causes thereof. 

Because of the prevalence of multifactorial diseases in modern society, it is a major issue 
how to approach them.  In this thesis we developed a particular approach to the analysis of 
multifactorial diseases.  The use of this method allows determining whether an agent that causes a 
number of pathological changes acts on the network through a single or through multiple 
mechanisms.  It also enables one to identify the mechanism.  We focused on the effect of long 
chain acyl-CoA esters (LCAC) on a number of mitochondrial functions.  We showed that these 
molecules inhibited the ANT and the ANT alone.  We examined to what extent LCAC could 
influence the many aspects of the network that are important for energy metabolism and potentially 
type 2 diabetes through this single mechanism.  We also examined whether the mechanism of 
inhibition of the ANT could account for some of the systemic effects surrounding increased 
adiposity as a possible inducer of type 2 diabetes.  The method we developed appeared to be 
successful on all these counts and may be useful more widely for the analysis of the etiology of 
multifactorial diseases.   
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The particular mechanism that was analyzed is related to increased intracellular 
concentrations of long chain acyl-CoA esters (LCAC), i.e. the active form of fatty acids.  These 
increased concentrations are expected to arise from the increased plasma free fatty acid availability 
and from the increased synthesis and/or hydrolysis of intracellular triacylglycerols that are 
observed in obesity.  The inhibition of the ANT was expected to result in a decreased availability 
of cytosolic ATP, an increased formation of AMP, and an increase in extracellular adenosine.  
Furthermore, since adenine nucleotide translocation is driven by and consumes mitochondrial 

membrane potential (∆ψ), inhibition of ANT was expected to result in elevated ∆ψ and increased 
ROS formation.  All these effects of ANT inhibition are expected to impair cellular function.  

To be more precise we addressed the following questions: (i) do LCAC indeed inhibit the 
ANT, (ii) does inhibition of the ANT by LCAC lead to lower extramitochondrial ATP levels and, 
as a consequence, to increased extramitochondrial AMP concentrations, (iii) does inhibition of the 

ANT by LCAC lead to an increased mitochondrial membrane potential (∆ψ) and, as a 
consequence, to increased ROS production, (iv) to what extent does ANT control fluxes, 
concentrations of intermediates, phosphorylation potentials, membrane potentials, and the redox 
state of ubiquinone in the system of oxidative phosphorylation, (v) does a long-term exposure to 
LCAC lead to adaptive changes in mitochondrial oxidative phosphorylation that would counteract 
negative effects of LCAC, and (vi) are effects of LCAC similar in isolated mitochondria and in the 
intact cell.  To address these questions we used isolated mitochondria from livers of either normal 
rats, high-fat or low-fat diet fed rats and cultured human umbilical vein endothelial cells (HUVEC) 
as model systems.  
 
Long chain acyl-CoA esters and mitochondrial oxidative phosphorylation 

 
Our hypothesis suggested that the direct effect of LCAC on mitochondrial oxidative 

phosphorylation is singular (i.e. inhibition of ANT), but that nevertheless LCAC may have many 
systemic effects on much of the network of energy metabolism.  We addressed this issue 
quantitatively and under conditions in which the mitochondria are engaged in their dominant 
function (active phosphorylation).  In Chapters 2 and 3 we assessed the effects of fixed 

concentrations (5 µM) of two LCAC species, i.e. palmitoyl-CoA (C16:0) and oleoyl-CoA (C18:1) 
on the system of oxidative phosphorylation in mitochondria isolated from livers of normal rats 
respiring on succinate or NADH-delivering substrate, i.e. glutamate plus malate (with this substrate 
only the effect of palmitoyl-CoA was tested).  It has been demonstrated that LCAC inhibit ANT in 
isolated rat-liver mitochondria and inverted submitochondrial particles (70, 259, 261, 318), and that 
only long chain (C12 – 18), but not shorter chain (C < 12) acyl-CoA esters or free CoA exert the 
inhibitory effect (259, 261).  However, it has not been shown in earlier approaches that 
notwithstanding its many systemic effects, the effect of LCAC on oxidative phosphorylation is 
singular, or that a single effect quantitatively dominates.  To address this issue we implemented an 
approach called modular kinetic analysis, which enables one to determine the direct effects of 
substances on the constituents of complex intact systems.  Using this approach we did not only 
confirm that both palmitoyl-CoA and oleoyl-CoA inhibited the ANT under operating conditions, 
but also showed that these LCAC do not interfere with other components of oxidative 
phosphorylation.  In agreement with literature reports, the inhibitory effect of saturated palmitoyl-
CoA was stronger than the effect of unsaturated oleoyl-CoA (259, 261). 
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Although we have shown that in isolated mitochondria both 5 µM palmitoyl-CoA and 5 µM 
oleolyl-CoA strongly interfere with mitochondrial function through inhibition of the ANT, it is not 
certain that intracellular concentrations of free LCAC can reach this level.  Binding to acyl-CoA 
binding protein regulates the concentrations of free LCAC, and the molar ratio of cytosolic LCAC 
to acyl-CoA binding protein in livers of fed rats was shown to be slightly below 1 (228).  Our data 
(Chapter 4) show that this down-regulation of the free LCAC concentration by binding proteins 

must indeed occur in vivo because otherwise the concentration of total LCAC (~17 µM) would 
already have been sufficient in low-fat diet (LFD) treated rat-livers to almost fully block the ANT 
in vitro.  On the other hand, it has been shown that under some pathological conditions with excess 
lipid supply (e.g. obesity) the regulation of free LCAC concentration by acyl-CoA binding protein 
was impaired due to inadequate expression of the latter (104, 273).  Thus we expect that increased 
total hepatic LCAC content in response to a high-fat diet (HFD) can lead to increased 
concentrations of free LCAC up to the micromolar level and to inhibition of ANT in vivo. 

Another interesting aspect could be the abundance of different LCAC species found in 
liver, since it was shown that the magnitude of ANT inhibition by different LCAC species depends 
on both the length and the degree of unsaturation of the acyl chain.  Saturated acyl-CoA esters 
exerted stronger effects as compared to their unsaturated equivalents (259, 261).  We found that in 
liver extracts of LFD rats the most abundant LCAC species were C18, C20 and C16, with other 
species contributing much less.  Interestingly, although HFD led to an increase in the total LCAC 
concentration, the share of individual LCAC species was affected only slightly with the largest 
increase being observed in the content of C16 and C18 species.  

Literature reports suggest that the LCAC profile usually reflects the fatty acid composition 
of the diet (68, 212).  The possibility to modify cellular LCAC profiles could have been interesting 
in this respect because the ability to inhibit the ANT varies depending on LCAC length and degree 
of unsaturation.  Accordingly, the degree of inhibition of ANT might vary from individual to 
individual depending on fatty acid composition of the diet.  However, we found that the HFD led to 
only a slight change in the direction of the composition of the diet.  In our study, the liver exhibited 
strong homeostasis in terms of the composition of the LCAC chains, stronger than its homeostasis 
with respect to total LCAC content (meaning that the total amount changes more than the 
composition). 
 
Long chain acyl-CoA esters and energy metabolism 
 

In agreement with our hypothesis (14) inhibition of the ANT by palmitoyl-CoA or oleoyl-
CoA resulted in lower extramitochondrial ATP/ADP ratios and higher ATP/ADP ratios in the 
mitochondrial matrix.  This happened both with succinate and with glutamate plus malate as 
respiratory substrates (Chapters 2 & 3).  Interestingly, the effects depended strongly on the working 
conditions of the mitochondria, indicating that maintaining the workload constant notwithstanding 
the inhibition of oxidative phosphorylation could diminish negative effects of LCAC.  The latter 
finding also indicates that the adjustment of the workload through e.g. increased physical activity 
may be used to treat some of the symptoms of type 2 diabetes.  Decreased extramitochondrial 
ATP/ADP ratios can have several negative effects on cellular metabolism.  Theoretically, 
decreased availability of cytosolic ATP can affect all processes that require ATP.  In the case of 

pancreatic β-cells the ability to increase the cytosolic ATP/ADP ratio in response to a nutrient 
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stimulus is essential in normal insulin release (11, 191), thus the inhibition of ANT by LCAC is 
expected to impair insulin release via effects on the cytosolic ATP/ADP ratio.  

Lower extramitochondrial ATP availability can shift the equilibrium of adenylate kinase 

towards the production of AMP (ATP + AMP ↔ 2ADP).  Once formed, AMP can either be 
hydrolyzed by 5’-nucleotidase to form adenosine or be deaminated by AMP deaminase to form 
inosine 5'-monophosphate.  It has been shown that the extent of ATP depletion determines which 
pathway predominates, with adenosine production prevailing at lower levels of ATP depletion 

(110).  Exogenous adenosine (EC50 ≅ 0.1 µM) exerts its effect via activation of adenosine receptors 
(A1, A2A, A2B and A3) (260).  It is a potent vasodilator (especially coronary) and under 
physiological conditions it serves as an agent facilitating tissue recovery after intensive workload 
by increasing blood flow and the supply of oxygen and metabolic substrates.  According to our 
hypothesis (13) inhibition of the ANT by increased concentrations of intracellular LCAC would 
lead to a moderate but sustained decrease in the cytosolic ATP/ADP ratio and an increase in AMP 
level that should promote AMP hydrolysis to adenosine and lead to increased intracellular 
concentrations and extracellular release of the adenosine.  A systemic increase in the 
concentrations of circulating adenosine can lead to increased urate production, promote sodium 
retention in the kidney and stimulate the sympathetic nervous system activity resulting in hyper 
perfusion and hypertension, common features of insulin resistant states (13).  Furthermore, it has 
been shown that both the lowering of extracellular adenosine concentrations and a chronic 
blockade of the whole body adenosine receptor (A1 type) improved insulin sensitivity in skeletal 
muscle of both lean and genetically obese Zucker rats (63, 76, 91, 95), indicating that modification 
in either the concentration of extracellular adenosine or the affinity of adenosine receptors may be 
among the factors responsible for insulin resistance in skeletal muscle.  

It has been shown that AMP decreases the efficiency of isolated skeletal muscle 
mitochondria by increasing the proton leak in state 4 via an effect on the ANT (54).  The effect was 
tissue dependent with the strongest stimulatory effect observed in rat skeletal muscle and the 
weakest in rat liver mitochondria.  It was suggested that this stimulation of proton leak could be 
important for physiological regulation of metabolic rate, although the effects were observed at high 
concentrations (1 mM) of AMP that are not likely to occur in vivo (48).  In our experiments AMP 
did not increase to such high levels. 

