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1. Scientific background

1.1. Introduction

The significance of hyperglycemia-induced endothelial damage is underlined by its
pathogenic role in diabetes complications and the associated costs of diabetes
management. The global prevalence of diabetes among adults over 18 years of age
has risen from 4.7% in 1980 to 8.5% in 2014 with a steep increase over the age of 50,
reaching the peak prevalence of 25% above 80 years of age [1, 2]. The (direct and
indirect) medical costs for patients with diabetes are double the amount compared to
expenses for non-diabetic individuals and three times higher in case of cardiovascular
diseases such as myocardial infarction or stroke [3]. Currently, diabetes-related
healthcare expenditure accounts for 10% of the total healthcare costs and it is
estimated to increase by 70% over the next 25 years leading to a serious societal and
economic burden [4]. Diabetes complications are responsible for the majority of the
associated costs and excess costs gradually increase with the duration of the disease
leading to substantially higher expenses after 8-10 years [5, 3]. Hyperglycemia-
induced endothelial dysfunction is the major contributor to the development of
vascular disease in diabetes mellitus [6]. While insulin resistance may be present in
patients with no increase in plasma glucose level and it may contribute to endothelial
dysfunction, the major pathway that is responsible for endothelial damage is glucose-

induced oxidative stress in diabetes [6, 7].

1.2. Characteristics of the damage

1.2.1. Glucose and oxidative stress in diabetic vascular damage

Endothelial dysfunction is a pathological state of the endothelium and can be defined
as an aberration of the normal endothelial function of vascular relaxation, blood
clotting and immune function. In general, it means impaired endothelium-dependent
vasodilation as a result of imbalance between vasodilating and vasoconstricting
substances produced by (or acting on) the endothelium. Endothelial dysfunction can
be a significant predictor of coronary artery disease and atherosclerosis and it
increases the risk of stroke and heart attack [8]. In basic science and in clinical

research, endothelial function is commonly assessed by the use of the acetylcholine-
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mediated vasodilatation test or by flow-mediated vasodilation, and this methodology
is considered the ‘gold standard’ at this moment [9, 8]. Endothelial dysfunction is
primarily responsible for the impaired vasorelaxation in diabetes but it is closely
followed by the development of vascular smooth muscle cell dysfunction [10, 11].
Impaired relaxation may be caused by diminished production or increased destruction
of vasodilating factors or impaired response to them in diabetes. Oxidative stress is
considered as one of the major underlying mechanisms that leads to endothelial
dysfunction in hyperglycemia, since the therapeutic supplementation of antioxidants
or antioxidant enzymes can restore the endothelium-dependent vasodilation in

experimental models of diabetes [10].

Glucose-induced damage is apparently controversial: glucose is a major source of
energy and a small increase in blood glucose, that have no obvious ill effect on the
short term, can cause serious long-term complications in diabetes. Glucose uptake is
non-insulin dependent in endothelial cells and it occurs via GLUTI (glucose
transporter 1), thus high blood glucose level results in similarly high intracellular
glucose concentration in endothelial cells [12, 13]. Endothelial cells have few
mitochondria and primarily use glycolysis to produce ATP molecules, which suggests
low oxygen consumption and relatively low level of oxidant production [14].
Furthermore, higher glucose concentration would allow even higher rate of anaerobic
metabolism to produce the necessary amount of ATP and limit aerobic metabolism,
oxygen consumption and reactive oxygen species (ROS) production in the cells. Still,
hyperglycemia is associated with the activation of various ROS producing pathways
and increased oxidant production in endothelial cells [15, 16]. Oxidants play a
significant role in the destruction of nitric oxide and other signaling molecules and
result in impaired vasoreactivity [17, 10, 18]. Inflammatory pathways may be
implicated in the early stages of the injury and they are typically involved in the later
stages of the disease and contribute to oxidant production and inflammatory cytokine
secretion, which can also change the vascular function [19]. Oxidative stress also
induces DNA damage that triggers endothelial cell senescence that might have an
impact on vascular function in the later stages of the injury [20]. There are
approximately 2-10 trillion (2-10 x 10'%) endothelial cells in the human body and they
form the endothelial surface of 500 m” of blood vessels and require constant renewal

[21-23]. Mostly, the resident stem cells (located in the vessel wall) take part in the
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repair processes but also circulating progenitor cells that arise from the bone marrow
are involved in the process [22]. In diabetes, endothelial cell turnover is impaired and
it might be a consequence of accelerated aging or reduced renewal of cells [24, 25].
While ROS-mediated injury dominates in the earlier stages of hyperglycemia-induced
damage, cell senescence and impairment of endothelial cell turnover may play the

leading part in the later stages.

1.2.2. Target cells of hyperglycemia

Hyperglycemia induces damage in a select cell population in the body, including
mainly the mesangial cells in the kidney, neurons and Schwann cells in peripheral
nerves and a subset of endothelial cells: only the microvascular and the arterial
endothelial cells show impairment [26]. Interestingly, this dichotomy in the
vulnerability is often preserved in in vifro experiments: microvascular endothelial
cells are more susceptible to glucose-induced injury, whereas venous endothelial cells
show reduced oxidant production and damage. This suggests that differences in the
pressure, blood flow or vessel function in various parts of the circulation may not be
accounted for the susceptibility. It is rather an inherent difference between the cells
that explain the vulnerability of the microvasculature [27]. There are differences in
the protein and RNA expression patterns, including the miRNA expression profiles,
and the different responses of micro- and macrovascular endothelial cells to various

metabolic stimuli may be attributed to this difference [28].

Differences in glucose uptake may be partially responsible for the susceptibility: most
cells tightly regulate the glucose transport rate and prevent the unrestricted uptake, but
endothelial and mesangial cells are unable to decrease the transport rate [29, 30].
Glucose overload induces a gradual increase in the mitochondrial membrane potential
and the elevated protonic potential increases the superoxide generation by the
respiratory chain [31]. The mitochondrial membrane potential is regulated by
uncoupling proteins in the cells: these channels release excess protons from the
intermembrane space to the matrix and protect against mitochondrial
hyperpolarization. Endothelial cells express uncoupling protein 2 (UCP2) and its
transport capacity is controlled by oxidative stress: high levels of oxidants open the
channel, while the absence of oxidants closes the channel [32, 33]. In venous

endothelial cells, hyperglycemia upregulates the expression of UCP2 and it

10
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effectively protects against mitochondrial hyperpolarization and ROS production [34,
35]. This process does not work in microvascular endothelial cells: there is no change
in UCP2 expression in response to elevated glucose concentration resulting in
mitochondrial hyperpolarization with a simultaneous rise in mitochondrial superoxide
generation [35]. In many cases, endothelial cells were found to produce excess levels
of mitochondrial oxidants in response to hyperglycemia only in the presence of pro-
inflammatory cytokines suggesting further mechanisms to be involved in the
hyperglycemia-induced cell-damaging processes but the potential implication of

inflammatory pathways has not been clarified [36].

1.2.3. Time course of hyperglycemic injury

At cellular level hyperglycemic damage occurs within a few days and induce
compensatory and repair mechanisms that may have consequences in the cell
population. Vascular endothelium covers a huge surface in the body and possesses a
huge capacity to compensate for any damage that occurs over longer periods, thus

changes in vascular function may occur with a delay.

In experimental models glucose levels are often above 20-30 mmol/L and vascular
dysfunction develops over weeks or within a few months [37]. The development of
hyperglycemia-induced endothelial cell damage is neither instantaneous in vitro, it
usually takes a few days of exposure to high glucose levels to induce a significant
increase in the mitochondrial membrane potential and oxidant production [38, 35].
Hyperglycemia-induced ROS production induce RNA and DNA damage that may be
responsible for the reduced proliferation rate observed in endothelial cells [39].
Reduced proliferation and senescence occur after more than 10 doublings of

endothelial cells exposed to 25 mmol/L glucose in vitro [25].

On the other hand, diabetic vascular complications occur after years of hyperglycemic
exposure and poor glycemic control accelerates the development of the disease [40,
41]. Although, complications usually first appear some years after clinical diagnosis,
retinopathy and nephropathy were often present (in 10-37% of patients) at the time of
clinical diagnosis or within the first year after diagnosis [42]. Glucose levels that
induce endothelial damage are moderately elevated in most patients due to improved
diabetes care and diabetes self-management education and support (DSME/S) [43,
44].

11
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Endothelial cell senescence and reduced proliferation are the dominant features in
diabetes, still pathological proliferation of blood vessels occurs in diabetic retinopathy
[45]. This controversy is explained by the fact that progressive retinal angiogenesis is
preceded by a series of events that is characterized by reduced cell proliferation and
stimulates neovascularization in the retina [45]. Proliferative diabetic retinopathy is
not the primary pathogenic response to hyperglycemia but a compensatory response
to retinal hypoxia. Diabetic retinopathy starts with the loss of two cell types of the
retinal capillaries: the endothelial cells and the vessel supporting pericytes and the
earliest pathologic signs are acellular, nonperfused capillary segments in the retina
[45]. Pericyte loss may precede the endothelial damage in the retina and it is caused
by angiotensin II overexpression induced by oxidative stress in diabetes. However,
the increased number of migrating pericytes and loss of pericytes from the straight
parts of capillaries may also occur as a result of hypoxia, and thus might be a
consequence of prior endothelial damage. On the other hand, the loss of pericytes
results in reduced proliferation of stalk endothelial cells leading to fewer phalanx cells
and promotes hypoxia in the retina. Hypoxia is the main stimulus of uncontrolled
proliferation in diabetic vessels and both angiotensin II and vascular endothelial
growth factor (VEGF) are involved in the neovascularization. In the pathological
angiogenesis not only the retinal endothelial cells take part but also the bone marrow
derived progenitor cells that may explain how enhanced proliferation capacity

replaces the cell loss at the later stage.

1.3. Triggers of endothelial dysfunction and damage

1.3.1 Hyperglycemia and ‘glucose memory’

Glucose-induced endothelial damage is not only caused by constantly high glucose
concentration but by transiently elevated glucose levels. In experimental models,
damage induced by intermittent high glucose is comparable or more severe than the
injury induced by constantly high glucose concentration. Glucose levels studied in
most experimental models are often much higher than the values that cause
irreversible damage in humans on the long term and result in accelerated progression

of diabetic complications.

12
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Diagnostic criteria for diabetes are based on the relationship between plasma glucose
values and the risk of diabetes-specific microvascular complications: blood glucose
concentration that cause diabetic vascular damage has been empirically determined
and diagnostic criteria were established. The World Health Organization (WHO)
introduced new diagnostic criteria in 1980, which were globally accepted, but had to
lower the cut-off values for diabetes in 1999 since growing body of evidence
supported the development of complications at lower blood glucose levels [46, 47].
The updated threshold values has raised considerable dispute and are often criticized
for not preventing complications but further lowering has not been achieved because
of the risk of hypoglycemia. The definition of hyperglycemia is challenging, since
blood glucose values show a physiological increase after a meal and this calls for
separate normal values for fasting, postprandial and random blood glucose levels.
Still, it is evident that “high” glucose levels that induce damage in endothelial cells in
the long term are very close to the normal blood glucose values, less than a two-fold
increase in the blood glucose level triggers injury in the cells. In the past, osmotic
damage was presumed to play a pathogenic role in glucose-induced cellular injury but
the minor changes in osmolality rule out this possibility. In healthy human subjects
the rise in blood glucose levels after a meal typically reaches or goes beyond these
values, making the definition of hyperglycemia rather confusing [48]. From the
pathogenic viewpoint of hyperglycemia, absolute cut-off values cannot be established

to separate normoglycemic and hyperglycemic concentration ranges.

While earlier studies confirmed that the risk of cardiovascular complications
corresponds to the average increase in glucose level (measured as glycated
hemoglobin, HbAlc), more recent studies also found independent associations with
the postprandial peaks [49]. These results highly suggest the action of secondary
mediators that are rather induced by the fluctuations in blood glucose (glycemic
variability) than by an absolute increase. Experimental models confirmed that
glycemic swings caused at least as severe tissue damage as constant hyperglycemia
and persistence of high-glucose memory was postulated in cells and animals that were
exposed to normoglycemic conditions following a hyperglycemic exposure [S0-52].
Endothelial cells when returned to normal glucose concentration after exposure to
high glucose showed increased ROS production and activation of poly(ADP-ribose)

polymerase (PARP) even a week following the normalization of the glucose level and

13
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in this respect they showed similar characteristics to cells maintained at high glucose
[S1]. The persistence of oxidative stress in endothelial cells in vitro confirms that
‘glucose memory’ is an inherent feature of these cells. It also means that once
hyperglycemia activates the various ROS producing pathways they continue to
produce oxidants for multiple days or weeks in endothelial cells even if the glucose
level is fully normalized. Oxidative stress is the key feature of the changes induced by
hyperglycemia and ‘metabolic memory’ is another term used that refers to the
characteristic metabolic changes [S50]. The length of high glucose memory is
unknown in humans but it is suspected to last longer than in vitro because (1)
inflammatory pathways are also involved and (2) the response is not limited by the

life cycle of single cells but it is possibly carried over to multiple cell generations.