Literature reports suggest that intracellular adenosine formation correlates positively with 
the concentration of its immediate precursor, i.e. AMP and the concentration of cytosolic ADP 
(254).  In Chapter 2 we showed experimentally that when extramitochondrial adenylate 
concentrations are high (thus the changes in the intramitochondrial adenylate levels can be 
neglected) inhibition of ANT with palmitoyl-CoA leads to a palmitoyl-CoA concentration-
dependent decrease in the ATPtotal/ADPtotal ratio and to a concomitant increase in the total AMP 
concentration.  In Chapter 3 we further elaborated on the interrelation between the 
extramitochondrial ATP/ADP ratios and extramitochondrial AMP concentrations ([AMP]out).  
Assuming that the proportions of adenine nucleotides are determined by the adenylate kinase 
equilibrium, we performed a theoretical assessment of the expected [AMP]out in all ranges of 
extramitochondrial ATP/ADP ratios.  Our calculations showed that [AMP]out would increase with 
the decreasing extramitochondrial ATP/ADP ratios, with a stronger increase observed at low 
extramitochondrial ATP/ADP ratios and smaller changes at high ratios.  This finding indicates that 
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the effect of LCAC on AMP production will vary depending on the energy state of the cell. 
Although at physiologically relevant extramitochondrial (cytosolic) ATP/ADP ratios LCAC-
induced increase in [AMP]out will not be very high, this is still expected to result in a proportional 
increase in the cytosolic adenosine concentration, since 5’-nucleotidase operates at substrate 
concentrations that are well below its Km (285).  Due to the high potency of adenosine, we expect 
that even small changes in absolute [AMP]out will be sufficient to result in the negative effects 
predicted by our hypothesis (13).  However, although increased extracellular adenosine 
concentrations were demonstrated under conditions of cellular ATP depletion, i.e. hypoxia (84), it 
remains to be shown that extracellular adenosine levels increase in the insulin resistant states in 

vivo. 
Another consequence of an increased cytosolic AMP concentration could be the activation 

of AMP-activated protein kinase (AMPK).  AMPK is an important enzyme, which responds to 
metabolic stress that manifests through depletion of intracellular ATP (58, 126, 240).  It activates 
catabolism and inhibits major anabolic pathways, e.g. synthesis of fatty acids and cholesterol.  
AMPK exerts both acute (modification of enzyme activities) and long-term (changes in gene 
expression) effects.  Since activation of AMPK increases the expression of enzymes catalyzing fuel 
(i.e. glucose and fatty acid) uptake (103, 137, 189) and can thus lower the levels of that fuel in the 
circulation, AMPK is receiving increasing attention as a potential target for the treatment of 
diabetes.  However, besides positive effects on blood glucose levels and fatty acid profiles some 
negative effects of AMPK stimulation have also been reported.  An increase in AMPK activity was 

shown to inhibit the expression of the pre-proinsulin gene in clonal β-cells, to suppress glucose 
metabolism and to inhibit insulin secretion acutely (80).  Furthermore, short-term overexpression 
of AMPK led to accumulation of triacylglycerols and increased ketogenesis in mouse liver (103).  

For our circumstance where LCAC inhibit the ANT and consequently induce increased 
cytosolic AMP levels, the end effect would be the result of two processes working in opposite 
directions on the flux through oxidative phosphorylation: whilst ANT inhibition by LCAC would 
reduce ATP production due to a lack of mitochondrial ADP, the rise in AMP would activate 
AMPK and hence stimulate ATP-generating pathways including mitochondrial oxidative 
phosphorylation.  However, the two mechanisms are expected to affect the levels of many 
intermediates in the same direction, i.e. they should cause accumulation of intracellular fatty acids, 

increased β-oxidation, redox potential, increased ∆ψ, and enhanced ROS production. Further 
application of systems biology methodologies may be useful to disentangle this complex situation 

further and also address the implicated impaired insulin release in β-cells.   
 
Beyond energy metabolism: ROS production 
 

Both glucose toxicity and lipotoxicity may contribute through various pathways to 
oxidative stress in insulin resistant states. These pathways may include the mitochondrial 
respiratory chain and the nonenzymatic glycosylation reactions (17, reviewed in (97)), and they are 
likely to contribute to cellular dysfunction under those conditions.  Currently it is thought that 

increased oxidative stress is one of the processes contributing to the β-cell dysfunction that leads to 

impaired insulin release and decreased β-cell mass (90, 116, 194, 305).  Possibly due to low levels 

of antioxidant enzyme expression, β-cells are more vulnerable to oxidative stress than other cell 
types (281).  We hypothesized that inhibition of ANT by LCAC can stimulate ROS production and 
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thus contribute to increased oxidative stress (14).  Because transport of adenine nucleotides 

consumes ∆ψ, and lack of mitochondrial ADP inhibits the ATP synthase, which also consumes ∆ψ, 

inhibition of ANT was expected to lead to an increase in ∆ψ.  High ∆ψ would inhibit electron 
transfer through the mitochondrial respiratory chain leading to an increased reduction level of 

respiratory chain components including coenzyme Q.  Both high ∆ψ and an increased reduction 
level of coenzyme Q have been shown to stimulate ROS production (33, 34, 173, 174).  In Chapter 
2 and 3 we showed that inhibition of the ANT by palmitoyl-CoA in isolated rat-liver mitochondria 

respiring on succinate indeed led to significantly higher ∆ψ.  Palmitoyl-CoA indeed induced H2O2 

production that depended on ∆ψ, and this effect was at least in part mediated by inhibition of the 
ANT.  Even though we blocked oxidation of palmitoy-CoA in this experimental setup, the 

possibility that increased β-oxidation resulting from a substrate effect of the added palmitoyl-CoA 
also caused extra ROS production is worthy of testing. 
 
Control of fluxes, potentials and intermediates of oxidative phosphorylation 
 

Another question that was addressed in this thesis was to what extent different components 
of oxidative phosphorylation control fluxes and levels of intermediates in the system, with 
emphasis on the control exerted by ANT (Chapter 3).  This was important to know since the level 
of the control exerted by a specific enzyme over pathway flux or concentrations of metabolites will 
determine to what extent inhibition of that enzyme will affect pathway flux or concentrations of 
metabolites.  In other words the ANT must exert considerable control or otherwise its inhibition by 
LCAC will not influence significantly system fluxes and concentrations of metabolites.  

To assess the control exerted by ANT we made use of modular metabolic control analysis 
(MCA) (252, 253).  The system of oxidative phosphorylation was conceptually subdivided into six 
modules (coenzyme Q reducing, coenzyme Q oxidizing, proton leak, ATP synthesis, hexokinase, 

and ANT) interacting via four intermediates (∆ψ, ratio of reduced-to-oxidized coenzyme Q 
(QH2/Q), extra- and intramitochondrial ATP/ADP ratio).  Then the control of the intermediate 
levels, the oxygen uptake flux, and the phosphorylation flux by the modules was determined.  By 
modularizing so extensively, our approach yielded a better-resolved picture of the control structure 
of the system than previous applications of modular (top-down) MCA to mitochondrial oxidative 
phosphorylation (2, 123).  It also addressed the control of more intermediates, and indeed of 
intermediates that may be more relevant for ROS production. 

For both succinate and glutamate plus malate as respiratory substrates, the overall 

distribution patterns of control of oxygen uptake flux, phosphorylation flux, and ∆ψ obtained in 
this study are consistent with those determined previously using modular MCA with three modules 

and ∆µH
+ (or ∆ψ) as an intermediate (38, 92, 123). We therewith have shown and confirmed that 

in actively phosphorylating (state 3) liver mitochondria control is shared between substrate 
oxidation and prosphorylation, with negligible control by proton leak. 

In agreement with previous reports (29, 279) we found that in mitochondria oxidizing 
succinate under these conditions ANT partially controls oxygen uptake and phosphorylation fluxes.  
We found this to be true also for the NADH-delivering substrate glutamate plus malate. Regardless 
of the substrate, ANT partially controls both fluxes with similar control strength.  
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It was shown that at least the control of oxygen uptake flux by ANT is comparable in 
isolated liver mitochondria (279) and isolated hepatocytes (93) indicating that at least to a certain 
extent results obtained in isolated mitochondria can be extrapolated to the situation in intact cells.  
Although both respiration and ADP phosphorylation essentially depend on the ANT-catalyzed 
reaction, it is likely that the limited control exerted by ANT over these fluxes is determined by the 
relatively high abundance of this protein.  In tissues with high-energy demand such as cardiac and 
skeletal muscle the ANT represents up to 10 % of the inner membrane proteins, and about one third 
of that fraction is present in liver and kidney (169, 237, 250).  This variation between tissues in the 
amount of the ANT protein might be functionally related to the different mitochondrial and 
cytosolic ATP demands in these tissues.  In liver cells, there is a relatively high intramitochondrial 
ATP demand due to the activity of enzymes involved in gluconeogenesis and urea synthesis, while 
in cardiac and skeletal muscle cells there is higher demand for the cytosolic ATP by different 
ATPases involved in muscle contraction.  Having less ANT protein in liver mitochondria might 
facilitate maintaining a higher intramitochondrial ATP concentration.  It has been argued that the 
ANT content can affect the value of the control coefficients, e.g. it was shown that ANT has less 
control over oxygen uptake flux in isolated skeletal muscle than in liver mitochondria respiring on 
succinate (237), although these differences seemed to disappear when NADH-delivering substrate 
(pyruvate plus malate) was used in the experiments.   

We should also have in mind that the extent to which a step in a pathway limits the flux 
depends on the conditions.  In this study we have assessed the control of fluxes and levels of 
intermediates in isolated liver mitochondria at maximal rates of respiration and ADP 
phosphorylation (state 3).  However, in intact cells this may not always be the operating condition.  
Depending on cellular needs for ATP, the rates of ADP phosphorylation can vary over a broad 
range with intermediate rates most likely prevailing.  Furthermore, different cellular ATP 
consuming processes can have different sensitivities (elasticities) to ATP.  Both rates of intra- and 
extramitochondrial ATP utilization and the elasticities of intra- and extramitochondrial ATP 
utilizing processes to ATP were shown to influence the control of oxygen uptake flux by the ANT 
(7, 111, 302).  Indeed, in Chapter 2 we showed that the effect of palmitoyl-CoA depended on 
whether oxygen uptake flux or phosphorylation flux was maintained constant.  Quantitatively the 
strongest ANT-mediated effects of LCAC on fluxes of oxidative phosphorylation are expected to 
occur at intermediate rates of ADP phosphorylation and they should be expected to affect intra- and 
extramitochondrial ATP utilizing processes with the highest elasticity to ATP the most. 

The mitochondrial ∆ψ and the reduction level of coenzyme Q are among the factors that 
determine the production of ROS (113, 174), whereas the cytosolic ATP/ADP ratio determines the 
formation of AMP and subsequently adenosine (13, 14).  Although the value of its control 
coefficient does not indicate whether an enzyme (module) has a regulatory role, it is a measure of 
how important that enzyme is for the production (or consumption) of the intermediate.  For this 

reason we were interested in the extent to which the ANT controls the level of ∆ψ, the QH2/Q ratio, 
and the extra- and intramitochondrial ATP/ADP ratio.  We have shown that ANT moderately 

controls ∆ψ and the QH2/Q ratio, and exerts much stronger control over the intra- and 

extramitochondrial ATP/ADP ratios.  We found that for ∆ψ and the QH2/Q ratio, their immediate 
producers and consumers, i.e. the respiratory chain components, exerted the strongest control.  This 
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indicates that interference with the function of the respiratory chain will affect ∆ψ and QH2/Q ratio 
more than interference with any other component of oxidative phosphorylation. 

Both control coefficients and elasticity coefficients are not constants, but rather attain 
different values at different steady states.  We have shown that through an inhibitory effect on 
ANT, palmitoyl-CoA affected (to different extents) the levels of all measured intermediates and 
fluxes of oxidative phosphorylation, shifting the system to a new steady state.  The change in the 
level of intermediates affected the local properties of components of the system (i.e. elasticities), 
and consequently (due to the connectivity relationship (152, 309, 310, 312)) the global properties 
of the system (i.e. control coefficients) leading to redistribution of the control in the system.  In 
agreement with the fact that the ANT is the main target of palmitoyl-CoA in the system of 
oxidative phosphorylation under these experimental conditions, we found that the control exerted 
by the ANT over oxygen uptake and phosphorylation fluxes significantly increased upon inhibition 
with palmitoyl-CoA with both succinate and glutamate plus malate as substrate. Due to the 
summation theorem for flux control coefficients (129, 152), increase in the control strength of one 
component of the system automatically leads to decreases in the control strength of other 
component(s).  In our case the increase in the control of fluxes by ANT was mainly compensated 
by a decrease in the control by the respiratory chain components. 

With respect to control of intermediates, palmitoyl-CoA influenced the control distribution 

of extra- and intramitochondrial ATP/ADP ratios more than the control distributions of ∆ψ and of 
the QH2/Q ratio.  Our results indicate that inhibition of ANT does not lead to increased control of 

∆ψ and QH2/Q ratio by the ANT.  With or without inhibition of ANT, the levels of these 
intermediates remain primarily controlled by the respiratory chain components. For both the extra- 
and the intramitochondrial ATP/ADP ratio palmitoyl-CoA tended to increase the absolute value of 
the control of these intermediates by ATP synthesis and the ANT, i.e. by the components of 
oxidative phosphorylation involved in adenine nucleotide metabolism.  Taken together these data 
suggest that inhibition of ANT by LCAC (e.g. palmitoyl-CoA) might be important in the control of 
cellular energy metabolism rather than local mitochondrial inner membrane energy metabolism as 

expressed by ∆ψ and coenzyme Q reduction levels. 
We have shown that the magnitude of the ANT-mediated effects of palmitoyl-CoA on the 

fluxes and the levels of intermediates in oxidative phosphorylation are determined by the 
magnitude of the control exerted by the ANT, i.e. the effects were large when the exerted control 
was large and vice versa.  More generally, the work presented in this thesis illustrates the 
usefulness of (modular) MCA in search of flux- and intermediate concentration-controlling 
enzymes, impairment of which would be important in the onset of cellular dysfunction in 
multifactorial diseases such as obesity and type 2 diabetes.  (Modular) MCA appears to be a 
promising method for the analysis of systems biology diseases. 
 
High-fat diet and oxidative phosphorylation 
 

The likelihood of ANT inhibition by increased concentrations of LCAC could be put in 
jeopardy if in vivo adaptive mechanisms were induced under conditions of long-term persistent 
lipid oversupply that enabled the liver to cope with changes in the environmental conditions such 
as the presence of the LCAC.  For example, by increasing the mitochondrial copy number or the 



Chapter 6 

 116

expression level of the ANT, cells could counteract increased concentrations of LCAC and prevent 
disturbances in cellular energy metabolism.   

Oversupply of lipids caused by long-term consumption of high-fat diets has been shown to 
have several effects: (i) it influences the composition of cellular membranes (272) and activities of 
mitochondrial enzymes (15, 197, 317), (ii) it leads to increased expression of genes coding for 
mitochondrial uncoupling proteins (UCP’s) in liver (224) and proteins involved in stress response 
and signal transduction in muscle (267), (iii) it decreases expression of ROS scavengers in muscle 
(267), (iv) it decreases expression of pancreatic GLUT2 and glucokinase (61).  In contrast to these, 
reports on the effects on ATP production are inconclusive (80, 267).  

In Chapter 4 we showed that although after 7 weeks of HFD, the total concentration of 
LCAC in rat-liver had increased significantly, this did not affect mitochondrial copy number 
significantly, although there was a tendency of increase in mitochondrial copy number per cell in 
livers of HFD-treated rats.  Furthermore, HFD did not induce significant changes in the kinetics of 
enzymes of oxidative phosphorylation (including the ANT) that would indicate increased ability to 
cope with elevated concentrations of LCAC.  This allows us to speculate that in these conditions 
both the ANT inhibition and its systemic effects should have occurred in vivo.   

It should be interesting to assess the effects of longer exposures to HFD because 7 weeks 
might have been not long enough for adaptation at the level of oxidative phosphorylation to take 
place, or for harmful effects of HFD to manifest.  It was shown that in obese Zucker rats hepatic 
accumulation of fat leads to a decrease in ANT content and as a consequence a lower capacity of 
mitochondrial oxidative phosphorylation (280), an effect that would reinforce the effects of ANT 
inhibition by LCAC rather than counter it. 

Importantly, we have shown (Chapter 4) that upon long-term exposure to a high-fat diet the 
ANT retained similar level of control over fluxes and intermediates. This finding suggests that also 
under conditions of lipid oversupply ANT remains a good target for LCAC and the inhibitory 
effects of LCAC will result in the predicted imbalances in adenine nucleotide metabolism, 

increased ∆ψ, and stimulation of ROS production. 
 
Fatty acid-induced endothelial cell dysfunction 
 

Impairment of endothelial cell function is an early step in atherosclerosis, a feature of 
hypertension, obesity, and type 2 diabetes (52, 57).  Endothelial cells form an interface between 
circulating blood in the lumen and the rest of the vessel wall.  Under insulin resistance conditions 
they are constantly exposed to high concentrations of glucose and nonesterified free fatty acids 

(230) that are thought to be the primary cause of endothelial dysfunction.  NF-κB regulates the 

inflammatory response in human tissues, including endothelium (282).  Elevated NF-κB activity 
has been hypothesized to play a role in the pathogenesis of atherosclerosis and insulin resistance 
(144).  In Chapter 5 we have shown that after a 72-hour incubation palmitic and oleic acid induced 

activation and nuclear translocation of NF-κB in cultured human umbilical vein endothelial cells 
(HUVEC).  In agreement with literature reports, this activation correlated with increased ROS 
production (82).  At high concentrations (0.5 mM) oleic but not palmitic acid stimulated the 
expression of the intercellular adhesion molecule-1 (ICAM-1) and the vascular cell adhesion 

molecule (VCAM-1), which preceded activation of NF-κB.  It was not possible to asses the effects 
of fatty acids on the expression of adhesion molecules after longer exposure times due to strong 
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effect of fatty acids on cell proliferation (it is essential to have similar cell numbers when using 

cell-bound ELISA).  Because both fatty acids caused activation of NF-κB after 72 hours, we could 
speculate that this activation also resulted in stimulation of the expression of adhesion molecules. 

We were interested in whether increased intracellular concentrations of LCAC resulting 
from high extracellular fatty acid availability can impair the function of cultured HUVEC through 
the same mechanism as in isolated mitochondria in vitro, i.e. through their inhibitory effect on the 
ANT.  In Chapter 5 we showed that a 48-hour incubation with a high concentration of either 
palmitic or oleic acid led to accumulation of the corresponding LCAC species and to a concomitant 
decrease in the ATPtotal/ADPtotal ratio, which could indicate inhibition of the ANT.  The inhibition 
of acyl-CoA synthetase with triacsin C led to an increase in the ATPtotal/ADPtotal ratio.  This may 
suggest that formation of acyl-CoA esters indeed leads to inhibition of the ANT and lower 
ATPtotal/ADPtotal ratios.  However, the results of this experiment are difficult to interpret since they 
may also indicate that inhibition of acyl-CoA synthetase interferes with biosynthetic pathways 
involving fatty acids and their metabolites leading to an increase in cellular ATP level.   

Showing that incubation with fatty acids also caused an increase in ∆ψ in these cells would 
provide a more definitive proof that LCAC indeed inhibits ANT in HUCEC.  However, it was not 

possible to determine how incubation with fatty acids affected ∆ψ in HUVEC, since fatty acids 
appeared to interfere with the fluorescent probe (5,5’,6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolyl-carbocyanine iodide (JC-1)) used in the assay.  A plausible explanation 
could be that fatty acids were interacting with the lipophilic probe causing redistribution of the 
latter.  Similar problems were encountered in the measurements of ROS with C11-Bodipy581/591 and 
dichlorodihydrofluorescein diacetate (DCF-DA).  Although these probes are commonly used for 

measurements of ∆ψ and ROS in intact cells, they appear not to be suitable under all experimental 
conditions.  Due to these assay problems, we could demonstrate only indirectly that fatty acids 
stimulate ROS production in HUVEC.  We showed that the palmitate-induced decrease of HUVEC 

proliferation and activation of caspase-3 and palmitate- and oleate-induced activation of NF-κB is 

at least partly prevented by antioxidant α-tocopherol or N-acetyl-L-cysteine indicating the 
involvement of ROS.  Thus better probing methods for ROS production are needed. 

There are some indications that increased availability of saturated lipids for extended 
periods of time has more negative effects on cellular function than increased availability of 
unsaturated lipids (164, 298, 299).  We could speculate that this is due to the fact that saturated 
fatty acids and their products (e.g. their CoA esters) could potentially exert more negative effects 
on of the activity of the ANT (10, 79, 188) than unsaturated fatty acids and products of their 
metabolism.  Towards support of this, we have shown in Chapter 5 that in cultured HUVEC high 
concentrations of saturated palmitic acid inhibit cell proliferation while the same concentrations of 
unsaturated oleoyl-CoA tended to stimulate proliferation.  This distinct effect was likely to be 
determined by accumulation of the corresponding LCAC.  Palmitoyl-CoA, the content of which 
had increased significantly after incubation with palmitic acid, is a precursor of ceramide (268), a 
molecule known to activate stress response pathways (187), to exert an anti-proliferatory effects 
(192), and to stimulate apoptosis (53, 79, 188, 190) in various cell types.  Increased availability of 
intracellular unsaturated fatty acids could contribute to cellular dysfunction in other ways than such 
an increase in saturated fatty acids.  Especially the polyunsaturated fatty acids are thought to 
contribute to increased oxidative stress due to sensitivity of unsaturated bonds to oxidation (85, 
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282).  On the other hand, both saturated and unsaturated fatty acids, as well as their CoA esters 
could contribute to increased oxidative stress if they can trigger ROS production by the respiratory 
chain. 

 
Implications for the whole body hypothesis of the link between obesity and type 2 diabetes 

 
Taken together, the data presented in this thesis support our hypothesis (Chapter 1, Refs. 

13, 14) that cellular dysfunction characteristic of type 2 diabetes can result from persistent 
inhibition of the mitochondrial ANT by high concentrations of intracellular LCAC under 
conditions of continuous lipid oversupply, e.g. obesity.  We show here that LCAC impairs 
mitochondrial function by exerting the multitude of predicted effects, i.e. impaired adenine 
nucleotide metabolism resulting in lower extramitochondrial ATP availability and increased 

formation of extramitochondrial AMP, increased ∆ψ, coenzyme Q reduction level, and ROS 
production.  The question remains to what extent the results obtained from experiments on isolated 
liver mitochondria can be extrapolated to intact hepatocytes and to other cell types.  The work done 
on cultured HUVEC indicates that the proposed mechanism of LCAC-induced ANT-mediated 
dysfunction can be relevant in intact cells, although for the moment our evidence of direct 
involvement of ANT remains circumstantial.  Further work has to be done to ascertain the role of 
the ANT in HUVEC.  The fact that each cell type has its own structural and functional peculiarities 
that can affect the outcome of ANT inhibition by LCAC (e.g. hepatocytes and kidney cells have 
less ANT protein than muscle cells (169, 237, 250) meaning that ANT will be inhibited stronger in 

two former cell types; β-cells have weaker antioxidant defense system than any other cell type 
(281), thus are expected to be affected the most by increased ROS production) indicates that 
quantitatively and maybe in some cases even qualitatively the effects of LCAC on cellular function 
will differ between different cell types. 

Furthermore, it is likely that in vivo the effects of LCAC on ANT, and also on 
mitochondrial metabolism in general, are much more complex.  This is just another example of the 
dilemma one faces with (as seen from the point of view of the larger complex system) the bottom-
up character of our experimental approach (313).  We dissect part of the system and demonstrate 
some of the emergent system properties, but must then be modest in our conclusions because the 
actual system is larger than the system that we have been studying.  Indeed, the data presented here 
were obtained from mitochondria in artificial experimental conditions, where only parts of 
mitochondrial metabolism were functional (compare the situations depicted in Fig. 1.5).  For 

example, in vivo LCAC can enter the mitochondrial matrix where they undergo β-oxidation and 
provide the respiratory chain with reducing equivalents.  Such a situation could be mimicked also 
in isolated mitochondria by supplying them with carnitine. However, in such a case assessment of 
LCAC effects by means of modular kinetic analysis would not be possible anymore since in this 
case LCAC would serve both as an external effector and as a substrate for the system of oxidative 
phosphorylation.  Furthermore, LCAC were shown to inhibit ANT also from the matrix side of the 
inner mitochondrial membrane (318).  Consequently, the increased concentration of LCAC in the 
matrix would result in qualitatively (maybe even quantitatively) similar effects as inhibition of 
ANT from the outer side of inner membrane.  Despite the limitations of our approach it still yields 
a comprehensive picture of parts of the ANT-mediated LCAC effects on a number of 

mitochondrial properties such as adenine nucleotide metabolism, coenzyme Q reduction level, ∆ψ, 
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and ROS production.  More work with other dissections of the system, or through combinations 
with top-down systems biology, should be able to bring us further towards a more complete 
understanding of the systems biology of obesity and diabetes. 
 