Blockade of the early changes has been confirmed to prevent or slow down the
progression of complications but the reversal at a later phase may not be achieved by
glycemic control [S3]. Benefits of intensive glucose control can be detected after 3
years of treatment if no retinopathy or mild disease is present at the start of the
treatment strategy in type 1 diabetes [54]. The importance of blocking the glucose-
induced damage early on in type 2 diabetes has been confirmed by the results of the
United Kingdom Prospective Diabetes Study (UKPDS) [40]. On the other hand, there
is little benefit of strict glucose control if established cardiovascular disease is already
present at the start of the treatment regimen [53]. Similarly, in diabetic rats a 6-
month-long period of good glycemic control following 2 months of poor glycemic
control results in significantly reduced progression whereas no benefit is observed on
retinopathy if good glycemic control was started after 6 months of poor glycemic
control: both nitrosative stress and tissue damage were similarly advanced as with 12
months of poor glycemic control [55, 56]. These suggest that the processes started by
hyperglycemia may be partially reversed if normoglycemia follows a shorter period of
high glucose exposure. It is still unclear whether the detrimental effects of transient
hyperglycemia is buffered within the individual cells or it is the entire population of
endothelial cells that compensate for the changes and the reason why progressive
damage occurs following an extended hyperglycemic period is the loss of the renewal

capacity of the cells.

14
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1.3.2. Downstream molecules responsible for the injury

The mechanism of high glucose memory is still obscure and little is known about the
pathways involved. Hyperglycemia modifies the metabolism of the cells and is
suspected to induce various downstream pathways or molecules that are responsible
for maintaining the tissue damaging actions. Oxidative stress pathways act as
executors of tissue damage but the linkage between hyperglycemia and the sustained

activation of oxidative pathways still remains rather elusive.

Alterations in the metabolome in diabetes are suspected to maintain the metabolic
changes for extended periods even if there is little change in the expression profile of
proteins [S7]. Excess glucose load induces changes in a series of metabolite levels and
the normalization of these levels may not occur as rapidly as glucose lowering. Apart
from glucose the concentrations of glucose-1-phosphate, lactate, glucosamine,
mannose, mannosamine, hydroxybutyrate and glyoxalate also elevate in the plasma in
diabetes [58]. All of the above intermediates and the increased fatty acids increase the
tricarboxylic acid (TCA) cycle flux in the cells. Perturbation of the TCA cycle flux is
also supported by other metabolomics studies in diabetes [S9]. Associations between
diabetes risk and the plasma levels of branched chain (BCAA, isoleucine, leucine and
valine) and aromatic (phenylalanine, tyrosine) amino acids have been found
suggesting that the changes not only involve the carbohydrate and lipid metabolism
but also the catabolism of proteins and amino acids [60]. Catabolism of BCAAs
provides intermediates for the TCA cycle and potentially drive the TCA flux. Apart
from the systemic changes that affect the milieu of the cells, specific changes of
amino acid levels have been observed in endothelial cells: hyperglycemia increases
the concentration of alanine, proline, glycine, serine and glutamine within the cells
and induce elevation of the aminoadipate, cystathionine and hypotaurine levels [61].
Whether these changes are only markers of hyperglycemia or they play a pathogenic

role in oxidative stress induction is still undetermined.

1.4. Mechanisms of ROS production in hyperglycemia

1.4.1. Glucose-induced oxidative stress pathways

Changes in glucose metabolism are presumed to be directly responsible for provoking

oxidant production in endothelial cells. Endothelial cells predominantly use glucose
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as energy source and rely on glycolysis to generate ATP molecules [14]. Glycolytic
flux exceeds the rate of oxidative phosphorylation (OXPHOS) by two orders of
magnitude in endothelial cells in vitro and similar ratio is suspected in vivo [62, 63].
The contribution of fatty acid oxidation to energy production is thought to be
negligible in capillary endothelial cells, though endothelial cells take up fatty acids
and transport them to the neighboring cells, thus play important role in
transendothelial fatty acid delivery [64]. Since the function of capillary endothelial
cells is to deliver oxygen and fuel sources to other cells in tissues, they do not
consume much oxygen or store energy but preserve them to other perivascular cells.
Thus, excess glucose is not converted to glycogen for storage in endothelial cells, but
is pushed toward glycolysis [65]. Glutamine is a further energy source in endothelial
cells via glutaminolysis that directly produces one GTP molecule (that can be
converted to ATP) and further 5 ATP molecules from NADH' and FADH, via
OXPHOS. Glutamine is the most abundant amino acid in the plasma and
glutaminolysis is a valuable energy source if glycolytic output is low since it feeds
alpha-ketoglutarate to the TCA cycle and similarly produces lactate (or pyruvate).
However, all the energy producing steps in glutaminolysis occur in the mitochondria
via the TCA cycle and OXPHOS and mitochondrial impairment may affect the
energy efficacy of glutaminolysis [66].

The metabolic balance between glycolysis and OXPHOS is controlled by nutrients
(the ATP and NADH output) via Sirtuin 1 (SIRT1) and AMP-activated protein kinase
(AMPK) in the cells. SIRT1 is a NAD" dependent histone deacetylase enzyme that
regulates energy homeostasis via gene expression changes induced by deacetylating a
variety of histone proteins, transcription factors and coregulators [67]. The activity of
SIRT1 is primarily controlled by NAD" abundance and NAD/NADH ratio. AMPK is
a master sensor of the energy level in the cells: it detects the cellular ATP
concentration and is activated by a decrease in the ATP level. There is a complex
interplay between AMPK and SIRT1: the two enzymes indirectly activate each other.
SIRT1 activation deacetylases LKB1 (tumor suppressor liver kinase B1) that
phosphorylates and activates AMPK [68, 69], while AMPK activates SIRT1 by
increasing the NAD'/NADH ratio either by inducing the NAD" biosynthesis enzyme
NamPRT (nicotinamide phosphoribosyltransferase) or by a NamPRT-independent

mechanism [70]. Thus, caloric restriction activates both AMPK and SIRT1, whereas
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both enzymes are suppressed if energy sources are abundant like in hyperglycemia
[71, 72]. In caloric restriction, SIRT1 deacetylates and activates peroxisome
proliferation activating receptor-y (PPAR-y) coactivator 1-a (PGC-1) and forkhead-
box Ol protein 1 (FOXO1) and leads to glucose sparing: suppressed glycolysis and
increased mitochondrial activity and they also activate gluconeogenesis [73, 74]. On
the other hand, in hyperglycemia the activity of AMPK and SIRT]1 is suppressed and
it results in enhanced glycolysis, inhibition of gluconeogenesis and decreased

mitochondrial biogenesis and OXPHOS [74].

Overload of glycolysis and the pentose phosphate pathway are the initial steps that
trigger alternate pathways of glucose metabolism (Fig. 1). Prior perturbation of
mitochondrial metabolism (TCA cycle overload and impaired OXPHOS) is highly
possible since inhibition of mitochondrial superoxide generation prevents the
activation of the above pathways but the exact mechanism that initiates these events is
unknown [26]. The high glycolytic input and low OXPHOS capacity may gradually
block the main metabolic steps and shunt the metabolism to alternative pathways.
These include the methylglyoxal, hexosamine and polyol pathways: dihydroxyacetone
phosphate (DHAP) is diverted to the methylglyoxal pathway and leads to protein
kinase C (PKC) activation, fructose-6-phosphate (F6P) increases the flux through the
hexosamine pathway and excess glucose enters the polyol pathway when converted to
sorbitol [75, 66]. Suppressed expression of the gluconeogenetic enzyme glucose-6-
phosphate dehydrogenase (G6PDH) prevents shunting of glucose to the pentose
phosphate pathway that further increases the glycolytic load [76, 77]. All these
processes lead to ROS production and the generation of advanced glycation end
products (AGEs), the products of nonenzymatic glycation and oxidation of proteins
and lipids that accumulate in diabetes. AGEs signal through the receptor of AGE
(RAGE), a cell surface receptor that is also activated by the damage-associated
molecular patterns (DAMP) HMGBI1 (high-mobility group box 1) and S100 proteins
[78]. RAGE activates nuclear factor kappa B (NF-kB) and controls several
inflammatory genes, thus links hyperglycemia to inflammation. Since RAGE itself is
upregulated by NF-kB, inflammation is maintained by positive feedback in

hyperglycemia as AGEs, the ligands are continuously produced.
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Fig. 1. Hyperglycemia-induced ROS-producing pathways in the cytoplasm.

AGEs:  advanced  glycation  end-products;, G6PDH:  glucose-6-phosphate
dehydrogenase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GSH/GSSG:
reduced/oxidized glutathione; NAD'/NADH: Nicotinamide adenine dinucleotide;
NADP+/NADPH: Nicotinamide adenine dinucleotide phosphate; ROS.: reactive
oxygen species

Interestingly, hyperglycemia induces a long-lasting suppression in SIRT1 and AMPK
activity in endothelial cells: the activity of both enzymes remains low weeks after the
normalization of glucose level following a week long hyperglycemia [69]. Thus,
SIRT1 and AMPK have been implicated in glucose memory since restoration of their

activity reduces the ROS production and PARP activity in the cells.

One further molecule that possibly takes part in the maintenance of oxidative stress in
hyperglycemic endothelial cells is p66SHC (66-kDa Src homology 2 domain-
containing protein) [79]. p66SHC is induced by hyperglycemia and it contributes to
oxidative stress and endothelial damage. Genetic ablation of p66SHC reduces the
oxidative stress in diabetic animals, protects against vascular dysfunction and blocks
the progression of nephropathy [79, 80]. p66SHC is a redox enzyme that associates

with 70 kDa heat shock protein (Hsp70) and localizes within the intermembrane space
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in the mitochondria. Upon oxidative stress p66SHC is released from the complex and
transfers electrons from the electron transfer chain (from cytochrome ¢ specifically) to
oxygen and produces hydrogen peroxide (H,O,) [81]. Under basal conditions
p66SHC is also present as an inactive enzyme in the cytoplasm where it becomes
activated via phosphorylation in response to cellular stress and translocates to the
mitochondria. The active p66SHC diverts a fraction of the mitochondrial electron
flow between complexes III and IV to produce ROS instead of water and is involved
in the opening of the permeability transition pore during apoptosis. In hyperglycemia
p66SHC may function as a shunt pathway if complex IV activity is impaired. The
activity of p66SHC is also regulated by acetylation: it is a direct target of SIRT1 and
diminished SIRTI1 activity increases the acetylation and activity of p66SHC in
hyperglycemia [82]. Furthermore, acetylation of p66SHC promotes the
phosphorylation-mediated activation of the protein and since the acetylation-resistant
p66SHC isoform partially protects against the vascular impairment it may play a
pathogenic role in diabetic vascular dysfunction. The linkage to SIRT1 and the
protection associated with the loss of p66SHC suggest that p66SHC make a
substantial contribution to oxidative stress in diabetes and it may represent the key

target of SIRTI.

1.4.2. Unifying hypothesis: the role of mitochondrial oxidants

With the growth of our knowledge about glucose-induced cellular damage and the
various molecules and pathways involved in the process, the pathomechanism of
glucose-induced damage has become inexplicable. In an effort to explain the puzzling
complexity of the cellular events Michael Brownlee introduced a unifying hypothesis
in which he placed the events in an integrating linear model [26]. In the unifying
mechanism mitochondrial superoxide generation is placed in center stage followed by
all other ROS producing pathways as secondary events. As the contribution of
mitochondrial energy production seems negligible in endothelial cells, this
proposition was a striking novelty at first, but it renders the series of events logically
based on a wealth of scientific results. First of all, the unifying framework assumes
that the main ROS producing mechanisms implicated in hyperglycemic cellular
damage are interrelated and a common pathway is responsible for their activation

[75]. Secondly, the overload of glycolysis rather occurs as a single downstream
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perturbation of metabolism that leaves behind glycolytic intermediates than by
multiple blockades of glycolytic enzymes in response to excess glucose input. Thus,
inhibition of a downstream step of glucose catabolism in the mitochondria might be
responsible for the activation of the ROS—producing shunt pathways in the cytoplasm.
The observation that prevention of mitochondrial superoxide generation inhibits the
cytoplasmic ROS production pathways (PKC activation, sorbitol accumulation and
AGE production) also supported the assumption that mitochondrial damage precedes

the glycolytic impairment [83].

The exact nature of hyperglycemic perturbation of mitochondrial metabolism remains
enigmatic and it is still debatable whether superoxide itself or the steps leading to its
increased production is the triggering event of glucose-induced damage. High TCA
flux and elevated glycolytic pyruvate input were detected in hyperglycemia and these
may serve as inducers of mitochondrial ROS production but might also be the
consequences of dysfunctional OXPHOS [83]. Various pharmacological interventions
that reduce the mitochondrial ROS production effectively inhibit the hyperglycemic
damage [75, 26, 38]. Higher flux through the electron transport chain is expected to
reduce the accumulation of glycolytic intermediates and prevent the activation of
oxidative stress pathways but only some of the interventions increased the electron
transport (eg. uncoupling agents and proteins), while others (eg. antioxidants) did not
change it or severely reduced it (complex II inhibition). Also, the increased electron
flow may induce a proportional rise in superoxide generation by the electron transport
chain if electron leakage is unaffected. Furthermore, endothelial cells, in which the
mitochondrial DNA is selectively depleted (rho zero cells) and lack a functional
electron transport chain, fail to activate PKC, the polyol and hexosamine pathways
and they do not produce AGEs, though their mitochondrial metabolism is impaired
and they are expected to accumulate glycolytic intermediates [26]. These observations
led to the proposition that mitochondrial superoxide generated by the electron
transport chain is responsible for the initiation of hyperglycemic endothelial damage

[84, 83, 26].