Systems Biology and type 2 diabetes 
 

Epidemiological studies have shown that both genetic and environmental factors (e.g. diet, 
physical activity) determine the development of type 2 diabetes (96, 196).  Despite the magnitude 
of the problem, still little is known of the molecular basis of type 2 diabetes.  Most approaches to 
study type 2 diabetes have been reductionist, i.e. researchers focused on one component of a 
biological system at a time (e.g. one gene or one protein).  Thus we already know a lot about which 
individual components are affected and how.  The problem is that, in such a reductionist approach, 
the data about individual genes or proteins are often separated from the context and it is difficult to 
reconstruct how everything connects at a system level, whether that system is a cell, a tissue, an 
organ, an organ system, or a whole organism.  The situation is further complicated by the fact that 
many genes (196) and proteins (see Chapter 1) are affected rather than one, and that it is possible 
that we do not know all involved genetic, biochemical and environmental pathways.  Furthermore, 
the cause/effect relationships between the observed phenomena are not always obvious, in other 
words, the sequence of interactions.  Thus, system-level approaches are needed to be able to 
understand the molecular mechanisms underlying cellular dysfunction in type 2 diabetes. 

The aim of systems biology is to understand the fundamental principles underlying the 
functioning of complex biological systems (166-168), and thus it can be helpful in elucidating the 
etiologies of systemic diseases.  The key condition for successful research of systemic diseases 
such as obesity and type 2 diabetes would be the ability to design and undertake appropriate 
experiments to demonstrate causality through testable hypotheses.  This study illustrates such a 
system-level, hypothesis-driven approach and we are able to show that the effect on a single 
molecular target (i.e. ANT) might result in a multitude of secondary effects leading to impaired 
mitochondrial function, which presumably results in impaired cellular function.  However, as 
mentioned earlier, our approach is also limited to a small system (i.e. mitochondrial oxidative 
phosphorylation), and therefore it would be useful to extend it to larger system, i.e. cell, tissue, 
organ and whole body.  Hopefully in the future the integration of two different systems biology 
approaches, i.e. mathematical modeling and high throughput methodologies (e.g. microarrays, 
proteomics, metabolomics, and others) could result in large-scale hypothesis-driven 
experimentation, and lead to elucidation of fundamental mechanisms underpinning the 
development and progression of type 2 diabetes.   

 
General conclusions 
 

Taken together, data presented in this thesis show that: (i) LCAC inhibit the mitochondrial 
ANT in isolated rat-liver mitochondria and have no direct effect on other components of oxidative 
phosphorylation, (ii) indirectly, they do have a highly pleiotropic effect, because inhibition of the 
ANT by LCAC leads to higher intramitochondrial ATP levels, lower extramitochondrial ATP 
levels, and increased formation of extramitochondrial AMP, with the LCAC effect depending on 
the phosphorylating condition, (iii) inhibition of ANT leads to phosphorylating condition-

dependent increase in ∆ψ and as a consequence stimulation of ROS production, (iv) ANT exerts 



Chapter 6 

 120

significant control over oxygen uptake and phosphorylation fluxes, extra- and intramitochondrial 

ATP/ADP ratios, extramitochondrial AMP concentration, and ∆ψ, but relatively little control over 
the ratio of reduced-to-oxidized coenzyme Q, (v) a high-fat diet induces accumulation of hepatic 

LCAC and of the oxidative stress marker Nε-(carboxymethyl)lysine, but this metabolic challenge 
does not lead to adaptation at the level of oxidative phosphorylation, (vi) long-term exposure of 
cultured human umbilical vein endothelial cells (HUVEC) to high concentrations of fatty acids 
(either palmitic or oleic acid) results in accumulation of LCAC, impaired cellular energy 
metabolism, and activation of apoptotic and inflammatory pathways.  Although the definitive proof 
that LCAC inhibit the ANT also in intact cells remains to be obtained, our findings indicate that 
ANT is a good candidate for mediating known harmful effects of LCAC under conditions of 
sustained lipid oversupply.  

 
Future perspectives 
 

Although the results presented in this thesis were largely in support of the proposed 
mechanism (Chapter 1, Refs. 13, 14) linking obesity to type 2 diabetes, some additional things 
could be done to substantiate our findings and help to draw final conclusions.  These include: (i) 
showing that LCAC indeed inhibit the ANT in intact cells, (ii) showing that ANT inhibition by 

LCAC leads to increased ∆ψ and stimulation of ROS production in intact cells, (iii) testing the 

hypothesis in β-cells (iv) assessing the levels of cellular adaptation in response to lipid oversupply 
after longer exposure times. 

There is a large amount of data on involvement of various genes, proteins, and metabolites 
in the processes underlying impairment of insulin release and signaling in obesity and type 2 
diabetes.  However, we lack the understanding how different observed phenomena relate to each 
other by causality relationships.  By combining what is already known, systems biology 
methodologies such as mathematical modeling and experimental Metabolic Control Analysis may 
yield a comprehensive picture of the connections between the different parts and lead to a higher 
level of understanding.  These models can then be used to generate experimentally testable 
hypotheses, that can be tested either using conventional molecular biology techniques or new high 
throughput techniques, e.g. microarrays, proteomics, and metabolomics.  Such approaches could 
save time and efforts needed to understand such complex diseases and identify new potential 
therapeutic targets. 
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This thesis addressed the question whether the inhibition of the mitochondrial adenine 
nucleotide translocator (ANT) by intracellular long chain acyl-CoA esters (LCAC) can underlie 
much of the systemic phenomena observed in insulin resistant states and can link obesity to type 2 
diabetes.  The ANT is the mitochondrial inner membrane protein that catalyzes exchange of ADP 
in the cytosol for ATP in the mitochondrial matrix.  Consequently, during the usual, forward mode 
of operation of mitochondrial oxidative phosphorylation, inhibition of this protein is expected to 
result in a decreased availability of cytosolic ATP, an increased level of cytosolic AMP and an 
increased rate of formation of extracellular adenosine.  Furthermore, decreased availability of 
matrix ADP will result in inhibition of ATP synthesis by ATP synthase leading to rise in the 

mitochondrial membrane potential (∆ψ).  High ∆ψ has the potential to promote the formation of 
reactive oxygen species (ROS).  All these effects of ANT inhibition are expected to lead to 
impairment of cell function in ways that appear characteristic of insulin resistant states (i.e. obesity, 
type 2 diabetes). 

Type 2 diabetes, a disease characterized by impaired glucose homeostasis is caused by 

defects both in insulin release from pancreatic β-cells and in insulin action on peripheral tissues.  It 
is becoming a major health problem worldwide.  Mitochondrial dysfunction is emerging as an 
important component of the cellular dysfunction that characterizes insulin resistant states.  In many 
cases overweight and obesity were shown to accelerate the onset of and to exacerbate the disease.  
The precise role of increased adiposity in the etiology of type 2 diabetes has not yet been 
established.  The potential roles of various adipose tissue-derived molecules such as cytokines, 
hormones and fatty acids are examples in terms of different individual molecular mechanisms that 
are investigated intensely.  Due to high number of affected genes, enzymes and pathways, the 
traditional, i.e. reductionist, molecular biology approach to systemic diseases as obesity and type 2 
diabetes may not lead to satisfactory understanding of underlying molecular mechanisms and 
finding potential therapeutic targets.  In this thesis we take the tenet that type 2 diabetes and obesity 
are biological systems diseases affecting the entire energy metabolism network of the human 
organism.  This then ends our search for a single molecular event being responsible for the 
etiologies of these diseases, and refocuses onto the search of effects on the pleiotropic waves of 
regulation through these networks.  This does not remove the role of molecular actions, but it does 
emphasize that one should look at pleiotropic causes and effects of those.  Therefore, we here 
focused on pleiotropic events around a single molecular action that we propose to be relevant for 
the link between obesity and type 2 diabetes: the inhibition of the ANT by long chain acyl-CoA 
esters (LCAC). 

Chapter 1 of this thesis gives a general introduction to the subject.  It expounds the lack of 
glucose homeostasis, the main characteristic of type 2 diabetes, in relation to increased adiposity.  
Our working hypothesis of how LCAC could bring about cellular dysfunction via inhibition of the 
ANT is presented.  Since most of the work described in this thesis was done on isolated 
mitochondria, a more detailed description of parts of mitochondrial metabolism including the 
process of oxidative phosphorylation and the production of ROS is given.  Furthermore, Metabolic 
Control Analysis (MCA) is introduced as a tool to quantify the control of metabolic pathway flux 
and metabolite concentrations by individual pathway constituents, and applied in its modular form. 

In Chapters 2 and 3 the effects of two LCAC’s, i.e. palmitoyl-CoA (C16:0) and oleoyl-CoA 
(C18:1) on oxidative phosphorylation are described.  This was done in a model system consisting 
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of isolated rat-liver mitochondria respiring either on succinate or on the NADH-delivering 
substrate, i.e. combination of glutamate plus malate.  To identify the enzymes of oxidative 
phosphorylation affected by LCAC we employed modular kinetic analysis in two different ways: 
(i) the system of oxidative phosphorylation was conceptually subdivided into three functional 

modules (substrate oxidation, phosphorylation, and proton leak) with ∆ψ as the common 
intermediate, and (ii) the same system was conceptually sub-divided into two functional modules 
(ATP-producing and ATP-consuming) with the intramitochondrial ATP/ADP ratio as the common 
intermediate (or the ATP/(ADP+ATP) ratio).  Using this approach we found that both LCAC’s 
inhibited the ANT and that neither had a significant effect on the other components of oxidative 
phosphorylation.  In agreement with earlier observations, the effect of unsaturated oleoyl-CoA was 
weaker than that of saturated palmitoyl-CoA.  Subsequently and much in the perspective of 
systems biology, we report that although both LCAC’s acted on a single molecular target, this 
resulted in alterations of many steady-state mitochondrial properties.  The latter included decreased 

oxygen uptake and phosphorylation flux, increased ∆ψ,  lower extramitochondrial ATP levels and 
higher ATP levels in the mitochondrial matrix.  Quantitatively these alterations depended on the 
conditions under which the mitochondria were functioning. 

After showing that, as hypothesized, inhibition of ANT results in lower extramitochondrial 

ATP availability and increased ∆ψ, we then addressed the question whether this could result in 
increased extramitochondrial AMP formation and stimulation of ROS production (Chapter 3).  We 
did a theoretical calculation of the extramitochondrial AMP concentration ([AMP]out) expected at 
different extramitochondrial ATP/ADP ratios and showed that [AMP]out would increase with the 
decreasing extramitochondrial ATP/ADP ratios, with a stronger increase observed at low 
extramitochondrial ATP/ADP ratios and smaller changes at high ratios.  In Chapter 2 we indeed 
had observed such a trend of increase in total AMP concentrations.  This finding indicates that the 
effect of LCAC on AMP production will vary depending on the energy state of the cell.  Next, we 
have shown that palmitoyl-CoA induces H2O2 production in mitochondria respiring on succinate in 

state 3.  This process is ∆ψ-dependent and largely stems from inhibition of the ANT. 
The relative contribution of a particular enzyme to the control of flux through a metabolic 

pathway and to the control of concentrations of metabolites is one of the factors that determine the 
extent to which inhibition of that enzyme will affect pathway function.  Accordingly, we were 
interested in the extent to which the ANT controls fluxes, metabolite concentrations and electric 
and redox potentials, and in whether these control strengths are affected by palmitoyl-CoA.  In the 
second part of Chapter 3 we implemented MCA to quantify this control.  For analysis of metabolic 
control we have conceptually sub-divided the system of oxidative phosphorylation into six modules 
(coenzyme Q-reducing module, coenzyme Q-oxidizing module, proton leak module, ATP synthesis 
module, adenine nucleotide translocator and hexokinase) connected by four intermediates (QH2/Q 

ratio, ∆ψ, matrix ATP/ADP ratio and extramitochondrial ATP/ADP ratio).  This enabled us to 
determine the control of fluxes and intermediate concentrations not only by the ANT but also by 
other components of oxidative phosphorylation.  Analysis of our experimental data showed that 
control of oxygen uptake and phosphorylation fluxes is distributed among all components of the 

system of oxidative phosphorylation, while the redox state of coenzyme Q (QH2/Q ratio), ∆ψ, the 
intramitochondrial and the extramitochondrial ATP/ADP ratios are mainly controlled by their 
immediate producer (positive control) and consumer (negative control).  The ANT partially 
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controlled all investigated properties of mitochondrial oxidative phosphorylation to different 
extents with the largest control exerted over the intra- and extramitochondrial ATP/ADP ratios.  In 
most instances, palmitoyl-CoA increased the absolute magnitude of the control exerted by ANT, 

except for the control over the QH2/Q ratio and ∆ψ, which were not significantly affected.  Data 
presented in Chapters 2 and 3 indicate that the extent to which palmitoyl-CoA affects different 
mitochondrial properties can largely be explained by the magnitude of the control exerted by ANT 
over these properties. 

Mitochondrial dysfunction is emerging as a factor in insulin resistant states.  The latter 
often arise from an oversupply of lipids.  Chapter 4 deals with the effects of long-term consumption 
of a high-fat diet (HFD) on mitochondrial function in rat liver as compared to the consumption of a 
low-fat diet (LFD).  We found that 7 weeks of HFD caused accumulation of LCAC and oxidative 

stress as reflected by the accumulation of the marker Nε-(carboxymethyl)lysine in liver.  However, 
there were no significant changes in the mitochondrial copy number and the content of the 
respiratory chain components coenzyme Q, cytochromes b and a + a3 (cytochrome c + c1 is an 
exception, as a slight but significant increase was found).  Furthermore, the steady-state oxygen 

uptake and phosphorylation fluxes, ∆ψ, intra- and extramitochondrial ATP levels and the reduction 
level of coenzyme Q were similar in succinate-oxidizing, actively phosphorylating (state 3) 
mitochondria isolated from the livers of HFD- and LFD-fed rats. We used modular kinetic analysis 
to test whether this lack of changes in steady-state mitochondrial properties was the result of 
adaptive mechanisms induced in response to HFD.  Such mechanisms might counteract the 
environmental changes by modifying the expression of involved enzymes, or by affecting the 

kinetics of the system in such a way that mitochondrial properties (e.g. ATP levels and ∆ψ) 
remained unchanged. The analysis revealed that the kinetics of the modules of oxidative 
phosphorylation were not significantly affected by HFD treatment indicating that there was no such 
homeostatic adaptation at the level of oxidative phosphorylation in response to HFD treatment.  
Modular MCA revealed that also after HFD feeding ANT retained significant control of fluxes and 
intermediates of oxidative phosphorylation suggesting that LCAC should exert their acute effects 
on mitochondrial function also under conditions of lipid oversupply. 

Endothelial dysfunction is a feature of insulin resistant states that are often characterized by 
high levels of circulating fatty acids.  In Chapter 5 we examine the mechanisms by which fatty 
acids impair endothelial function and try to assess the contribution of the ANT inhibition by LCAC 
to these mechanisms.  We showed that long term exposure of cultured human umbilical vein 
endothelial cells (HUVEC) to high concentrations of palmitic (C16:0) or oleic (C18:1) acid 
resulted in increased total LCAC content.  This increase was due to accumulation of LCAC species 
somewhat reflecting the fatty acid type used in the incubation.  The increase was accompanied by a 
decrease in ATPtotal/ADPtotal ratio.  It remains to be proven that the former phenomenon is causing 
the second via inhibition of the ANT by the LCAC.  Inhibition of acyl-CoA synthetase by triacsin 
C led to an increase in ATPtotal/ADPtotal ratio indicating that it may be the case.  However, the 
increase in ATPtotal/ADPtotal ratio was observed not only in fatty acid treated but also in control 
cells suggesting that inhibition of acyl-CoA synthetase has a complex effect on cell function that is 
not easy to interpret. 

Palmitic acid caused stronger activation of caspase-3 than oleic acid.  In contrast to the 

effect of oleic acid, the effect of palmitic acid was partially blocked by antioxidant α-tocopherol 
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and inhibitor of ceramide synthase fumonisin B1, and completely abolished by triacsin C.  
Moreover, palmitic and oleic acid differently affected cell proliferation, activation of nuclear 

factor-κB (NF-κB) and expression of adhesion molecules.  The former process was more 
influenced by saturated palmitic acid, while the latter was more affected by unsaturated oleic acid.  
We hypothesize that this is caused by different metabolism of saturated and unsaturated fatty acids.  
Saturated fatty acids are preferentially converted to diacylglycerol and ceramide, molecules that 
regulate proliferation, differentiation and growth.  However, due to toxicity of ceramide synthase 
inhibitor fumonisin B1 the role of ceramides in fatty acid induced endothelial dysfunction remains 
to be elucidated.  Unsaturated fatty acids may be more likely to contribute to oxidative stress due to 
oxidation of their double bonds.  Taken together, we showed that depending on the type, 
concentration and duration of exposure fatty acids influence endothelial cell function through 
activation of apoptotic and inflammatory pathways. 

In summary, the data presented in this thesis show that in agreement with the proposed 
mechanism, LCAC added to isolated rat-liver mitochondria inhibit the ANT which results in lower 

extramitochondrial ATP levels and higher ∆ψ.  This leads to increased formation of 
extramitochondrial AMP and ROS production by mitochondria.  Furthermore, long-term exposure 
to a diet rich in fat causes accumulation of LCAC in rat liver indicating that the inhibition of ANT 
by LCAC might also occur in intact animals leading to the adverse effects demonstrated in isolated 
rat-liver mitochondria.  This may be especially so, as long-term oversupply of lipids does not seem 
to lead to adaptive changes by increasing the number of mitochondria per cell or stimulating 
expression of ANT and/or other enzymes of oxidative phosphorylation.  Similarly to rat-liver, 
exposure of human endothelial cells to high concentrations of fatty acids led to accumulation of 
LCAC and lowering of ATPtotal/ADPtotal ratio indicating possible inhibition of ANT.  Thus our 
findings support the hypothesis that inhibition of ANT by LCAC can at least partly underlie 
cellular dysfunction characteristic of insulin resistant states (i.e. obesity and type 2 diabetes).  More 
generally the work presented here demonstrated how modular kinetic analysis and Metabolic 
Control Analysis can be used in assessment of cause-effect relationships in biological systems 
diseases such as obesity and type 2 diabetes. 
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In dit proefschrift wordt onderzocht of remming van de mitochondriële Adenine Nucleotide 
Translocator (ANT) door in de cel aanwezige coenzym A esters van vetzuren met lange 
koolstofketens (LCAC) de oorzaak kan zijn van veel verschijnselen die optreden in insuline-
ongevoelige toestanden zoals die optreden bij vetzucht en type 2 diabetes, en op die manier het 
verband kan verklaren tussen vetzucht en type 2 diabetes.  ANT is een enzym uit de mitochondriële 
binnenmembraan dat de uitwisseling katalyseert tussen ATP in de mitochondriële matrix en ADP 
uit het celsap.  Daarom verwachten we dat remming van dit enzym tijdens ATP productie via 
oxidatieve fosforylering leidt tot een tekort aan ATP in het celsap, met als gevolg een hogere 
vormingssnelheid van adenosine buiten de cel.  Verder zal de geringere beschikbaarheid van ADP 
in de matrix er toe leiden dat ATP synthese door de ATP synthase vermindert, zodat de 

mitochondriële membraanpotentiaal (∆ψ) toeneemt.  Een hoge ∆ψ kan leiden tot een stimulering 
van de vorming van reactieve vormen van zuurstof (ROS).  Naar verwachting zullen al deze 
effecten van remming van de ANT leiden tot het gebrekkige functioneren van cellen dat wordt 
gezien bij insuline-ongevoelige toestanden (zoals die onder andere optreden bij vetzucht en type 2 
diabetes). 

Type 2 diabetes is een ziekte die wordt gekenmerkt door een slechte glucose homeostase 
(het constant blijven van de hoeveelheid glucose in het bloed), die kan worden veroorzaakt zowel 

door problemen met de insulineproductie door β-cellen in de alvleesklier, als door problemen met 
de uitwerking van insuline op de overige weefsels.  De ziekte is een wereldwijd probleem aan het 
worden.  Slechte werking van de mitochondriën komt naar voren als een belangrijke factor bij het 
slechte functioneren van cellen zoals dat optreedt bij insuline-ongevoelige toestanden.  In veel 
gevallen is gevonden dat overgewicht en vetzucht ertoe leiden dat de ziekte eerder inzet, en 
vervolgens een ernstiger verloop kent.  De precieze rol die toegenomen vervetting speelt bij het 
veroorzaken van type 2 diabetes is nog niet bekend.  Ideeën over de rol van verschillende uit het 
vetweefsel afkomstige moleculen, zoals cytokinen, hormonen en vetzuren leiden tot verschillende 
voorstellen voor moleculaire mechanismen, die intensief worden bestudeerd.  Door het grote aantal 
betrokken genen, enzymen en metabole routes, is de traditionele, reductionistische moleculair-
biologische aanpak van onderzoek van "systeemziektes" zoals vetzucht en type 2 diabetes vaak niet 
effectief.  Het begrip van onderliggende moleculaire mechanismen, en het identificeren van 
kansrijke aanknopingspunten voor therapie is dan ook teleurstellend. In dit proefschrift wordt er 
van uit gegaan dat vetzucht en type 2 diabetes inderdaad te zien zijn als afwijkingen van het 
biologische systeem als geheel (systeem ziektes), en dat het hele netwerk van energie metabolisme 
in de mens is aangetast.  Het zoeken naar een enkelvoudige moleculaire oorzaak voor deze ziektes 
is dus niet erg nuttig; we moeten ons vooral richten op de dynamiek van de regulatie (die 
meervoudige bronnen kan hebben) door deze netwerken.  Dat betekent niet dat moleculaire 
mechanismen onbelangrijk zijn, maar dat we nadrukkelijk ook meervoudige oorzaken en hun 
gevolgen moeten bestuderen.  Binnen dat kader is dit onderzoek gericht op de meervoudige 
gevolgen van een enkele moleculaire gebeurtenis waarvan we voorstellen dat die belangrijk is voor 
het verband tussen vetzucht en type 2 diabetes: de remming van ANT door LCAC. 

Hoofdstuk 1 bevat een algemene inleiding.  Hierin wordt de gebrekkige homeostase van 
glucose, het belangrijkste kenmerk van type 2 diabetes, besproken in verband met toegenomen 
vervetting.  De werkhypothese over hoe remming van ANT door LCAC leidt tot slechte werking 
van de cellen wordt uiteengezet.  Omdat het meeste werk in dit proefschrift met geïsoleerde 
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mitochondriën is uitgevoerd, wordt een gedeelte van het mitochondriële metabolisme (oxidatieve 
fosforylering, en productie van ROS) in meer detail beschreven.  Verder wordt Metabole Controle 
Analyse (MCA) geïntroduceerd als hulpmiddel om de controle van de fluxen door metabole routes 
en van metabolietconcentraties door onderdelen van die routes kwantitatief te beschrijven. 