1.4.3. The mechanism of glucose-induced mitochondrial superoxide generation

Mitochondria produce superoxide non-enzymatically via multiple respiratory

complexes in the electron transport chain and enzymatically via the mitochondrial
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xanthine oxidase [85-87]. The non-enzymatic production of superoxide occurs when a
single electron is directly transferred to oxygen by prosthetic groups of the respiratory
complexes or by reduced coenzymes that act as soluble electron carriers. The electron
transport chain may leak electrons to oxygen and it is the main source of superoxide
in hyperglycemia. Mitochondrial monoamine oxidase (MAO) and p66SHC also
produce H,O, within the mitochondria that may contribute to oxidative stress in

hyperglycemia [88].

Molecular oxygen is bi-radical, it has two unpaired electrons in the outer orbitals,
which makes it chemically reactive. In the ground state the unpaired electrons are
arranged in the triplet state, and as a result of spin restrictions, molecular oxygen is
not highly reactive: it can only react with one electron at a time. If one of the unpaired
electrons is excited and changes its spin (oxygen goes from the triplet state to the
short-lived singlet state), it will become a powerful oxidant that is highly reactive
[85]. The reduction of oxygen by one electron at a time produces superoxide (Oz*")
anion that might be converted to hydrogen peroxide (either spontaneously or through
a reaction catalyzed by superoxide dismutase) that may be fully reduced to water or
partially reduced to hydroxyl radical (OHe®). In addition, superoxide may react with
other radicals including nitric oxide (NO®) and form peroxynitrite (ONOO®"), another
very powerful oxidant. The respiratory components are thermodynamically capable of
transferring one electron to oxygen and form superoxide in the highly reducing
environment of the mitochondria, since the standard reduction potential of oxygen to
superoxide is -0.160 V and the respiratory chain incorporates components with
standard reduction potentials between -0.32 V (NAD(P)H) and +0.39 V (cytochrome
a3 in Complex IV) [85].

In the respiratory chain electrons move along the electron transport chain going from
donor to acceptor molecules until they are transferred to molecular oxygen (the
standard reduction potential of oxygen/H,O couple is +0.82 V) while the generated
free energy is used to synthesize ATP from ADP and inorganic phosphate.
Respiratory Complex I transfers electrons from NADH and Complex II from FADH,
to coenzyme Q (CoQ, ubiquinone), which is the substrate of Complex III. Complex
III transfers electrons from reduced CoQ to cytochrome C, which is used by Complex
IV to reduce oxygen into water. The step-by-step transfer of electrons allows the free

energy to be released in small increments. The energy released as electrons flow
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through the respiratory chain is converted into a H' gradient through the inner
mitochondrial membrane: protons are transported from the mitochondrial matrix to
the intermembrane space (by Complexes I, III and IV) and a proton concentration
gradient forms across the inner mitochondrial membrane [89]. Since the
mitochondrial outer membrane is freely permeable to protons, the pH of the
mitochondrial matrix is higher (the proton concentration is lower) than that of the
intermembrane space and the cytosol. An electric potential (mitochondrial membrane
potential) of 140-160 mV is formed across the inner membrane by pumping of
positively charged protons outward from the matrix, which becomes negatively
charged [90]. Thus free energy released during the oxidation of NADH or FADH; is
converted to an electric potential and a proton concentration gradient — collectively,
the proton-motive force — and this energy is used by ATP synthase (Complex V) for
ATP generation via the chemiosmotic coupling [91]. While the majority of oxygen
molecules are used for water formation during the above processes, superoxide is
generated at an estimated rate of 0.1-2% of oxygen consumption under normal

respiration (State 3) and physiological operation of the respiratory chain [87, 88].

The electron transport chain may produce superoxide by multiple mechanisms but
electron leakage before Complex III is suspected to represent the main source of
superoxide in hyperglycemic endothelial cells [83, 26]. Complexes I and III are the
respiratory complexes that are capable to produce large amounts of superoxide under
certain conditions (Fig. 2). Complex I may produce superoxide by two mechanisms:
(1) the reduced flavin mononucleotide (FMN) center can transfer electrons to oxygen
instead of CoQ when the NADH/NAD" ratio is high (and the CoQ binding site is
blocked or the CoQ pool is mostly reduced) or (2) by reverse electron transfer (RET)
from the CoQ binding site if there is high electron supply from Complex II and the
electrons are forced back to Complex I instead of proceeding to Complex III (by a
reduced CoQ pool and high proton-motive force) [87, 92]. In Complex III superoxide
is produced from the semiquinone anionic state of CoQ (semiubiquinone) by directly
reacting with oxygen instead of completing the Q-cycle [87, 93]. Reduced CoQ
diffuses through the bilipid layer of the membrane to its binding site in Complex III
and transfers the electrons to the iron-sulfur protein (Rieske protein) in two steps that
produce a semiquinone intermediate state of CoQ after the first electron transfer,

which is the source of superoxide. In the presence of respiratory inhibitors Complex I
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may produce the highest amount of superoxide, especially through RET, but the
contribution of Complexes I and III to superoxide production is unknown in healthy
mitochondria [85]. Superoxide is also produced in the matrix by other enzymes that
interact with the NADH pool and by enzymes connected to the inner membrane CoQ
pool. These include a-ketoglutarate dehydrogenase that may produce superoxide if its
substrate (o-ketoglutarate) concentration and the NADH/NAD' ratio increase in the
matrix. In the membrane a-glycerophosphate dehydrogenase may produce superoxide
partly via RET and Complex II, which transfers electrons from succinate to CoQ, is

also suspected to generate some superoxide [87].

Intermembrane space
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Fig. 2. Oxidant production by the mitochondrial electron transport chain.

CoQ: Coenzyme Q, ubiquinone; Cyt C: Cytochrome C; FAD+/FADH,: flavin
adenine dinucleotide; H>O,: hydrogen peroxide; MnSOD: manganese-dependent
superoxide dismutase; NO®: nitric oxide; O,*: superoxide, ONOO* : peroxynitrite;
PARP: poly(ADP-ribose) polymerase, p66SHC: 66-kDa Src homology 2 domain-
containing protein;, SOR: sulfide:quinone oxidoreductase; UCP: uncoupling protein
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In hyperglycemic endothelial cells, the increased production of superoxide originates
from the reduced CoQ pool before Complex III [83, 75]. The high electron donor

input from glycolysis and the TCA cycle may increase the membrane potential and
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inhibit the electron transfer at Complex III, thus increase the concentration of reduced
and free-radical intermediates of CoQ. Superoxide generation may occur as direct
‘leakage’ of electrons to oxygen, as a result of the longer half-life of CoQ
intermediates in the lipid bilayer and bound to Complex III or via RET through
Complex 1. Superoxide generation is also promoted by the increased membrane
potential and proton concentration gradient through the inner membrane [31, 83, 94,
35]. Superoxide production was found to increase exponentially above 140 mV with
the increase of the mitochondrial membrane potential [95]. Since with the generation
of each superoxide molecule one electron is lost compared to the number of protons,
superoxide production per se may increase the membrane potential and the proton
gradient or might be responsible for the maintenance of the elevated membrane
potential. Furthermore, the proton and charge transfer of Complexes III and IV are
disproportional since Complex III picks up two protons from the matrix side of the
inner membrane (the negatively charged N-face) and releases 4 protons to the
intermembrane space side (positively charged P-face), whereas Complex IV abstracts
4 protons from the matrix and releases 2 protons to the intermembrane space per
transfer of 2 electrons. Thus, Complex III transfers 4 protons but only 2 positive
charges, while Complex IV transfers 2 protons and 4 positive charges [96, 89], which
may lead to an increase in the membrane potential if there is a mismatch between the
activity of the two complexes. Also, while it is possible to generate considerably
higher membrane potential than the physiological value, since the proton motive force
is sufficient to generate about 240 mV, the proton permeability of biological
membranes increases above 130 mV, thus the higher values are associated with
energy loss [95]. To optimize the energy efficiency, OXPHOS is tightly regulated by
the ATP concentration (or ATP/ADP ratio) in the matrix: high ATP concentration in
the matrix allosterically inhibits Complex IV of the respiratory chain and decreases
the mitochondrial membrane potential [97]. Complex IV has a low reserve capacity
and it may represent the major controlling site of respiration and mitochondrial ATP
synthesis [95]. This immediate regulation is supplemented by the phosphorylation-
mediated regulation of respiratory complexes, that transmit the extramitochondrial
and extracellular stimuli to adapt OXPHOS to stress conditions [95]. Phosphorylation
sites were detected in all respiratory complexes and there is a growing list of stress

factors that may induce phosphorylation of the complexes or mitochondrial
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hyperpolarization that might be associated with the adaptive process. This is how

inflammatory cytokines may affect superoxide generation in diabetes.

Hyperglycemia-induced mitochondrial superoxide production is a functional change
of the respiratory chain; no difference is detectable in the assembly or the relative
amounts of the respiratory complexes in the early phases of the injury [26, 35]. At
later stages, changes in the expression or assembly of some components of the
respiratory chain may occur and these are typically associated with impaired
functionality [98, 99]. The glucose-induced changes in the mitochondrial superoxide
production are reversible: normalization of the membrane potential suppresses the
ROS production in endothelial cells [83, 26, 94, 35, 100]. While elevated
mitochondrial membrane potential is detectable in endothelial cells exposed to high
glucose concentration, the overexpression of either uncoupling protein 1 (UCP1) or
uncoupling protein 2 (UCP2) normalizes the membrane potential and reduces the
ROS production [83, 26, 35]. The function of UCP2 is regulated by ROS itself: the
proton conductance of the protein is controlled by glutathionylation and if ROS is
present it increases the proton leakage, while in the absence of ROS the channel
closes, thus this feedback may control the mitochondrial potential and the ROS
production simultaneously [32, 33]. Furthermore, hydrogen sulfide donors that
normalize the mitochondrial potential by electron supplementation via
sulfide:quinone oxidoreductase (SQR) also inhibit the superoxide generation induced

by hyperglycemia [94, 100].

The mitochondrial matrix possesses antioxidant enzymes to defend against oxidative
damage. Manganese-dependent superoxide dismutase (MnSOD, also known as
superoxide dismutase 2 (SOD2)) is the mitochondrial enzyme that neutralizes
superoxide produced by the respiratory chain and converts it to H,O,. Since
functional mitochondria constantly produce ROS, it is necessary to scavenge oxygen
radicals. The importance of MnSOD is underlined by the fact that MnSOD deficient
mice exhibit extensive mitochondrial injury and only survive for less than 3 weeks
[101]. Mutations associated with reduced activity of MnSOD accelerate diabetic
nephropathy and neuropathy [102-104]. On the other hand, overexpression of
MnSOD prevents hyperglycemic injury in endothelial cells suggesting that the
respiratory chain is the source of oxidants in hyperglycemia [83, 26]. The amount of

superoxide produced by the respiratory chain may not be excessively higher in
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hyperglycemia, since the overexpression of the MnSOD can efficiently scavenge the
oxidants or low amounts of mitochondria-targeted antioxidants are able to neutralize

ROS in hyperglycemia [83, 26, 38].

1.5. Mechanism of damage: Cell damaging responses to ROS production in

hyperglycemia

In cells exposed to hyperglycemia, mitochondrial ROS production activates various
mechanisms to reduce the oxidant production. This includes immediate responses that
may control the mitochondrial potential in the short term and also longer-term
responses that may protect against the increase of the mitochondrial potential but
these mostly reduce the energy efficiency of OXPHOS. Hyperglycemia and ROS
production activate the uncoupling proteins in the mitochondrial inner membrane that
allow higher proton transfer from the intermembrane space to the matrix without
coupled ATP production [32, 33]. This activity may reduce the mitochondrial
membrane potential but also decreases the amount of ATP generated in the

mitochondria.

Hyperglycemia also increases the consumption of hydrogen sulfide, an inorganic
substrate of the mitochondria that can act as an endogenous electron donor [105-107].
Since H,S oxidation may provide electrons to CoQ without the additional protons it
can reduce the mitochondrial potential and promote ATP synthesis, thus H,S may
represent an alternative energy source that is used in small quantities or function as a
buffer to control the mitochondrial potential. Hyperglycemia reduces the
mitochondrial H,S pool and the plasma concentration of H,S and it may deplete the

buffering capacity of H,S in the mitochondria [108, 94, 109].

These immediate reactions are supplemented with the morphological changes of
mitochondria. Mitochondria are dynamically changing organelles in the cells: they
may form long tubes that cross the whole length of the cell or short rods that are as
long as wide or any length in between. Mitochondria continuously change their shape
by fusion (elongation) and fission (fragmentation) and they move along microtubular
tracks within the cells. This process is believed to help maintain functional
mitochondria, it allows rapid redistribution of mitochondrial proteins and may help
the elimination of dysfunctional parts or proteins. Hyperglycemia stimulates the

fission of mitochondria that can reduce the mitochondrial membrane potential but also
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helps dissociate the respiratory complexes and decrease the chance of assembly of
various proteins within a complex [110-114]. Altogether, it results in partly assembled
respiratory complexes and higher superoxide production that will reduce the energy
efficiency of mitochondria [98, 99]. Mitochondrial fission is a later process induced
by high glucose exposure, it occurs only after the superoxide production is induced.
Mitochondrial ROS production plays an active role in the initiation of fragmentation,
since administration of a mitochondrial scavenger prevents the hyperglycemia-
induced fission of mitochondria [111]. Blocking of mitochondrial fission will also
restore the acetylcholine-mediated eNOS (endothelial nitric oxide synthase)
phosphorylation and cGMP response in hyperglycemic endothelial cells suggesting

that the vascular impairment is partly caused by mitochondrial fission itself [112].

Mitochondrial ROS production results in DNA damage in the mitochondria that
activates the mitochondrial DNA repair enzymes [115]. Oxidative DNA damage
activates poly(ADP-ribose) polymerase 1 (PARP1) in the mitochondria similar to the
situation in the nucleus [116]. PARP1 poly(ADP-ribos)ylates (PARylates) the
mitochondrial enzymes exo/endonuclease G (EXOG) and DNA polymerase gamma
(Poly) involved in base excision repair (BER), a key repair process in the
mitochondria [116]. Activation of mitochondrial PARP1, as opposed to nuclear
PARPI1, may decrease the DNA repair and slow down the mitochondrial biogenesis.
Integrity of the mitochondrial DNA (mtDNA) also relies on mitochondrial
transcription factor A (TFAM), a protein that may act as a physical shield of the
mitochondrial DNA, since it forms histone-like structures with mtDNA and is present
in large amounts in mitochondria (~900 molecules for each mtDNA). Apart from
protecting the DNA from damaging agents, it tightly binds to heavily damaged DNA
parts, blocks the transcription and may promote the repair of affected sites [115].
TFAM is also implicated in mitochondrial biogenesis and the maintenance of stable
mtDNA copy number. In diabetic retinas, the level of TFAM is reduced and it
decreases the mitochondrial biogenesis that can lead to fewer mitochondria and less

efficient OXPHOS [117].

Oxidant production will also induce several changes in the function of proteins that
may be associated with cellular injury and result in altered cell metabolism,
senescence and vascular dysfunction. Oxidative stress leads to oxidative DNA

damage and DNA strand breaks that activates the predominantly nuclear PARP1 and
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may lead to ATP depletion and necrosis or apoptosis [118]. However, the level of
PARP activation is mostly lower than to induce cell death, it results in higher NAD"
consumption and changes in the PARylation pattern of proteins [S2]. The higher
NAD" utilization and decreased mitochondrial output may decrease the nuclear and
cytoplasmic NAD" concentrations and by reducing the amount of substrate for
SIRT1, another NAD'-dependent enzyme, will block the deacetylation of proteins
[67, 69, 82]. A third posttranslational modification that changes in hyperglycemia is
protein S-sulthydration (or persulfidation), a reaction between H,S and reactive
cysteine residues [119]. Protein S-sulthydration is a highly prevalent modification that
typically increases the activity of target proteins. The antioxidant master regulator
Nrf2 (nuclear factor E2-related factor 2) transcription factor is also activated by H,S
via sulthydration of its key controller, Kelch-like erythroid cell-derived protein with
Cap 'n' collar (CNC) homology (ECH)-associated protein 1 (Keapl) [120, 121]. A
further target is ATP synthase in the respiratory chain: H,S increases cellular
bioenergetics via S-sulfhydration of Complex V [122]. Since hyperglycemia reduces
the H,S level in the cells and plasma, it will also decrease the protein S-sulthydration
and results in lower Nrf2 activity and OXPHOS efficiency [108, 109]. All these
changes contribute to the dysfunction of proteins in hyperglycemia and promote

cellular dysfunction.

There are further changes in the cellular metabolism that reduce the ATP output,
which include diminished glucose uptake, blockage of anaerobic metabolism and
inappropriate assembly of mitochondrial respiratory complexes. High extracellular
glucose immediately stimulates glucose uptake, but decreases the glucose transport
over longer term in endothelial cells [123, 124]. Down-regulation of GLUT1 glucose
transporter is responsible for the diminished glucose uptake and it may contribute to
the low ATP output. Hyperglycemia reduces the activity of the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) via PARylation and reduces
the anaerobic glucose metabolism [125]. Aerobic metabolism is also decreased by
mitochondrial fragmentation and disassembly of mitochondrial respiratory complexes
that develop over longer exposure to hyperglycemia [99, 111, 93]. Altogether these
changes reduce the ATP generation in the cells and block the anaerobic compensation

for the diminished mitochondrial activity.
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Oxidative stress will induce DNA strand breaks in the mitochondria and promote
mutations and senescence of endothelial cells. Accelerated aging of endothelial cells
and the lack of endothelial progenitor cells decrease the functional endothelial cell
pool in hyperglycemia [126]. The number of bone marrow-derived progenitor cells is
lower in the circulation in diabetes and the progenitor cells possess diminished
proliferation capacity [127, 24]. It will reduce the resupply of endothelial cells and
may place extra workload on the preexisting vascular endothelium extending the

exposure to glucose, inflammatory mediators and oxidants.

Vascular dysfunction is characterized by inappropriate relaxation in response to
acetylcholine, which is mediated by endothelial nitric oxide (NO) [128-131]. NO is
synthesized from the guanidinium group of L-arginine by eNOS via a NADPH-
dependent reaction. Mitochondrial superoxide may interact with NO, which leads to a
loss of bioavailable NO, and form peroxynitrite (ONOOQO"), a very reactive radical that
activates PARP1 [132-134]. Furthermore, tetrahydrobiopterin (the pteridine cofactor
of eNOS) is an essential regulator of the enzyme: when tetrahydrobiopterin
availability is inadequate, it becomes ‘“uncoupled’ and produces superoxide, using
molecular oxygen as substrate, instead of NO [135]. Tetrahydrobioterin levels are
lower in animal models of diabetes and tetrahydrobiopterin supplementation restores
the vascular relaxation in these models suggesting a pathogenic role in diabetes [136,
137]. Another key element of vascular dysfunction is the reduced H,S bioavailability
in diabetes. H,S and NO interact at multiple levels: H,S stimulates eNOS expression
and activity, promotes the action of NO by maintaining a reduced soluble guanylate
cyclase (sGC) and by inhibition of the vascular cGMP phosphodiesterase (PDES), it
prolongs the half-life of cGMP [138-140]. Increased mitochondrial H,S consumption
and its diminished concentration in hyperglycemic endothelial cells inhibit the NO-

dependent vasodilation and contribute to vascular damage in diabetes.
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2. Aims

Endothelial dysfunction plays a fundamental role in the development of diabetic
micro- and macrovascular complications. The glucose-induced cell damage is
mediated by oxidative stress in endothelial cells, and according to the unifying
hypothesis [26, 141] mitochondrial reactive oxygen species (ROS) production acts as
an upstream player in this process. Reactive oxygen species are produced by the
respiratory chain (complexes I and III) in the mitochondria [142] via directly
transferring electrons to oxygen leaving behind extra protons in the intermembrane

space.

To find potential inhibitors of hyperglycemic endothelial damage we pursued the

following Specific Aims:

1. Establish a cell culture model of hyperglycemia-induced endothelial injury
that is characterized by mitochondrial overproduction of ROS and is

applicable for medium throughput cell-based drug screening

2. Screen the currently available clinical drugs and similar biologically active
compounds to identify inhibitors of the glucose-induced mitochondrial ROS

production in endothelial cells

3. Determine the mechanism of action of selected hit compounds against

hyperglycemic mitochondrial ROS production.

A. Significance

1. This approach directly targets the complications and it can serve as a supportive

therapy to glycemic control. There is no specific therapy against the complications,
and glycemic control by itself may not be sufficient to reduce the prevalence of

diabetic complications.

2. The drug repurposing approach allows rapid clinical translation, since evidence for

the drug safety is readily available.

3. This is a low-cost therapeutic approach: drug re-purposing may not require a novel

drug synthesis pathway, formulation or extensive toxicology studies.
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B. Innovation

1. We use a phenotypic assay-based drug discovery approach to find compounds that

reduce the glucose-induced ROS production in endothelial cells [38, 143]. This
approach relies on the overall effect of the compounds on whole cells, thus it
eliminates the drug delivery and toxicity-related issues commonly associated with

target-based drug discovery.

2. This approach targets the mitochondrial ROS production that may function as an

upstream element in the glucose-induced ROS [26]. While the significance of
mitochondrial ROS was recognized, there are no currently available treatment
modalities that specifically address the mitochondrial ROS production without

blocking the respiration.

3. The conditions we chose in our screen mostly excluded the inhibitors of oxidative

phosphorylation (OXPHOS) to focus on drugs that rather promote OXPHOS and have

greater potential for therapeutic use.
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3. Materials and methods

3.1. Compound libraries and commercially available drugs

A comprehensive screening set of 6,766 compounds was gathered from vendors listed
in table 1 that includes clinical compounds and drug-like molecules. The compounds
were dissolved at 10 mM in dimethyl-sulfoxide (DMSO) (apart from the Natural
Products that were provided at 2 mg/ml) and dilutions were made either in DMSO or
in phosphate-buffered saline (PBS, pH 7.4) to obtain 0.5% final DMSO concentration.
Amitriptyline hydrochloride, antimycin A, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), citalopram hydrobromide, desipramine
hydrochloride, escitalopram oxalate, fluoxetine hydrochloride, imipramine
hydrochloride, 3,4-(methylenedioxy)phenol (sesamol), nefazodone hydrochloride,
nortriptyline  hydrochloride, oligomycin, paroxetine hydrochloride, sertraline
hydrochloride, venlafaxine hydrochloride were purchased from Sigma-Aldrich (St
Louis, MO) and trans-4-(4'-Fluorophenyl)3-hydroxymethyl)-piperidine was from
Oakwood Products (West Columbia, SC).

3.2. Synthesis of mitochondrial H,S donors (10-(4-Carbamothioylphenoxy)-10-
oxodecyl) triphenylphosphonium bromide (AP123) and (10-Oxo-10-(4-(3-thioxo-
3H-1,2-dithiol-5-yl)phenoxy) decyl)triphenylphosphonium bromide (AP39) .

The mitochondrial H,S donor compounds AP123 and AP39 were synthesized in
house using chemicals supplied by Sigma-Aldrich Ltd. (Gillingham, Dorset, UK).
AP123 was synthesised using the following procedure: acetonitrile (8 cm’®) was added
to 10-bromodecanoic acid (400 mg, 1.59 mmol) and triphenylphosphine (418 mg,
1.59 mmol) and the resulting mixture was stirred and heated under reflux for 48 h
[144]. The acetonitrile was evaporated in vacuo and the colourless, oily residue was
triturated with toluene (3 x 10 cm’) before thorough drying on a rotary evaporator and
dissolution in  dichloromethane (15 cm’). At room temperature, 4-
hydroxythiobenzamide (244 mg, 1.59 mmol) was added to the stirred solution,
followed by a solution of N,N-dicyclohexylcarbodiimide (330 mg, 1.60 mmol) in
dichloromethane (8 cm®) and 4-dimethylaminopyridine (10 mg, 0.08 mmol). After

stirring for 22 h, the reaction mixture was filtered through a cotton wool plug and
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after removal of the solvent in vacuo, the crude product was applied as a
dichloromethane solution onto a silica gel flash chromatography column ca 120 cm’
silica gel, 3 cm diameter column). After flushing the silica gel with ethyl acetate (200
cm’), the product was eluted with methanol (200 c¢m®) and after evaporation of the
solvent in vacuo, the product was re-dissolved in dichloromethane (20 cm?) and the
resulting solution was dried (magnesium sulfate), filtered and evaporated in vacuo to
generate AP123 (516 mg, 50%) as a crisp, yellow foam (found [M-Br]" (ES")
568.2429, C35sH39NO,PS requires 568.2434); nmax (KBr disc)/cm’1 3415 (m), 3055
(m), 2925 (s), 2853 (s), 1752 (s) (C=0), 1619 (s), 1599 (s), 1587 (m), 1504 (m), 1483
(m), 1464 (w), 1438 (s), 1384 (m), 1311 (m), 1264 (m), 1205 (s), 1167 (s), 1112 (s),
1014 (m), 995 (m), 892 (m) and 851 (w); 'H NMR (300 MHz, CDCl3) 9.26 (1H, br s,
NH), 8.20 (2 H, part of AA'BB', J = 8.5 Hz, aryl CH), 7.89-7.62 (16H, complex,
phenyl CH and NH), 7.02 (2H, part of AA'BB', J = 8.5 Hz, aryl CH), 3.50 (2H, m,
CH,P"), 2.52, (2H, t, J = 7 Hz, CH,C(0)), 1.72-1.55 and 1.42-1.13 (6H and 8H, 2 x
broad m, (CH,);C(0)); *'P NMR (121 MHz, CDCls) 24.0 (P*); *C NMR (100 MHz,
CDCl3) 200.0 (C=S), 171.8 (C=0), 153.5 (aryl C-0), 135.6 (aryl C-C(S)), 135.2 (d, J
= 3 Hz, phenyl C-H), 133.5 (d, J = 10 Hz, 2 x phenyl C-H), 130.5 (d, /=13 Hz, 2 x
phenyl C-H), 129.7 (aryl C-H), 121.0 (aryl C-H), 118.1 (d, J = 86 Hz, phenyl C-P"),
34.2 (CH,C(0)), 30.3 (CH,), 30.1 (CH,), 28.9 (CH>), 28.8 (CH>), 28.6 (CH>), 28.5
(CH,), 24.5 (CH>), 22.9 (CH,) and 22.4 (d, J = 18 Hz, CH,P"), extinction coefficient
in DMSO (I30gnm = 5275 M'em™; (lag2nm = 8108 m! cm'l). AP39 was synthesised as
previously described by us [145], extinction coefficient in DMSO (lygonm = 6162 M
em™ ;5 (Iso7am = 12000 M cm™).