In Hoofdstukken 2 en 3 worden de effecten op oxidatieve fosforylering beschreven van 
twee LCAC's, de Coenzym A esters van palmitinezuur (palmitoyl-CoA, C16:0) en oliezuur 
(oleoyl-CoA, C18:1).  Dit onderzoek werd uitgevoerd in een modelsysteem dat bestond uit 
geïsoleerde rattenlever mitochondriën, die òf barnsteenzuur (succinaat), òf een NADH-
producerende combinatie van glutaminezuur (glutamaat) en appelzuur (malaat) verademden.  Om 
aangrijpingspunten van LCAC op de enzymen van de oxidatieve fosforylering te identificeren via 
analyse van modulaire kinetiek werd het systeem op twee verschillende manieren in modules 

verdeeld: (i) drie functionele modules (substraat oxidatie, fosforylering en protonlek) met ∆ψ als 
verbindende schakel; (ii) twee functionele modules (ATP-producerend en ATP-verbruikend), met 
intramitochondriëel ATP als verbindende schakel (uitgedrukt als ATP/ADP verhouding, of als de 
verhouding ATP/(ATP + ADP)).  Met deze benadering werd gevonden dat beide LCAC de ANT 
remden, en niet of nauwelijks de andere componenten van de oxidatieve fosforylering.  In 
overeenstemming met eerdere waarnemingen, was het effect van het onverzadigde oleoyl-CoA 
zwakker dan dat van het verzadigde palmitoyl-CoA.  We stelden vervolgens vast dat hoewel de 
LCAC's slechts één enkel moleculair aangrijpingspunt hadden, hierdoor (geheel in 
overeenstemming met het gezichtspunt van de systeem biologie) een groot aantal steady-state 
eigenschappen van de mitochondriën veranderden. Het betreft lagere zuurstofopname- en 

fosforyleringfluxen, een hogere ∆ψ, een lager ATP-gehalte in het celsap en een hoger ATP-gehalte 
in de mitochondriële matrix.  De grootte van deze veranderingen was afhankelijk van de 
omstandigheden waaronder de mitochondriën hun werk deden. 

Nadat gebleken was dat in overeenstemming met de hypothese remming van de ANT leidt 

tot een lagere hoeveelheid ATP buiten de mitochondriën en een hogere ∆ψ, werd onderzocht in 
hoeverre dat leidt tot een toename van AMP vorming buiten de mitochondriën, en een stimulering 
van ROS productie (Hoofdstuk 3).  Een berekening van de te verwachten hoeveelheid AMP als 
functie van de ATP/ADP verhouding buiten de mitochondriën liet zien dat de hoeveelheid AMP 
toeneemt als ATP/ADP afneemt.  Dit effect is sterker naarmate ATP/ADP lager is.  In Hoofdstuk 2 
werd deze trend inderdaad experimenteel gevonden in de totale hoeveelheid AMP.  Hieruit volgt 
dat het effect van LCAC op AMP productie afhangt van de energietoestand van de cel.  Vervolgens 
werd aangetoond dat palmitoyl-CoA de vorming van H2O2 (één van de ROS) stimuleert in 
mitochondriën die succinaat verademen onder omstandigheden waarbij veel ATP wordt gevormd 

(state 3).  Dit proces hangt af van ∆ψ, en wordt grotendeels veroorzaakt door remming van de 
ANT. 

De relatieve bijdrage van een bepaald enzym aan de controle van de flux door een metabole 
route en aan de controle van metabolietconcentraties is één van de factoren die bepalen in hoeverre 
de remming van dat enzym de functie van die route in gevaar brengt.  Om die reden wilden we 
weten in hoeverre de ANT fluxen, metaboliet concentraties, elektrische- en redoxpotentialen 
controleert, en in hoeverre die controle verandert onder invloed van palmitoyl-CoA.  In het tweede 
deel van Hoofdstuk 3 wordt MCA gebruikt om die controle te kwantificeren.  Voor de analyse van 
de metabole controle werd de oxidatieve fosforylering in zes modules verdeeld (coenzym Q-
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reducerende module, coenzym Q-oxiderende module, proton lek, ATP synthese, ANT en 

hexokinase), met vier verbindende schakels (de QH2/Q verhouding, ∆ψ en de ATP/ADP 
verhoudingen in de mitochondriële matrix en buiten de mitochondriën).  Hierdoor was het mogelijk 
om niet alleen de controle op fluxen en concentraties door de ANT, maar ook door de andere 5 
modules te bepalen.  Analyse van de experimentele gegevens toonde aan dat controle van de 
zuurstofopnameflux en de fosforyleringsflux verdeeld is tussen alle componenten van het systeem, 

terwijl de reductiegraad van coenzym Q (QH2/Q ratio), ∆ψ, en de ATP/ADP verhoudingen binnen 
en buiten de mitochondriën voornamelijk worden bepaald door de directe producent (positieve 
controle) en directe verbruiker (negatieve controle).  De ANT draagt bij aan de controle van alle 
onderzochte eigenschappen van de mitochondriële oxidatieve fosforylering, maar vooral aan de 
controle van de ATP/ADP verhoudingen binnen en buiten de mitochondriën.  In de meeste 
gevallen verhoogt palmitoyl-CoA de absolute grootte van de controle door ANT, behalve bij de 

controle van de QH2/Q verhouding en van ∆ψ, waar het effect verwaarloosbaar was.  De gegevens 
in Hoofdstukken 2 en 3 laten zien dat de mate waarin palmitoyl-CoA invloed heeft op de 
mitochondriële eigenschappen grotendeels verklaard kan worden uit de mate waarin de ANT 
controle uitoefent over deze eigenschappen. 

Slecht functioneren van de mitochondriën komt steeds meer naar voren als een factor bij 
insuline resistentie.  Insuline resistentie is vaak een gevolg van een overvloedige toevoer van 
vetten.  In Hoofdstuk 4 wordt onderzocht wat de gevolgen zijn voor de mitochondriële werking in 
rattenlever van een langdurig vetrijk dieet (HFD) ten opzichte van een vetarm dieet (LFD).  Er 
werd gevonden dat 7 weken HFD tot gevolg had dat er in de lever een opeenstapeling van LCAC 
werd waargenomen, naast oxidatieve schade (weerspiegeld door opeenstapeling van de 

"markeerder" Nε-(carboxymethyl)lysine).  Er werden echter geen verschillen gevonden in het 
aantal kopieën van het mitochondriëel DNA, of in de hoeveelheden van de ademhalingsketen 
componenten coenzym Q, cytochroom b en cytochroom a + a3 (cytochroom c + c1 is een 
uitzondering: hier werd een kleine, doch significante toename gevonden).  Ook waren de steady-

state waardes van zuurstofopname- en fosforyleringsfluxen, ∆ψ, de ATP/ADP verhoudingen 
binnen en buiten de mitochondriën en de reductiegraad van coenzym Q vergelijkbaar in succinaat 
verademende, actief fosforylerende (state 3) mitochondriën uit de levers van HFD of LFD ratten.  
We pasten analyse van modulaire kinetiek toe om na te gaan of dit gebrek aan veranderingen in de 
steady-state waardes van de mitochondriële eigenschappen het gevolg kan zijn van een 
aanpassingsmechanisme ten gevolge van het HFD.  Een dergelijk mechanisme zou 
omgevingsveranderingen kunnen compenseren door de expressie van enzymen of de kinetiek 

binnen het systeem zodanig aan te passen dat eigenschappen zoals ATP niveaus en ∆ψ 
onveranderd blijven.  De analyse bracht aan het licht dat dergelijke aanpassingen van de kinetiek 
van de modules van de oxidatieve fosforylering niet optreden na HFD voeding, zodat er geen 
homeostase is op dit niveau.  Een tweede conclusie is dat controle door de ANT niet verandert 
tengevolge van HFD voeding, hetgeen suggereert dat LCAC hun effect ook uitoefenen onder 
omstandigheden van overmatige vettoevoer. 

Bij insuline resistentie, waarbij hoge niveaus van circulerende vetzuren voorkomen, wordt 
ook slecht functioneren van endotheelcellen vastgesteld.  In Hoofdstuk 5 wordt het mechanisme 
onderzocht waarmee vetzuren de werking van endotheelcellen verstoren, waarbij met name de rol 
van remming van de ANT door LCAC in dat mechanisme wordt bekeken.  We toonden aan dat 
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langdurige blootstelling van gekweekte menselijke navelstreng-ader endotheelcellen (HUVEC) aan 
hoge concentraties palmitinezuur (C16:0) of oliezuur (C18:1) leidt tot verhoging van het LCAC-
gehalte in de cellen.  Deze toename was voornamelijk in de gehaltes van de LCAC's die 
overeenkwamen met de vetzuren waaraan de cellen waren blootgesteld.  De toename werd 
vergezeld door een afname in de totale ATP/ADP verhouding in de cellen.  Het is nog niet 
duidelijk of de eerste bevinding verantwoordelijk is voor de tweede via remming van de ANT door 
de LCAC.  Een aanwijzing hiervoor is dat remming van de acyl-CoA synthese (door de remmer 
triacsin C) leidt tot een hogere totale ATP/ADP verhouding in de cellen.  Echter, deze toename in 
totale ATP/ADP verhouding werd ook gevonden in controlecellen die niet met vetzuren waren 
geïncubeerd.  De conclusie is dat remming van de acyl-CoA synthetase een complex effect heeft op 
de cel dat niet makkelijk is te duiden. 

Palmitinezuur activeerde caspase-3 beter dan oliezuur.  Dit effect van palmitinezuur werd 

gedeeltelijk verhinderd door de anti-oxidant α-tocoferol of de ceramide synthase remmer 
fumonisine B1, en volledig door triacsin C.  Dit alles geldt niet voor het effect van oliezuur.  Verder 
hebben palmitinezuur en oliezuur verschillende effecten op cel proliferatie, activering van de 

kernfactor-κB (NF-κB) en expressie van adhesiefactoren.  Het eerste proces was gevoeliger voor 
het verzadigde palmitinezuur, het laatste was gevoeliger voor het onverzadigde oliezuur.  We 
vermoeden dat dit het gevolg is van verschillen tussen het metabolisme van verzadigde en 
onverzadigde vetzuren.  Verzadigde vetzuren worden bij voorkeur omgezet in diacylglycerol en 
ceramide, stoffen die proliferatie, differentiatie en groei van cellen reguleren.  De rol van ceramides 
in de door vetzuren veroorzaakte slechte werking van endotheelcellen kan worden onderzocht met 
behulp van een ceramide synthase remmer.  Echter, vanwege de giftigheid van deze remmer 
fumonisine B1 was dat niet mogelijk.  Het is waarschijnlijk dat onverzadigde vetzuren bijdragen 
aan oxidatieve stress door oxidatie van hun dubbele bindingen.  Dit alles tezamen laat zien dat, 
afhankelijk van het soort, de hoeveelheid of de duur van de blootstelling, vetzuren de werking van 
endotheelcellen beïnvloeden door activering van processen die optreden bij ontstekingen, of 
betrokken zijn bij geprogrammeerde celdood (apoptose). 