AP39 was synthesised according the following procedure: a solution of 10-
bromodecanoic acid (500 mg, 1.99 mmol) in acetonitrile (5 cm’) was added to a
stirred solution of triphenylphosphine (522 mg, 1.99 mmol) in acetonitrile (5 cm’) and
the resulting mixture was heated at reflux for 70 h. After cooling to room temperature
and evaporation of the solvent in vacuo, the residue was triturated with toluene (2 x
10 cm’) and dissolved in dichloromethane (30 cm®). 5-(4-Hydroxyphenyl)-3H-1,2-
dithiole-3-thione (456 mg, 2.02 mmol), N,N-dicyclohexylcarbodiimide (431 mg, 2.09
mmol) and 4-dimethylaminopyridine (12 mg, 0.10 mmol) were added and the
resulting solution was stirred at room temperature for 22 h before filtering through a

cotton wool plug and evaporation of the filtrate in vacuo. A dichloromethane solution
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of the residue was loaded onto a silica gel flash chromatography column, which was
subsequently eluted with ethyl acetate, followed by methanol. The methanol fractions
were combined and evaporated in vacuo and a dichloromethane solution of the
residue was filtered through a filter paper to remove residual silica gel before
evaporation in vacuo to produce AP39 (1.05 g, 73%) as a crisp, orange foam (found
[M - Br]" (ES") 641.1766, C37H330,PS3 requires 641.1766); nma. (KBr disc)/cm™
2925 (m), 2852 (m), 1754 (m) (C=0), 1599 (w), 1521 (w), 1485 (s), 1437 (s), 1410
(m), 1317 (m), 1278 (m), 1185 (s), 1168 (s), 1112 (s), 1026 (s), 996 (m), 896 (W), 839
(w), 747 (m), 722 (m), 690 (m), 535 (m) and 508 (m); 'H NMR (300 MHz, CDCls)
7.95-7.65 (17H, m, aryl C(2)H, aryl C(6)H and phenyl CH), 7.42 (1H, s, CHC=S),
7.23 (2H, part of AA’BB’, J = 8.5 Hz, aryl C(3)H and C(5)H), 3.85 (2H, m, CH,P"),
2.58 (2H, t, J = 7.5 Hz, CH2C=0), 1.80-1.55 (6H, m, 3 x CH;) and 1.42-1.19 (8H,
m, 4 x CHy); *'P NMR (121 MHz, CDCls) 25.7 (P"); °C NMR (75 MHz, CDCls)
214.9 (C=S), 183.7 (CH=C-S), 171.7 (C=0), 153.6 (arylC-0), 135.8 (arylC—C=CH),
134.9 (phenylC-H), 133.6 (d, J = 9 Hz, phenylC-H), 130.4 (d, J = 13 Hz, phenylC—
H), 128.9 (C=CH-C(S)), 128.1 (arylC-H), 122.9 (arylC-H), 118.3 (d, J = 83 Hz,
phenylC—P+), 34.2 (CH2C(0)), 30.3 (d, J . 13 Hz, CH2), 29.0 (CH2), 28.9 (2 _ CH2),
28.8 (CH,), 24.6 (CH,), 23.0 (CH;) and 22.5 (d, J = 18 Hz, CH2P").

3.3. H,S release detection in solution and in situ in endothelial cells

H;,S donors were dissolved and diluted in DMSO. Compounds or vehicle were added
in 1/10 volume and mixed with DMEM supplemented with 10% FBS and 0.5 mg/ml
MTT. Free H,S as strong reducing agent reacts with the tetrazolium dye MTT and
forms purple colour formazan. Changes in absorbance were recorded every 24 hours
on a microplate reader (Molecular Devices Spectramax M2e, Sunnyvale, CA) at 570
nm with background measurement at 690nm. The reaction was carried out in a
humidified incubator at 37 °C with 5% CO, atmosphere to closely mimic the cell
culture conditions and minimise evaporation. H,S calibration curve was created by
preparing serial dilutions of freshly dissolved Na,S (Alpha Aesar, Haverhill, MA) and
by measuring the reducing capacity. The slow release H,S donors liberate H,S over
several days and the low background of MTT reduction allows H,S detection up to 2
weeks. The H,S generation is shown as the cumulative increase or daily change in

absorbance with respective H,S values.
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The toxic concentration of H,S donors was determined in b.End3 endothelial cells.
Cells (20 000/well) were seeded in 96 well plates and cultured in DMEM containing 1
g/l glucose supplemented with 10% FBS, 1% non-essential amino acids and
antibiotics at 37 °C in 5% CO, atmosphere for 5 days. H,S donors were diluted in
PBS containing 10% DMSO and added in 1/20 volume, then cells were incubated at
37 °C for 24 hours. Non-mitochondrial H,S donors were added in the concentration
range of 100nM to 1mM and mitochondrial H,S donors in the range of 10nM to
100uM. After 24 hours, the supernatant was saved to detect LDH release and fresh
culture medium supplemented with 0.5 mg/ml MTT was added to the cells. MTT and
LDH assays were performed as detailed below. The cellular viability values and
percent cell lysis values were plotted and the 50% toxic concentration was calculated

using Prism 6 analysis software (GraphPad Software, Inc., La Jolla, CA)

b.End3 cells (2x10°/well) were seeded on 4-well Nunc Lab-Tek chambered
coverglass (Nalge Nunc, Rochester, NY) and cultured overnight. H,S donor
compounds were diluted in PBS and DMSO and were added at 30 uM final
concentration in 1/20 culture volume. The cells were treated with the compounds at
37 °C for 2 hours, followed by loading with fluorescent H,S sensor 7-azido-4-
methylcoumarin (AzMc) (40nM, Sigma-Aldrich, St. Louis, MO) and Mitotracker
Green FM (200 uM, Life Technologies, Carlsbad, CA) mitochondrial stain at 37 °C
for 1 hour to detect H,S release simultaneously with the endogenous H,S production.
AzMc fluorescence and the MitoTracker signal were detected on a Nikon TE2000
inverted microscope (Nikon UK Limited, Surrey, UK) using a Hamamatsu ORCA-ER
monochrome camera (Hamamatsu Photonics UK Ltd., Hertfordshire). The H,S signal

is shown in green and the MitoTracker signal in red.

3.4. Cell culture and cell-based screening for inhibitors of hyperglycemia

induced mitochondrial ROS production

bEND.3 murine and EA.hy926 human endothelial cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone, Logan, UT) containing
g/l glucose supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT),
1% non-essential amino acids, 100 IU/ml penicillin and 100 pg/ml streptomycin

(Invitrogen, Carlsbad, CA) at 37 °C in 10% CO, atmosphere.
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b.End3 cells (20 000/well) were plated into 96-well tissue culture plates and were
cultured for 24 hours. Hyperglycemia (40 mM glucose) was initiated by replacing the
culture medium with fresh DMEM containing 7.2 g/l glucose supplemented with 10%
FBS, 1% non-essential amino acids, 100 IU/ml penicillin and 100 pg/ml streptomycin
and were cultured for 10 days before measuring the oxidant production. The culture
medium was supplemented with pyruvate (10 mM) as fresh source of energy after 4
days of exposure. Test compounds were tested at 3 uM final concentration (0.5%
DMSO) in the culture medium. The Natural Products Library was screened at 1 ug/ml
final concentration. Compounds were administered in 1/20 volume on the 7" day of

exposure and control cells were treated with vehicle.

EA.hy926 cells were used in similar manner but were exposed to hyperglycemia in
medium 199 supplemented with 15% FBS, 4 mM glutamine, 7.5 U/ml heparin, 2.5
pg/ml human endothelial cell growth factor, 2 ng/ml human epidermal growth factor,

100 IU/ml penicillin and 100 pg/ml streptomycin.

After 10 days of exposure the cells were loaded with mitochondrial superoxide sensor
MitoSOX™ Red (2.5 pM) and DNA stain Hoechst 33342 (10 uM) for 25 min.
Reading medium (PBS supplemented with 1 g/l glucose and 10% bovine growth
serum was added to the cells and the oxidation of MitoSOX™ Red was recorded
kinetically (Ex/Em: 530/590 nm) on Synergy 2 (BioTek, Winooski, VT) at 37°C for
35 min as previously described (9). Vmax values were used as a measure of
mitochondrial reactive oxygen species (ROS) production rate. The fluorescence of
Hoechst 33342 (Ex/Em: 360/460 nm) was used to calculate the viability of the cells
using a calibration curve created by serial dilution of b.End3 cells. In select
experiments test compounds were administered in 1/20 volume 3 hours prior to the
MitoSOX™ Red loading or immediately thereafter. ROS scores (ROS score of 1 was
defined as 25% decrease of the average mitochondrial ROS production of
hyperglycemic cells on test plate) and viability scores (viability score of 1 as the
standard deviation of the hyperglycemic cells on each test plate) were calculated to

minimize inter-plate variability and to identify active compounds.

3.5. Measurement of cytoplasmic ROS generation

Following the hyperglycemic exposure the cells were loaded with cell-permeable

ROS indicator 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate

36



DOI:10.14753/SE.2018.2205

(CM-H,DCFDA, 10 uM) and DNA stain Hoechst 33342 (10 uM) for 25min. Reading
medium (PBS supplemented with 1 g/l glucose and 10% bovine growth serum was
added to the cells and the oxidation of CM-H,DCFDA was measured kinetically
(Ex/Em: 485/528nm) on Synergy2 plate reader (BioTek) at 37°C for 35 min. ROS
production are shown as Vmax values or percent values of Vmax values of control
cells. The fluorescence of Hoechst 33342 (Ex/Em: 360/460nm) was used to calculate
the viability of the cells using a calibration curve created by serial dilution of b.End3

cells.

3.6. In situ detection of ROS generation

Cells were plated (50,000/well) into Lab-Tek™ II 8-well chamber slides (Nalge
Nunc, Rochester, NY) and were treated with hyperglycemia and compounds as
described earlier. Following the hyperglycemic exposure the cells were washed with
PBS and the cells were loaded with MitoSOX™ Red and Hoechst 33342 for 25 min.
The cells were incubated in reading medium for two hours and then images were
taken on an Eclipse 80i fluorescent microscope (Nikon Instruments, Melville, NY)

with Coolsnap HQ’ CCD camera (Photometrics, Tucson, AZ).

3.7. Mitochondrial ROS measurement in isolated mitochondria

Mitochondria were isolated from male Sprague-Dawley rats (225-250 g, Harlan
Laboratories, Houston, TX). Fresh liver tissue was rinsed 3 times in ice-cold
mitochondria isolation buffer (MSHE: 70 mM sucrose, 210 mM mannitol, 5 mM
HEPES, 1 mM EGTA, 0.5% (w/v) fatty acid-free BSA, pH 7.2), then 400-600 mg
liver was minced and homogenized with teflon/glass homogenizer in 10 volumes of
mitochondrial isolation buffer. The homogenate was centrifuged at 600 g for 10 min
at 4°C. Lipids were carefully aspirated, and the supernatant was decanted through 2
layers of cheesecloth and centrifuged at 10,000 g for 10 min at 4°C. After removal of
the light mitochondrial layer, the pellet was resuspended in MSHE, and the
centrifugation was repeated at 10,000 g for 10 min at 4°C. The final pellet was
resuspended in 5 ml mitochondria assay solution (MAS: 10 mM KH,PO4, 5 mM
MgCl,, 2 mM HEPES, 1 mM EGTA and 0.2% (w/v) fatty acid-free BSA, pH 7.2 at
37 °C). The protein concentration was determined using the BCA Protein Assay

(Pierce, Rockford, IL) and mitochondria (10pug protein/well) were plated into 96-well
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plates in 50 pl/well volume. Mitochondria were centrifuged at 2,000 g for 20 min at
4°C, then 50 pl/well assay solution supplemented with succinate, rotenone, ADP and
MitoSOX™ Red (final concentrations 10mM, 2uM, 4mM and 1.25 uM respectively)
and the test compounds (10 ul/well) were added. The oxidation of MitoSOX was
recorded kinetically (Ex/Em: 530/590nm) on Synergy 2 plate reader (BioTek,
Winooski, VT) at 37°C for 35 min. Vmax values were used as a measure of
mitochondrial reactive oxygen species (ROS) production rate. The functional integrity
of the isolated mitochondria was simultaneously confirmed on a Seahorse metabolic

analyzer.