Samenvattend, de in dit proefschrift beschreven resultaten laten zien dat in 
overeenstemming met de werkhypothese LCAC in geïsoleerde rattenlever mitochondriën de ANT 

remmen, hetgeen leidt tot een lager ATP niveau buiten de mitochondriën, en een hogere ∆ψ.  Dit 
leidt vervolgens tot verhoogde vorming ROS door de mitochondriën, en van extra-mitochondriëel 
AMP.  Verder veroorzaakt langdurige blootstelling aan een vetrijk dieet ophoping van LCAC in 
rattenlever, zodat remming van de ANT door LCAC ook in intacte dieren op kan treden, met als 
gevolg dat we ook daar de effecten kunnen verwachten die we in geïsoleerde rattenlever 
mitochondriën hebben waargenomen.  Dit des te meer omdat langdurige blootstelling aan een 
vetrijk dieet niet lijkt te leiden tot aanpassingen in de vorm van het aantal mitochondriën per cel, of 
stimulering van expressie van ANT en/of andere enzymen betrokken bij oxidatieve fosforylering.  
Net als in rattenlever, leidt blootstelling van menselijke endotheelcellen aan hoge concentratie 
vetzuren tot opeenhoping van LCAC en verlaging de totale ATP/ADP verhouding, hetgeen 
mogelijk duidt op remming van de ANT.  Onze bevindingen ondersteunen dus de hypothese dat 
remming van de ANT door LCAC in ieder geval deels aan de basis ligt van de slechte werking van 
cellen die kenmerkend is voor insuline ongevoeligheid die optreedt bij vetzucht en type 2 diabetes.  
Meer in het algemeen laat dit werk zien hoe analyse van modulaire kinetiek en Metabole Controle 
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Analyse toegepast kunnen worden om oorzaak-gevolg relaties bij systeemziektes zoals vetzucht en 
type 2 diabetes te onderzoeken. 
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Šioje disertacijoje aš bandžiau atsakyti į klausimą ar mitochondrijų adenino nukleotidų 
translokatoriaus (ANT) inhibicija ilgos grandinės acil-KoA esteriais yra vienas iš mechanizmų 
siejančių nutukimą su antro tipo diabetu.  ANT yra mitochondrijų vidinės membranos baltymas, 
kuris katalizuoja citozolinio ADP mainus į matrikse susintetintą ATP.  Todėl yra logiška tikėtis, 
kad ANT inhibicijos pasėkoje sumažės ATP ir padidės AMP koncentracija citozolyje, kas 
paskatins adenozino susidarymą bei ekstraląstelinę sekreciją.  Be to, sumažėjus ADP koncentracijai 
matrikse turėtų sulėtėti ATP sintazės veikla, kas savo ruožtu sukels mitochondrijų vidinės 

membranos potencialo (∆ψ) padidėjimą.  Aukštas ∆ψ gali stimuliuoti laisvųjų deguonies radikalų 
susidarymą.  Visi paminėti ANT inhibicijos padariniai gali sukelti ląstelės funkcionavimo 
sutrikimus, kurie bent jau iš dalies yra būdingi insulinui atsparioms būsenoms (pvz. nutukimui, 
antro tipo diabetui). 

Sergančių antro tipo diabetu žmonių skaičius visame pasaulyje sparčiai didėja.  Antro tipo 
diabetas yra liga, kuria sergant susilpnėja gliukozės homeostazė, t.y. organizmo gebėjimas palaikyti 
pastovią gliukozės koncentraciją kraujyje.  Paprastai gliukozės homeostazės sumažėjimo priežastis 
yra insulino poveikio susilpnėjimas periferiniuose audiniuose (skeleto raumenyse, kepenyse, 

riebaliniame audinyje), bei insulino sekrecijos iš kasos β-ląstelių sutrikimai.  Pastaruoju metu 
daugėja įrodymų, kad mitochondrijų funkcijos sutrikimas gali būti vienas iš veiksnių nulemiančių 
ląstelės funkcijos sutrikimus insulinui atspariose būsenose.  Taip pat daugeliu atvejų viršsvoris ir 
nutukimas pagreitina ir paaštrina ligos simptomų pasireškimą.  Tikslus nutukimo vaidmuo diabeto 
etiologijoje vis dar nežinomas.  Šiuo metu intensyviai tiriamas iš riebalinio audinio ląstelių 
sekretuojamų molekulių (citokinų, hormonų, riebalinių rūgščių) vaidmuo gliukozės homeostazę 
susilpninančiuose mechanizmuose.   

Antro tipo diabeto pasireiškimas yra susijęs net su keletu genų, fermentų ir metabolinių 
kelių.  Tačiau padėtį komplikuoja ne tik didelis potencialių ligos priežasčių skaičius, bet ir tai, kad 
dažnai neįmanoma atsekti įvykių sekos, t.y. kas yra stebimo reiškinio priežastis, o kas pasekmė.  
Todėl panašu, kad tradiciniai molekulinės biologijos metodai yra neįgalūs padėti suprasti ligos 
molekulinį mechanizmą bei efektyviai ieškoti naujų molekulinių taikinių vaistams.  Šioje 
disertacijoje aš remiuosi principu, kad antro tipo diabetas yra liga, kurią reikia nagrinėti biologinės 
sistemos lygyje, o ne atskiro sistemos komponento lygyje (pvz. vieno geno ar fermento).  Laikantis 
tokio pžiūrio komponentai ir poveikis jiems vis dar išlieka svarbūs, tačiau labiau akcentuojamas 
poveikio pasekmių sistemos funkcionavimui daugialypiškumas.   

Pirmame disertacijos skyriuje pateikiamas bendras įvadas į tiriamą temą.  Jame 
apibendrinama dabartinė informacija apie su nutukimu susijusio gliukozės homeostazės sutrikimo 
(pagrindinį antro tipo diabeto bruožą) mechanizmus.  Taip pat pristatoma mūsų darbinė hipotezė, 
kaip ANT inhibicija ilgos grandinės acil-KoA esteriais galėtų sukelti ląstelės funkcijų sutrikimus.  
Kadangi didžioji dalis šioje disertacijoje aprašyto darbo buvo atlikta naudojant izoliuotas 
mitochondrijas kaip tyrimo objektą, šiame skyriuje taip pat pateikiamas detalus kai kurių 
mitochondrijose vykstančių procesų (oksidacinio fosforilinimo ir laisvųjų deguonies radikalų 
susidarymo) aprašymas.  Be to, skaitytojas yra supažindinamas su tradicine ir modulių Metabolinės 
Kontrolės Analize, kurios pagalba galima įvertinti kiekvieno metabolinio kelio komponento 
kiekybinį įnašą į srautų ir metabolitų koncentracijų kontrolę tame metaboliniame kelyje.   

Antrame ir trečiame disertacijos skyriuose aptariamas dviejų ilgos grandinės acil-KoA, t.y. 
palmitoil-KoA (C16:0) ir oleoil-KoA (C18:1), poveikis oksidacinio fosforilinimo sistemai.  Šių 
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junginių poveikis buvo tirtas izoliuotose žiurkės kepenų mitochondrijose oksiduojančiose sukcinatą 
arba NADH tiekiantį substratų derinį glutamatą plius malatą.  Norint nustatyti, kuriems fermentams 
ir oksidacinio fosforilinimo sistemos procesams ilgos grandinės acil-KoA turi poveikį, buvo 
panaudota dvejopa modulių kinetikos analizė: (i) oksidacinio fosforilinimo sistema buvo 
konceptualiai padalinta į tris funkcinius modulius (substratų oksidacija, fosforilinimas ir protoninis 

laidumas) tarpusavyje sąveikaujančių per ∆ψ kaip “jungiantį metabolitą”, ir (ii) ta pati sistema 
buvo konceptualiai padalinta į du funkcinius modulius (ATP sintezės ir ATP suvartojimo) 
tarpusavyje sąveikaujančių per ATP/ADP santykį (arba ATP/(ATP+ADP) santykį) mitochondrijų 
matrikse.  Šio metodo pagalba mes parodėme, kad ir palmitoil-KoA, ir oleoil-KoA inhibavo ANT 
ir neturėjo poveikio kitiems oksidacinio fosforilinimo sistemos komponentams.  Mūsų rezultatai 
patvirtino ankstesnius pastebėjimus, kad nesotaus oleoil-KoA poveikis yra silpnesnis nei sotaus 
palmitoil-KoA.  Sistemų biologijos perspektyvoje mes parodėme, kad nors abu ilgos grandinės 
acil-KoA esteriai esant tokioms eksperimento sąlygoms sąveikauja su tik su vienu molekuliniu 
taikiu (t.y. ANT), tačiau tai sukelia daugelio mitochondrijų savybių pokyčius stacionarioje 
būsenoje.  Pastarieji apima sumažėjusį deguonies suvartojimo ir fosforilinimo srautą, padidėjusį 

∆ψ, sumažėjusią ekstramitochondrinio ATP ir padidėjusią matrikso ATP koncentraciją.  
Kiekybiškai šie pokyčiai priklausė nuo mitochondrijų funkcionavimo sąlygų (tirtos trys sąlygos: (i) 
substratų perteklius, maksimalus fosforilinimo greitis, (ii) limituotas redukcinių ekvivalentų 
tiekimas, ir (iii) sumažintas ekstramitochondrinio ATP suvartojimo greitis). 

Po to, kai parodėme, kad kaip ir buvo siūloma mūsų hipotezėje ANT inhibicija sukelia 

ekstarmitochondrinio ATP koncentracijos sumažėjimą ir ∆ψ padidėjimą, mes pabandėme atsakyti į 
klausimą ar šie pokyčiai savo ruožtu gali stimuliuoti ekstramitochondrinio AMP ir laisvųjų 
deguonies radikalų susidarymą (2 ir 3 skyrius).  Mes apskaičiavome teorinę ekstramitochondrinio 
AMP koncentracijos ([AMP]out) priklausomybę nuo ekstramitochondrinio ATP/ADP santykio ir 
parodėme, kad mažėjant ATP/ADP santykiui [AMP]out didėja.  Be to, kuo mažesnis ATP/ADP 
santykis, tuo stipresnis [AMP]out padidėjimas.  Tokia tendencija taip pat buvo stebima ir 
eksperimentuose, aprašytuose antrame skyriuje.  Šie rezultatai rodo, kad ilgos grandinės acil-KoA 
esterių poveikis AMP susidarymui priklausys nuo ląstelės energetinės būsenos.  Trečiame skyriuje 
mes taip pat parodėme, kad izoliuotose žiurkės kepenų mitochondrijose oksiduojančiose sukcinatą 
palmitoil-KoA stimuliuoja H2O2 sussidarymą trečioje būsenoje.  Tačiau šis procesas tik iš dalies 

priklauso nuo ∆ψ ir tik iš dalies susijęs su ANT inhibicija. 
Tam tikro fermento santykinis įnašas į srauto ar metabolito koncentracijos metaboliniame 

kelyje kontrolę yra vienas iš faktorių nulemiančių to fermento inhibicijos pasekmes metabolinio 
kelio funkcionavimui.  Dėl šios priežasties buvo įdomu nustatyti ANT įnašą į srautų, metabolitų 
koncentracijų, elektrinio ir redukcijos potencialo kontrolę oksidacinio fosforilinimo sistemoje ir 
kokia yra palmitoil-KoA įtaka kontrolės lygiui.  Trečiame disertacijos skyriuje kiekybiniam 
kontrolės laipsnio įvertinimui mes panaudojome Metabolinės Kontrolės Analizę.  Norint gauti 
detalią oksidacinio fosforilinimo sistemos kontrolės struktūrą, sitema buvo konceptualiai padalinta 
į šešis modulius (kofermentą Q redukuojantis modulis, kofermentą QH2 oksiduojantis modulis, 
protoninio laidumo modulis, ATP sintezės modulis, ANT ir heksokinazė) sąveikaujantys per 

keturis jungiančius metabolitus (Q/QH2 santykį, ∆ψ, ekstra- ir intramitochondrinį ATP/ADP 
santykį).  Tokiu būdu buvo įmanoma kiekybiškai įvertinti ne tik ANT, bet ir kitų oksidacinio 
fosforilinimo sistemos komponentų įnašą į srautų ir metabolitų koncentracijų kontrolę oksidacinio 
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fosforilinimo sistemoje.  Eksperimentinių duomenų analizė parodė, kad deguonies suvartojimo ir 
fosforilinimo srauto kontrolė yra beveik tolygiai pasiskirsčiuosi tarp visų sistemos komponentų.  