3.8. Xanthine-oxidase assays

Superoxide was generated by bovine xanthine oxidase (0.25mU/ml, Sigma-Aldrich,
St. Louis, MO) in 50mM potassium phosphate buffer (pH 7.5) containing 50 uM
xanthine and 50 uM diethylenetriaminepentaacetic acid (DETAPAC, Sigma-Aldrich,
St. Louis, MO). The superoxide generation was measured kinetically at 37°C for 35
min on Synergy 2 plate reader (BioTek, Winooski, VT) either by colorimetric
detection (490nm) using 40 uM nitrotetrazolium blue (NBT) or by a fluorescent
method using MitoSOX™ Red (1.25 pM, Ex/Em: 530/590nm) and 1pg/ml Hind III
digest of A DNA to increase the signal intensity. Test compounds were added in 1/20

volume and were diluted in 50mM potassium phosphate buffer (pH 7.5).

3.9. Viability assays: MTT and LDH assays, ATP measurement

The MTT assay and LDH activity measurements were performed as previously
described [146, 147]. Briefly, the cells were incubated in medium containing 0.5
mg/mL  3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT,
Calbiochem, EMD BioSciences, San Diego, CA) for 1 hour at 37°C at 10% CO;
atmosphere. The converted formazan dye was dissolved in isopropanol and the
absorbance was measured at 570 nm. Serial dilution of the cells was used to fit a
curve on the absorbance values. MTT conversion rate values are shown as percent

values relative to normoglycemic controls.

Total LDH content of the cells was measured by lysing the cells in 0.15 M saline
containing 1% Triton-X-100 (30 pl/well) and measuring the LDH activity by adding
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100 pl LDH assay reagent containing 110 mM lactic acid, 1350 mM nicotinamide
adenine dinucleotide (NAD"), 290 mM N-methylphenazonium methyl sulfate (PMS),
685 mM 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-phenyl-2 H-tetrazolium chloride (INT)
and 200 mM Tris (pH 8.2). The changes in absorbance were read kinetically at 492
nm for 15 min (kinetic LDH assay). LDH activity values are shown as percent values

relative to cells maintained under normoglycemia.

ATP concentration was determined by the commercially available CellTiter-Glo®
Luminescent Cell Viability Assay (Promega, Madion, WI). The cells were lysed in
100 pL of CellTiter-Glo reagent according to the manufacturer’s recommendations
and the luminescent signal was recorded for 1 s on a high sensitivity luminometer
(Synergy Mx, Biotek, Winooski, VT, USA). The assay is based on ATP requiring
luciferen-oxyluciferin conversion mediated by a thermostable luciferase that
generates a stable “glow-type” luminescent signal. ATP standard (dilution series) was
used to calculate the cellular ATP amount and the ATP values are shown as percent

values of the normoglycemic controls.

3.10. Mitochondrial membrane potential measurement

The mitochondrial potential was measured with JC-1 (Sigma-Aldrich, St. Louis, MO)
fluorescent probe as previously described [148]. The cells were loaded with the dye
by exposing them to JC-1 stain solution containing 10 uM JC-1 and 0.6 mM B-
cyclodextrin (Sigma-Aldrich, St. Louis, MO) in OptiMEM I medium at 37 °C for 30
min. Subsequently, the cells were washed in phosphate buffered saline (PBS) and the
red (Ex/Em: 485/528nm) and green (Ex/Em: 530/590nm) fluorescence was measured
on a microplate reader (Synergy 2, Biotek, Winooski, VT, USA). The mitochondrial
potential is reported as percent values of the ratio of the mitochondrial J-aggregates
(red fluorescence) and the cytoplasmic monomer form of the dyes (green

fluorescence) compared to vehicle-treated normoglycemic control cells.

Changes in the mitochondrial potential were also investigated by measuring the
uptake of Mitotracker Green FM (Life Technologies, Carlsbad, CA). The uptake of
the Mitotracker Green FM is potential-sensitive but it is less sensitive for rapid
changes than JC-1 [149]. The cells were loaded with Mitotracker Green FM (0.5 uM)
and Hoechst 33342 (10 uM) in PBS at 37 °C for 30 min, then the cells were washed
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twice and the fluorescence of Mitotracker Green (Ex/Em: 485/528 nm) and Hoechst
33342 (Ex/Em: 360/460 nm) was recorded on Synergy 2 reader (BioTek, Winooski).

3.11. Gene expression array

Total RNA was isolated from bEND.3 cells exposed to hyperglycemia or
normoglycemia for 7 days using TRIzol® reagent according to the protocol provided
by the manufacturer. 2 ug RNA was treated with DNase (Epicentre, Madison, WI)
and reverse transcription was carried out using High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA) following the manufacturer’s instructions. 1
ug RNA was used according to the manufacturer’s protocol for gene expression
mesurements using the mouse mitchondrial energy real-time PCR array

(SABiosciences, Frederick, MD) on CFX96 thermocycler (Biorad, Hercules, CA).

3.12. siRNA mediated gene silencing and real-time PCR measurements

Gene silencing and RNA level gene expression measurements were performed as
previously described [147]. b.End3 cells (20,000/well) were plated on 96-well plates,
the following day the cells were transfected with uncoupling protein 2 (UCP2) siRNA
(1 pmol/well, Silencer Select, assay ID: s75721, Life Technologies, Carlsbad, CA)
using Lipofectamine 2000 transfection reagent. Control cells were transfected with
Silencer Select negative control #1 siRNA (ID: 4390844, Life Technologies,
Carlsbad, CA). The knockdown efficiency was evaluated by real time PCR to confirm
that the silencing lasts for 10 days.

Total RNA was isolated using a commercial RNA purification kit (SV total RNA
isolation kit, Promega, Madison, WI). 2 ug RNA was reverse transcribed using the
High Capacity ¢cDNA Archive kit (Applied Biosystems, Foster City, CA) as
previously described [147, 38, 150]. UCP2 expression was measured using species-
specific UCP2 Tagman assays (murine assay ID: Mm00627598 ml, human assay ID:
Hs01075227 ml, Life Technologies, Carlsbad, CA) and VIC-labeled 18S rRNA
control reagents (Cat# 4308329 for murine and Cat# 4310893E for human samples,
Life Technologies, Carlsbad, CA) for normalization on a CFX96 thermocycler (Bio-
Rad, Hercules, CA). The expression of uncoupling protein 3 (UCP3) was measured
by the following Taqman assay: assay ID: Mm01163394 ml1 (Life Technologies,
Carlsbad, CA).
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In a separate set of experiments the expression of the nuclear encoded glucocorticoid
receptor (GR), sirtuin 1 (SIRT) and cytochrome C (Cyt C) and the two mitochondrial
encoded genes: the cytochrome ¢ oxidase III (COX3) and 16S ribosomal RNA (16S
RNA) was measured in cells exposed to hyperglycemia and dexamethasone. b.End3
cells were exposed to hyperglycemia or maintained at normoglycemia for 7 days and
treated with dexamethasone (3 uM) for 3 days. RNA was isolated and reverse
transcribed as described above. The gene expression was measured in PCR reactions
utilizing the SYBR Green method using the primers at 0.4 pM (16S RNA forw. 5°-
AAACAGCTTTTAACCATTGTAGGC-3’, 16S RNA rev. 5-TTGAGCTTGAA
GCTTTCTTTA-3’, COX3 forw. 5’-AGACGTAATTCGTGAAGGAACC-3’, COX3
rev. 5-CCGAGACGATGAATAGAATTA TACC-3’, Cyt C forw. 5’-
AAATCTCCACGGTCTGTTCG-3’, Cyt C rev. 5’-CCAGGTGATGCCTTTGTTCT-
3, GR forw. 5-TTACCCCTACCCTGGTGTCA-3’, GR rev. 5’-
AAGGGTCATTTGGTCATCCA-3’, SIRT forw. 5-AAAAGATAATAGTTCTG
ACTGGAGCTG-3’, SIRT rev. 5’-GGCGAGCATAGATACCGTCT-3") on a CFX96
thermocycler (Bio-Rad, Hercules, CA). Expression values were normalized to the

amount of 18S rRNA (Life Technologies, Carlsbad, CA).

3.13. Mitochondria isolation and western blotting

Endothelial cells were exposed to hyperglycemia or maintained under normoglycemic
conditions for 10 days and the mitochondria were isolated using the Mouse
Mitochondria Isolation Kit (Miltenyi Biotec Inc., Auburn, CA). The cells were
washed in PBS, scraped in separation buffer and lysed using a Dounce homogenizer.
The lysates were incubated with anti-TOM22 microbeads (1:200) at 4 °C for 1 hour to
magnetically label the mitochondria. Then the labeled mitochondria were captured on
a MACS separation column and washed with separation buffer. Finally, mitochondria
were eluted by flushing the column with 1.5 ml buffer, pelleted and resuspended in
100 pl storage buffer. Mitochondria samples (10 pg protein) were heated to 37°C for
5 min. and resolved on 4-12% NuPage Bis-Tris acrylamide gels (Invitrogen,
Carlsbad, CA) then transferred to nitrocellulose. Membranes were blocked in 10%
non-fat dried milk and probed overnight with MitoProfile Total OXPHOS Rodent
WB Antibody Cocktail (1:500, MitoSciences/Abcam, Cambridge, MA). The

Antibody Cocktail contains antibodies against the following proteins in the respective
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respiratory complexes: NADH dehydrogenase (Ubiquinone) 1 beta subcomplex 8
(NDUFBS, Complex I), Succinate dehydrogenase [ubiquinone] iron-sulfur subunit
(SDHB, Complex II), Ubiquinol-Cytochrome ¢ reductase Core Protein II (UQCRC2,
Complex III), Cytochrome c oxidase subunit I (MTCO1, Complex IV), ATP synthase
subunit alpha (ATP5A1, Complex V). The antibodies in the cocktail detect subunits

that are labile when the complexes are not assembled.

Cell samples were lysed in denaturing loading buffer (20 mM Tris, 2% SDS, 10%
glycerol, 6 M urea, 100 pg/ml bromophenol blue, 200 mM B-mercaptoethanol) [147,
150]. Lysates were sonicated, boiled and resolved on 4-12% NuPage Bis-Tris
acrylamide gels (Invitrogen, Carlsbad, CA), then transferred to nitrocellulose.
Membranes were blocked in 10% non-fat dried milk and probed overnight with UCP-
2 antibody (1:100, Santa Cruz Biotechnology Inc., Dallas, TX). After incubation with
peroxidase conjugates (Cell Signaling, Danvers, MA) the blots were detected on a
CCD-camera based detection system (GBox, Syngene USA, Frederick, MD) with
enhanced chemiluminescent substrate. To normalize the signals, membranes were
reprobed with horseradish peroxidase labeled actin antibody (1:3000, Santa Cruz
Biotechnology Inc., Dallas, TX). The signals were quantitated using Genetools

analysis software (Syngene USA, Frederick, MD).

3.14. Detection of oxidative nucleic acid and protein damage

DNA strand breaks in bEND.3 cells exposed to hyperglycemia were detected with a
single-cell gel electrophoresis using a commercially available Comet assay system
(Trevigen, Gaithersburg, MD) as previousy described [94]. Micrographs were
transformed to binary images at a fixed intensity scale to measure the tail length.

In a separate series of experiments, cells were plated (50,000/well) into Lab-Tek™ II
8-well chamber slides (Nalge Nunc, Rochester, NY) and were exposed to
hyperglycemia and treated with compounds as described above. Then the cells were
fixed in 4% buffered formalin and were probed with an antibody against 8-hydroxy-
guanosine (1:200, Pierce, Rockford, IL) overnight, followed by incubation with
Alexa-546 labeled anti-mouse antibody (Invitrogen, Carlsbad, CA) and subsequent
staining with nuclear stain Hoechst 33342 and Alexa-488-phalloidin conjugate.
Oxidative damage of nucleic acids was visualized on a Nikon Eclipse 801 microscope

and images were taken as above described. The red fluorescence (sum of intensity of

42



DOI:10.14753/SE.2018.2205

every pixel) of individual cells was analyzed using NIS Elements Basic Research

software package and shown as relative fluorescence (RFU/cell).