Tuo tarpu Q/QH2 santykis, ∆ψ, ekstra- ir intramitochondrinis ATP/ADP santykis buvo stipriausiai 
kontroliuojami tų sitemos komponentų, kurie yra tiesiogiai susiję su “metabolito” susidarymu 
(teigiama kontrolė) arba suvartojimu (neigiama kontrolė).  ANT dalinai kontroliavo visas tirtas 
oksidacinio fosforilinimo sistemos savybes.  Stipriausiai ANT kontroliavo ekstra- ir 

intramitochondrinis ATP/ADP santykį.  Išskyrus Q/QH2 santykį ir ∆ψ, palmitoil-KoA padidino 
absoliutų ANT įnašą į srautų ir metabolitų kontrolę.  Tolesnė analizė parodė, kad ANT įnašo dydis 
didžiąja dalimi nulėmė palmitoil-KoA poveikio srautams ir metabolitų koncentracijoms dydį. 

Kaip jau minėta, vis daugėja įrodymų, kad mitochondrijų funkcijos sutrikimai vaidina 
svarbų vaidmenį insulinui atspariose būsenose.  Pastarosios dažnai yra susijusios su padidėjusiu 
lipidų tiekimu ląstelei.  Ketvirtame disertacijos skyriuje analizuojamas ilgalaikis dietos (daug 
riebalų (HFD) vs. mažai riebalų (LFD)) poveikis žiurkės kepenų mitochondrijų funkcijai.  Po 7 
savaičių šėrimo HFD, stipriai padidėjo ilgos grandinės acil-KoA koncentracija ir susikaupė 

oksidacinio streso žymuo Nε-(karboksimetil)lizinas kepenyse.  Tačiau mitochondrijų skaičius 
ląstelėje, bei kvėpavimo grandinės komponentų kofermento Q, citochromų b ir a + a3 kiekis 
mitochondrijose žymiai nepakito (išskyrus citochromus c + c1, kurių kiekis nedaug, bet statistiškai 

patikimai sumažėjo).  Be to, deguonies suvartojimo ir fosforilinimo srautas, ∆ψ, ekstra- ir 
intramitochondrinis ATP/ADP santykis buvo pananušus sukcinatą oksiduojančiose, aktyviai 
fosforilinančiose kepenų mitochondrijose iš žiurkių, šertų HFD arba LFD.  Adaptaciniai procesai 
gali neutralizuoti aplinkos veiksnių sukeltus pokyčius.  Pavyzdžiui genų ekspresija ar susijusių 
fermentų kinetika gali būti paveikiama taip, kad mitochondrijų savybės (pvz. ATP koncentracija ir 

∆ψ) nepakis.  Norėdami nustatyti, ar poveikio mitochondrijų savybėms stacionarioje būsenoje 
nebuvimas yra susijęs su adaptaciniais procesais sukeltais HFD, mes panaudojome modulių 
kinetinę analizę.  Analizė parodė, kad HFD neturėjo didelio poveikio oksidacinio fosforilinimo 
sistemos modulių kinetikai.  O tai savo ruožtu reiškia, kad HFD nesukėlė homeostatinės 
adaptacijos bent jau oksidacinio fosforilinimo sistemos lygyje.  Modulių Metabolinės Kontrolės 
Analaizė parodė, kad HFD nesumažino ANT įnašo į srautų ir metabolitų kontrolę oksidacinio 
fosforilinimo sistemoje.  Apibendrinus gautus duomenis peršasi mintis, kad neigiamas ilgos 
grandinė acil-KoA esterių poveikis mitochondrijų funkcijai turėtų būti stebimas ir esant padidintam 
lipidų tiekimui.  

Kraujagyslių endotelio funkcijų sutrikimas insulinui atspariose būsenose dažnai yra susijęs 
su padidėjusia cirkuliuojančių riebalinių rūgščių koncentracija.  Penktame skyriuje mes bandėme 
nustatyti kokie yra riebalinių  rūgščių sukeltų endotelinių ląstelių funkcijos sutrikimų mechanizmai 
ir koks vaidmuo tuose mechanizmuose tenka ANT.  Žmogaus virkštelės venos endotelinių ląstelių 
kultūroje (HUVEC) po 48 val. inkubacijos su 0.5 mM palmitato (C16:0) arba 0.5 mM oleato 
(C18:1) stipriai padidėjo ilgos grandinės acil-KoA esterių koncentracija.  Susikaupusių acil-KoA 
esterių tipas priklausė nuo inkubacijoje naudotos riebalinės rūgštie tipo.  Lygiagrečiai su 
padidėjusia ilgos grandinės acil-KoA esterių koncentracija buvo stebimas ATPtotal/ADPtotal santykio 
ląstelių ekstraktuose sumažėjimas.  Tačiau vis dar reikia įrodyti, kad antrasis įvykis yra nulemtas 
pirmojo dėl ANT inhibicijos ilgos grandinės acil-KoA esteriais.  Iš dalies tokia hipotezė galėtų būti 
tikėtina, nes acil-KoA sintetazės inhibicija triaksinu C taip pat sukėlė ATPtotal/ADPtotal santykio 
sumažėjimą.  Tačiau triaksino C poveikis buvo stebimas ne tik riebalinėmis rūgštimis paveiktose 
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ląstelėse, bet ir kontrolinėse ląstelėse.  Tai rodo, kad acil-KoA sintetazės inhibicijos pasėkmės 
ląstelės funkcijai yra sudėtingos, ir gautus rezultatus neįmanoma interpretuoti vienareikšmiškai. 

Palmitatas stipriau nei oleatas aktyvavo apoptozėje dalyvaujantį fermentą kaspazę-3.  

Antioksidantas α-tokoferolis ir ceramido sintazės inhibitorius fumonisinas B1 iš dalies, tuo tarpu 
triaksinas C visiškai užblokavo palmitato, bet ne oleato poveikį.  Be to, skyrėsi palmitato ir oleato 

poveikis endotelinių ląstelių proliferacijai, branduolio faktoriaus-κB (NF-κB) aktyvacijai ir 
adhezijos molekulių ekspresijai.  Proliferacijai didesnį poveikį turėjo sočioji riebalinė rūgštis 
palmitatas, o adhezijos molekulių ekspresijai – nesočioji riebalinė rūgštis oleatas.  Hipotetiškai 
skirtingas palmitato ir oleato poveikis yra nulemtas skirtingo sočiųjų ir nesočiųjų riebalinių rūgščių 
metabolizmo.  Nesočiosios riebalinės rūgštys dėl dvigubų jungčių polinkio oksiduotis gali labiau 
prisidėti prie oksidacinio streso.  Tuo tarpu diacilglicerolio ir ceramidų (molekulių reguliuojančių 
proliferaciją, augimą ir diferenciaciją) sintezei daugiausiai naudojamos sočiosios riebalinės rūgštis.  
Tačiau dėl didelio ceramidų sintazės inhibitoriaus fumonisino B1 citotoksiškumo mums nepavyko 
nustatyti, kokį vaidmenį riebalinių rūgščių sukeltuose endotelinių ląstelių funkcijos sutrikimuose 
atlieka ceramidai.  Mūsų duomenys rodo, kad riebalinių rūgščių poveikis endotelinių ląstelių 
funkcijai pasireiškia apoptotinių ir uždegiminių kelių aktyvacija ir priklauso nuo riebalinių rūgščių 
tipo, koncentracijos ir inkubacijos laiko. 

Apibendrinant, duomenys pristatyti šioje disertacijoje patvirtina mūsų darbinę hipotezę, kad 
ilgos grandinės acil-KoA esteriai inhibuoja ANT izoliuotose žiurkės kepenų mitochondrijose ir tai 

sukelia ekstramitochondrinio ATP koncentracijos sumažėjimą ir ∆ψ padidėjimą.  Tai atitinkamai 
skatina ekstramitochondrinio AMP susidarymą ir stimuliuoja laisvųjų deguonies radikalų 
formavimąsi.  Be to, faktas, kad ilgalaikis žiurkių šėrimas dieta, kurioje yra daug riebalų, sukėlė 
ilgos grandinės acil-KoA esterių akumuliaciją kepenyse, rodo, kad ANT gali būti inhibuojamas ir 
in vivo, kas sukeltų mitochondrijų metabolizmo pokyčius stebimus in vitro.  Tai ypač tikėtina dar ir 
todėl, kad ilgalaikis lipidų tiekimo ląstelei padidėjimas nesukėlė adaptacinių pokyčių, t.y. nepakito 
mitochondrijų skaičius ląstelėje bei ANT ir kitų oksidacinio fosforilinimo sistemos fermentų 
ekspresija.  Kad ANT gali būti inhibuojamas ir ląstelėje rodo faktas, kad žmogaus virkštelės venos 
endotelinėse ląstelėse padidėjęs riebalinių rūgščių tiekimas sukėlė ilgos grandinės acil-KoA 
akumuliaciją bei ATPtotal/ADPtotal sumažėjimą.  Taigi peršasi išvada, kad ANT inhibicija iš tiesų 
gali būti vienas iš mechanizmų nulemiančių ląstelės funkcijų sutrikimus insulinui atspariose 
būsenose ir siejantis nutukimą su antro tipo diabetu.  Be to, darbas pristatytas šioje disertacijoje 
rodo kaip modulių kinetikos analizė ir Metabolinės Kontrolės Analizė gali būti panaudota nustatant 
kas yra priežastis ir kas yra pasekmė sudėtingose sisteminėse ligose kaip antro tipo diabetes. 
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Abbreviations 

 

Ci
X

m concentration control coefficient, quantifying control of intermediate 

Xm by module i.  

Ci
J

k     flux control coefficient, quantifying control of flux Jk by module i. 

∆ψ membrane potential, i.e. electric potential across the inner 
mitochondrial membrane (out minus in) 

[AMP]out   concentration of extramitochondrial AMP 
AMPK    AMP-activated protein kinase 
ANT    adenine nucleotide translocator 
Ap5A    P1(P5-adenosine-5' pentaphosphate) 
ATPin/ADPin ratio  intramitochondrial ATP to ADP ratio 
ATPout/ADPout ratio  extramitochondrial ATP to ADP ratio 
ATPtotal/ADPtotal ratio  total-ATP to total-ADP ratio 
BMI    body mass index 
BSA    bovine serum albumin 

CML    Nε-(carboxymethyl)lysine 
Co Q9    coenzyme Q9 
DAG    diacylglycerol 
eNOS    endothelial nitric oxide synthase 
F    Faraday constant 
FA    fatty acid 
FADH2   reduced flavin adenine dinucleotide 
FCCP    carbonyl cyanide p-(trifluoro-methoxy) phenylhydrazone 
GLUT    glucose transporter 
HFD    high-fat diet 
HNE    4-hydroxy-2-nonenal 
HUVEC   human umbilical vein endothelial cells  
ICAM-1   intercellular adhesion molecule-1 
Jh

l    proton leak flux 
Jo    oxygen uptake flux 
Jp    phosphorylation flux 
LCAC    long-chain fatty acyl-CoA esters 
LFD    low-fat diet 
MCA    metabolic control analysis 
NADH    reduced nicotinamide adenine dinucleotide 
NEFA    non-esterified fatty acid 

NF-κB    nuclear factor kappaB 

O2
•−    superoxide anion radical 

ONOO-   peroxinitrite anion 
PKC    protein kinase C 
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QH2/Q    ratio of reduced-to-oxidized coenzyme Q 
R    gas constant 
RC    respiratory chain 
ROS    reactive oxygen species 
S-13    5-chloro,3-t-butyl,2'-chloro,4'-nitro-salicylanilide 
T    absolute temperature 
TCA    tricarboxylic acid cycle 

TNF-α    tumor necrosis factor alfa 
TPP+    tetraphenylphosphonium ion 
UCP    uncoupling protein 
VCAM-1   vascular cell adhesion molecule-1 
µ    chemical potential 

∆µH+ protonmotive force, i.e. the electrochemical potential difference for 
protons across the inner mitochondrial membrane across the inner 
mitochondrial membrane (out minus in) 
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