Protein oxidation was measured in crude mitochondrial fraction prepared by lysing
bEND.3 cells exposed to hyperglycemia in lysis buffer comprising S0mM Tris-HCI,
pH 7.4, 50mM sodium fluoride, SmM sodium pyrophosphate, ImM EDTA, 250mM
mannitol, 1% Triton X-100 supplemented with protease inhibitors (Complete mini,
Roche Applied Science, Indianapolis, IN). Nuclei were removed by centrifuging the
samples at 300 x g and mitochondrial fraction was prepared from the supernatant by
centrifuging at 12 000 x g. The pellet was dissolved in RIPA buffer (Cell Signaling,
Danvers, MA) and protein concentration was measured by DC protein assay (Bio-
Rad, Hercules, CA). 2.5ug protein was processed using the Oxyblot Protein Oxidation
detection kit (Millipore, Billerica, MA). Samples were resolved on 4-12% Nupage
Bis-Tris gel (Invitrogen, Carlsbad, CA) and blotted to nitrocellulose. Pierce enhanced
chemiluminescent substrate (Pierce ECL, Thermo Fisher Scientific Inc., USA) was
used to detect the chemiluminescent signal in a CCD-camera based detection system

(GBox, Syngene USA, Frederick, MD).

3.15. Detection of oxidative damage of the mitochondrial DNA (mtDNA)

b.End3 cells were exposed to hyperglycemia and were treated with paroxetine
(10uM) for 3 days. The cells were lysed in 0.8% sarcosine, 20mM EDTA, 100mM
Tris pH 8.0 and treated with RNase A and Proteinase K. Phenol-chloroform extracted
DNA samples (200ng) were subjected to 8-oxoguanine DNA glycosylase (hOGGI,
2U) digestion at 37 °C for 1 hour, followed by heat inactivation (65°C, 15min). Equal
amount of DNA was incubated simultaneously in the same buffer without the
enzyme. The amplifiable amount of mtDNA was measured by real-time PCR using
primers targeting the mitochondrial Tyr-tRNA coding region (forward primer: 5°-
CACCTTAAGACCTCTGGTAAAAAGA-3’, reverse primer: 5-
TGAGAATAATCAACGATTAATGAACA-3’) and the difference was calculated
between the hOGG1-treated and non-treated samples.

3.16. Respiratory complex II/ III activity assay

Complex I+III activity was measured by the MitoTox Complex II+III OXPHOS
Activity Microplate assay (Abcam, Cambridge, UK). Respiratory complex II
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(succinate-ubiquinone oxidoreductase) transfers electrons from succinate to Complex
III (ubiquinolcytochrome c oxidoreductase) via mobile electron shuttle ubiquinone.
Complex III transfers electrons to Complex IV (cytochrome ¢ oxidase) via mobile
electron carrier cytochrome c¢. The assay measures cytochrome ¢ reduction using

succinate as substrate (Complex II+III activity).

Bovine heart mitochondria were used as source of respiratory complexes. Complex [
was inhibited by rotenone (10 uM) to block electron transfer from NADH to
ubiquinone and Complex IV by potassium cyanide (2 mM) to avoid to reoxidation of
cytochrome c. H,S donor compounds (10 nM to 10 uM) were mixed with
mitochondria (30 ug/ml) in the presence of succinate and oxidised cytochrome c.
Cytochrome c reduction was monitored kinetically on a microplate reader (Molecular
Devices Spectramax M2e, Sunnyvale, CA) at 550 nm. Mitochondrial complex II/III

activity is shown as the maximum velocity of cytochrome ¢ reduction in mOD/min.

3.17. Extracellular Flux Analysis

An XF24 Analyzer (Seahorse Biosciences, Billerica, MA) was used to measure
metabolic changes in b.End3 cells as previously described [151]. The XF24 creates a
transient 7 pl chamber in specialized microplates that allows real-time measurement
of oxygen and proton concentration changes via specific fluorescent dyes and
calculates OCR (oxygen consumption rate) and ECAR (extracellular acidification
rate), measures of mitochondrial respiration and glycolytic activity. The proton
production rate is similarly denotes the cellular acid production but in pMol/min,
while ECAR is expressed in pH/min. The OCR and ECAR values represent the
metabolism of cells, but may also reflect the number of viable cells. After
determining the basal OCR and ECAR values, oligomycin, FCCP and antimycin A
were injected through the ports of the Seahorse Flux Pak cartridge to reach final
concentrations of 1 pg/ml, 0.3 uM and 2 pg/ml, respectively, to determine the amount
of oxygen consumption linked to ATP production, the level of non-ATP-linked
oxygen consumption (proton leak) as well as the maximal respiration capacity and the
non-mitochondrial oxygen consumption. Following the metabolic measurements, the
cells were lysed in M-PER mammalian protein extraction reagent (Pierce, Rockford,

IL) and the protein content was determined using the bicinchoninic acid (BCA)
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method (Pierce, Rockford, IL). OCR and ECAR values were normalized to protein
content and are shown as OCR or ECAR/protein.

3.18. Vascular studies of in vitro hyperglycemia

Thoracic aortic rings from Sprague-Dawley rats were incubated for 48 h under
normoglycemic (5 mM) or hyperglycemic (30 mM) conditions in DMEM in the
presence or absence of 10 uM paroxetine, followed by the determination of

acetylcholine-induced relaxations as previously described [94].

3.19. Vascular studies of streptozotocin-induced diabetes

Diabetes in male Sprague-Dawley rats was induced with a single streptozotocin
injection of 60 mg/kg body wt i.p. prepared in citrate buffer (pH=4.5). On Day 14,
animals were implanted with osmotic pump (Alzet, Cupertino, CA) filled with
paroxetine (releasing a dose of 10 mg/kg/day) or vehicle. Rats were divided into
groups as follows: control group (CTL/V, n=10) (non-diabetic rats treated with
vehicle), control with paroxetine (CTL/P, n=10) (non- diabetic rats treated with
paroxetine), STZ induced diabetes group (STZ/V, n=10) (diabetic rats treated with
vehicle), and STZ induced diabetes group treated with paroxetine (STZ/P, n=10).
Minipumps were replaced at 2 weeks. Paroxetine or vehicle treatment lasted for 28
days, at which point thoracic aortac were obtained and acetylcholine-induced

relaxations were measured as described [94].

3.20. Statistical analysis

Data are shown as mean = SEM values. One-way analysis of variance (ANOVA) was
used to detect differences between groups. Post hoc comparisons were made using
Tukey's test. A value of p < 0.05 was considered statistically significant. All statistical

calculations were performed using GraphPad Prism 6 (La Jolla, CA, USA) software.
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4. Results

4.1. Characterization of the hyperglycemic endothelial cell injury model

We exposed b.End3 microvascular endothelial cells to high glucose for several days
to enhance the mitochondrial reactive oxygen species (ROS) production. Extended
hyperglycemic exposure significantly stimulated the ROS production after a couple of
days and induced a progressive increase until the 10" to 14™ days of hyperglycemia
(Fig. 3A-D). The enhanced ROS production was not associated with marked
alterations in the expression level of genes related to the mitochondrial respiration and
ATP production (Fig. 3E, Suppl. Tables 1-2).

The glucose-induced ROS production was associated with metabolic changes in the
b.End3 cells, though. When exposed to hyperglycemia, the cells showed a progressive
increase in the mitochondrial MTT conversion but no change was detectable in the
lactate dehydrogenase (LDH) activity in the cells (Fig. 4A, B). MTT is presumed to
be reduced predominantly by the enzyme mitochondrial succinate dehydrogenase
(respiratory complex II) [152], thus the MTT assay may indirectly measure the
aerobic metabolism and the oxidative phosphorylation (OXPHOS) in the cells,
whereas the anaerobic metabolism is represented by the LDH activity, a key enzyme
in anaerobic respiration. Similar to the changes in the MTT reduction, the
mitochondrial membrane potential showed a progressive increase in the cells with
significantly elevated values after 5 days of exposure (Fig. 4C). These changes had no
effect on the cellular ATP content. The cells maintained a stable energy level until the
10™ day of exposure and started to show a decline in the ATP level afterwards (Fig.
4D). While the cellular LDH content (anaerobic metabolism) increased at that time

(Fig. 4B), it was not sufficient to reinstate the cellular energy level (Fig. 4D).
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Fig. 3. Long-term hyperglycemia induces mitochondrial oxidant production in
endothelial cells. A-D: b.End3 cells were exposed to hyperglycemia (high) or
maintained in SmM glucose (low) containing medium for 10 days or for the indicated
time period, then the cells were loaded with superoxide sensor MitoSOX Red and
Hoechst 33342. The oxidation of MitoSOX was recorded on kinetic reader, the
maximum reaction rates (Vmax) (A) and typical kinetic curves are shown (B).
Micrographs of cells maintained in normoglycemic (C) or hyperglycemic (D) medium
were taken 2 hours following the superoxide sensor loading. E: Gene expression
changes in b.End cells exposed to hyperglycemia for 7 days were analyzed with
mitochondrial energy array. The gene symbols and relative expression (fold change)
in hyperglycemic cells are shown compared to normoglycemic cells. (*p<0.05)
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Fig. 4. High glucose exposure induces mitochondrial hyperpolarization and
oxidant production in b.End3 microvascular endothelial cells. A-F: Confluent
b.End3 endothelial cells were maintained in low or high-glucose containing medium
for 3-12 days and metabolic indices and ROS production were determined. A: The
mitochondrial citric acid cycle activity was determined by measuring the MTT
converting capacity of the cells. B: The anaerobic metabolic capacity of the cells was
determined by measuring the LDH activity of the cells. C: The mitochondrial
membrane potential was determined by JC-1 dye. D: The cellular ATP content was
measured. E, F: The cellular ROS production was determined by (E) measuring the
mitochondrial superoxide generation and (F) the cellular H,O, production. G:
Respective levels of the mitochondrial respiratory complexes were determined by
MitoProfile total OXPHOS antibody cocktail. Representative blot image and
densitometric analysis results are shown. (*p<0.05 high-glucose exposure induced
significant changes compared to cells maintained in low glucose containing medium.)
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Hyperglycemia increased both the mitochondrial and the cytoplasmic ROS production
in the cells, as measured by the mitochondrial superoxide-sensitive MitoSOX Red
probe and the H,Os-sensitive 5-(and-6)-chloromethyl-2',7'-dichlorodihydro-
fluorescein diacetate, acetyl ester (CM-H,DCFDA) (Fig. 4E, F). Significantly
increased ROS production was detectable already on the 3™ day of the hyperglycemic
exposure, and on the subsequent days a progressive increase was observed similar to
the increase in the mitochondrial membrane potential. We tested, whether there was
any change in the assembly of the mitochondrial respiratory complexes (Fig. 4G), but
we found no alteration in them. While there was no detectable change in the
respiratory complex assembly, there seemed to be a functional deficit in the
mitochondrial electron transfer or in the chemiosmotic coupling, since the
mitochondria failed to use the elevated membrane potential to produce more ATP or
even to maintain the basal cellular energy level after prolonged exposure to high
glucose. Thus, the increased glucose load led to mitochondrial hyperpolarization that

might have been responsible for the increased ROS generation in the b.End3 cells.

4.2. Cell-based screening for inhibitors of hyperglycemia-induced mitochondrial

ROS production in endothelial cells

We conducted a phenotypic screen to identify compounds that inhibit the
mitochondrial ROS production induced by elevated extracellular glucose by
measuring the oxidation of MitoSOX in cultured b.End3 endothelial cells. We tested a
focused library consisting of 6,766 compounds, which included clinical-stage drugs,
biologically active compounds with defined pharmacological activity and natural
compounds. (The compound libraries tested in the primary screen are listed in Table

1)
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Table 1. Bioactive compound libraries. Source libraries of the compounds used in
cell-based screening.

. 5 3 Number of

Library Supplier Description Code E—
NIH Clinical BioFocus, South .
Collection Son:Francisa, CA phase I-III trial compounds B 446
FDA Approved Enzo Life Sciences, FDA approved bioactive F 640
Library Farmingdale, NY compounds

; . Prestwick Chemical, .
Prestwick Chemical Washington, DC marketed drugs in Europe P 1200
US Drug Collection ; clinical trial stage USP drugs U 1040

: MicroSource :

International Drug : compounds marketed in Europe or

: Discovery Systems, g : I 240
Collection Gavloidsville. CT Asia but not in the US
Killer Plates Y ’ toxic substances 160

Sigma-Aldrich,
LORAEIE0 Saint Louis, MO various biologically active E k230
. Tocris BioScience, compounds
TocriScreen Ellisville, MI i 1120
Natural Products TimTeeLLE, natural compounds and derivatives N 640
Newark, DE

We decided to test the compounds on cells showing a pre-existing (but potentially
reversible) damage, thus compounds (3 puM) were administered on day 7 of
hyperglycemia and the effect on ROS production was evaluated after a 3-day long
exposure. The measurement of mitochondrial ROS production was combined with
simultaneous assessment of the cellular viability (measured in the same wells) (Fig.
5).

Both the cellular ROS production and the viability showed a Gaussian distribution,
and the majority of the compounds did not affect mitochondrial ROS generation.
(Detailed results of the primary screen are provided in the supplementary data of
reference [38]). Compounds that decreased the mitochondrial ROS production (ROS
score > 1) fell into two categories: they either reduced the viability (viability score < -
1) or did not affect it. Cytotoxic compounds (i.e. compounds that simultaneously
decreased both the ROS production and cell viability) were excluded from further
analysis. The non-toxic compounds that inhibited hyperglycemia-induced ROS
production at 3 uM by more than 25% in the primary screen were re-tested in
replicates at 10 uM using the same assay. Results of the hit confirmation assay are
summarized in Suppl. Table 3. Compounds whose activity on ROS production was

confirmed in the secondary assay are listed in the Table 2.
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Fig. 5. Cell-based screening for compounds that decrease the mitochondrial ROS
production in endothelial cells. A: Timeline of the cell-based screening: b.End3 cells
were exposed to hyperglycemia for 10 days with 3-day-long compound treatment (3
uM). Mitochondrial ROS production was measured with the superoxide MitoSOX Red
with simultaneous assessment of viability. B: Dot graph showing the individual
ROS/Nviability results of the tested 6766 compounds. Oxidant production data are
shown as ROS score (I ROS score=25% decrease in ROS production compared to
hyperglycemic average value) and viability values are plotted as percent values. The
vellow area denotes the compounds that decreased the ROS production without
marked reduction of cellular viability. C-D: Distribution of viability (C) and ROS (D)
data (SD of viability=24.69%, SD of ROS score=0.717 or SD of ROS
production=17.93%).
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Table 2. Confirmed inhibitors of the hyperglycemia-induced mitochondrial ROS
production. Hit compounds of the primary screening were re-tested in replicates at
10 uM final concentration in b.End3 cells using the same assay. Compounds that
decreased the mitochondrial ROS production (by at least 10%) without affecting the
cellular viability (induced less than 10% decrease in viability) are listed categorized
according to their known biological activity. The change in ROS production is shown
as percent value of total mitochondrial oxidant production of hyperglycemic cells.
(Data are shown as mean £ SEM.) (Abbreviation: PKC: protein kinase C)

Compound Clhangedn
Compound Name CAS registry Biological Activity mitochondrial
Source .
number Library ROS p(t;;)c;uctlon
o
paroxetine 61869-08-7 selective serotonin reuptake inhibitor F,U,P,L.B -50+4
sirolimus 53123-88-9 immunosuppressant, uncoupler U -61 +4
rottlerin 82-08-6 uncoupling agent, PKC inhibitor N -3543
nocodazole 31430-18-9 microtubule polymerization i -35+£3
colchicine 64-86-8 inhibitors K, U 30+ 5
glimepiride 93479-97-1 sulfonylurea anti-diabetic drug F -33+2
flunarizine 52468-60-7 calcium channel blocker U -31+6
thioguanosine 85-31-4 antimetabolite P -28+0
tretinoin 302-79-4 retinoid, used in acute leukemia U 29+2
flunisolide 3385-03-3 U 256
budesonide 51333-22-3 U,P,.L -23+£4
flurandrenolide 1524-88-5 1 dlooid U -19+4
methylprednisolone 8343y SMCOROILIEOIS P 1741
dexamethasone 50-02-2 U -16+5
betamethasone 378-44-9 L -15+6
AP39 1429173-57-8 mitochondrial H,S donors 22+4
AP123 20+ 3

Hit molecules included steroids, non-steroidal anti-inflammatory agents, antioxidants,
mitochondrial uncouplers and antimetabolites. Statins, which have previously been
shown to suppress hyperglycemic ROS production in endothelial cells [153, 154] also
inhibited ROS production in our experimental conditions; these effects, however,

were also associated with a suppression of cellular viability (Fig. 6).

From the multiple classes of pharmacologically active compounds identified in the
screen, we have focused our subsequent studies on paroxetine (a clinically used
antidepressant compound), glucocorticoid steroids and the novel mitochondrial H,S

donor compounds AP39 and AP123.
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Fig. 6. Effect of mevastatin on mitochondrial ROS production and viability in
endothelial cells. In the primary screens mevastatin proved to be the least toxic statin
in bEND.3 cells. bEND.3 endothelial cells were exposed to hyperglycemia for 10
days with 3 -day-long mevastatin treatment at the indicated concentrations.
Mitochondrial ROS production and viability was measured with MitoSOX Red and
Hoechst 33342, and are expressed as percent values compared to normoglycemic
control cells (low). Mevastatin decreased the mitochondrial ROS generation with
simultaneous viability reduction. (#p<0.05 compared to normoglycemic control,
*n<0.05 compared to hyperglycemic cells)

4.3. Characterization of the mode of action of hit compounds

4.3.1. The mechanism of action of paroxetine: mitochondrial superoxide

scavenging in hyperglycemic endothelial cells

Paroxetine (both its hydrochloride and maleate salts, as present in different compound
libraries) consistently reduced the mitochondrial ROS production in the screens and
showed preference to inhibit mitochondrial ROS production, as opposed to total
cellular ROS generation (as measured by the DCFDA assay) (Fig. 7). Paroxetine
remained effective against the hyperglycemia-induced mitochondrial ROS generation
in cultured human endothelial cells (Fig. 7). Furthermore, the effect of paroxetine
depended on an immediate mode of action, because it remained effective in shorter
treatment schedules (Fig. 7), and did not affect the expression of any of the

mitochondrial genes studied during hyperglycemia (Fig. 8, Suppl. Table 4).
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Fig. 7. Paroxetine inhibits the mitochondrial oxidant production in endothelial
cells. b.End3 murine (top panels) and EA.hy926 human endothelial cells (bottom
panels) were exposed to hyperglycemia for 10 days with 3-day-long (chronic)
paroxetine treatment at the indicated concentration or immediately prior to the ROS
measurement (acute). Mitochondrial ROS, viability and cytoplasmic ROS production
was measured with MitoSOX Red, Hoechst 33342 and CM-H>DCFDA (DCFDA),
respectively, and are expressed as percent values compared to normoglycemic control
cells (low). (#p<0.05 compared to normoglycemic control, *p<0.05 compared to
hyperglycemic cells)

1.07

Fig 8. Mitochondrial energy production-related gene expression changes induced
by paroxetine. Gene expression changes were analyzed with mitochondrial energy
array in bEND.3 cells exposed to hyperglycemia for 7 days and treated with
paroxetine (10 uM) or vehicle for 3 days. The gene symbols and relative expression
(fold change) in paroxetine treated cells compared to vehicle-treated cells are shown.
Background color represents the relative expression level on a color scale (shown on
the right). The list of full gene names, Genbank accession number and statistical
analysis results can be found in Suppl. Tables 1 and 2.
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To test whether the paroxetine-mediated decrease in hyperglycemic ROS production
is a result of inhibition of the mitochondrial respiration and oxidative
phosphorylation, we have characterized the metabolic profile of b.End3 cells exposed
to hyperglycemia in the presence or absence of paroxetine using extracellular flux
analysis. Elevated extracellular glucose increased the cellular oxygen consumption
(an indicator of aerobic metabolism) with no change in the degree of acid production
(Fig. 9). Elevated glucose caused an increase in the mitochondrial potential (total
respiratory capacity, measured in response to the uncoupling agent FCCP) in the
absence of any detectable anaerobic compensation (Fig. 9B). Paroxetine did not affect
the cellular ATP content or the oxygen consumption of the cells (Fig. 9D), while it

decreased mitochondrial superoxide generation (Fig. 9E).
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Fig. 9. The paroxetine-mediated mitochondrial antioxidant effect is not associated
with perturbed cellular respiration. b.End3 cells were exposed to hyperglycemia
(high) with or without paroxetine (PRX, 3 uM for 3 days) treatment, control cells
were maintained in medium containing SmM glucose (low). A-C: Cellular metabolism
was measured with the Seahorse metabolic analyzer. ATP-production linked oxygen
consumption rate (OCR) (A) and extracellular acidification rate (ECAR) (B) were
measured, followed by determination of the non-ATP-linked oxygen consumption
(proton leak), maximal respiration capacity and the non-mitochondrial oxygen
consumption by adding oligomycin, FCCP and antimycin A, respectively. The ATP
production linked (basal) OCR values (C) and cellular ATP levels (D) are shown.
(*p<0.05) E: Representative micrographs of b.END3 cells treated with paroxetine
(PRX, 3 uM) and loaded with MitoSOX Red.
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Fig. 10. Effect of paroxetine on mitochondrial function in isolated hepatic
mitochondria. Rat liver mitochondria were isolated as described in the methods
section. Mitochondria were resuspended in mitochondrial assay solution (MAS, 1X)
that comprises 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCi2, 2
mM HEPES, 1 mM EGTA and 0.2% (w/v) fatty acid-free BSA, pH 7.2 at 37 °C.
Mitochondria (10 ug protein/well) were placed on Seahorse assay plates, centrifuged
to let them attach to the bottom and substrate (succinate) was added. A: Paroxetine
(PRX, 3 or 10 uM) or vehicle was injected and basal respiration was measured.
Phosphorylating respiration was measured following the addition of ADP (4 mM).
ATP synthesis-linked oxygen consumption was blocked with oligomycin (2.5 ug/ml)
and maximal uncoupler-stimulated respiration was measured following the injection
of FCCP (4 uM). B: The ATP synthesis-linked oxygen consumption rates were
measured in the presence of ADP and substrate. No significant differences were
found. Paroxetine does not inhibit mitochondrial ATP generation in the tested
concentrations. C: ROS production of isolated mitochondria was measured by the
superoxide sensor MitoSOX Red in the presence of paroxetine at the indicated
concentrations. D-E: Superoxide was generated by xanthine oxidase and detected by
nitroblue tetrazolium (NBT) (D) or MitoSOX Red (E) in the presence of paroxetine at
the indicated concentrations. (*p<0.05 compared to vehicle)

Since the action of paroxetine was rapid-onset, and did not involve changes in gene
expression, we next tested the activity of paroxetine on ROS production in isolated
mitochondria. Paroxetine had no effect on the oxygen consumption rate in isolated

mitochondria (Fig. 10A,B), but significantly reduced the detectable superoxide
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generation in the low micromolar range (Fig. 10C). Next, we generated superoxide
using the enzyme xanthine oxidase to test whether paroxetine directly interacts with
superoxide. We used MitoSOX Red and nitroblue tetrazolium to measure the
superoxide generation. Paroxetine reduced the superoxide signal in a dose-dependent
manner in these cell-free systems (Fig. 10D,E).

To further elucidate whether the inhibitory function of paroxetine on the
mitochondrial ROS generation depends on its antioxidant properties, we compared the
effect of several selective serotonin reuptake inhibitors (SSRIs) and substructures of
paroxetine on hyperglycemic mitochondrial ROS production in b.End3 cells. None of
the other SSRI compounds (or norepinephrine reuptake inhibitors) tested affected the
mitochondrial ROS production either in pre-treatment or when acutely added to the

cells (Fig. 11A,B).
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Fig. 11. The mitochondrial antioxidant property of paroxetine-related SSRI
compounds. A-B: The indicated serotonin or norepinephrine reuptake inhibitors
were added to the cells 3 h prior to MitoSOX loading at 10 uM (A) or immediately
prior to the ROS measurement at 1 uM (B). Mitochondrial ROS production is shown
as Vmax value of MitoSOX oxidation. (#p<0.05 compared to normoglycemic cells
(low), *p<0.05 compared to hyperglycemic cells).

Paroxetine is reported to decompose under certain conditions to trans-4-(4'-
fluorophenyl)3-hydroxymethyl)-piperidine which involves the cleavage of the
sesamol part [155]. Both trans-4-(4'-fluorophenyl)3-hydroxymethyl)-piperidine and
sesamol decreased the mitochondrial ROS production by themselves, but sesamol was
more potent than the piperidine compound. Sesamol significantly decreased the
hyperglycemia-induced mitochondrial ROS generation at 1 uM, and the combination
of trans-4-(4'-fluorophenyl)3-hydroxymethyl)-piperidine potentiated the antioxidant
activity of sesamol (Fig. 12A-D).
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Fig. 12. The mitochondrial antioxidant property of paroxetine “building blocks”.
A: Structure of paroxetine, trans-4-(4'-fluorophenyl)3-hydroxymethyl)-piperidine and
sesamol. B-D: b.End3 cells were exposed to hyperglycemia (high) for 10 days and
loaded with MitoSOX Red. Paroxetine building blocks sesamol, trans-4-(4'-
fluorophenyl) 3-hydroxymethyl)-piperidine or their combination was added to the cells
at the indicated concentrations immediately before the ROS measurement.

Further decomposition of paroxetine can be attained by photolysis that includes the
cyclization of the piperidine compound [155]. We degraded paroxetine by UV
irradiation in aqueous solution and found that the partially degraded paroxetine
retained its activity to a certain extent, but the end products of the complete photolysis

no longer showed an inhibitory effect on ROS production (Fig. 13).
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Fig. 13. Effect of partial and complete degradation of paroxetine by UV light on its
ability to attenuate ROS production in hyperglycemic endothelial cells. A-B. ImM
aqueous solution of paroxetine was exposed to UV light (254nm) for 12 hours in
either a UV-transparent or partially UV-blocking container. Paroxetine degradation
was monitored with spectrophotometric analysis of the solution. The UV-VIS
absorbance spectra were measured of the 100uM solution (10x dilution) of intact
paroxetine (red), UV-exposed paroxetine (pink) or partially-protected paroxetine
(green) and trans-4-(4'-Fluorophenyl)3-hydroxymethyl)-piperidine (blue) A: The
spectrum from 250-900nm and B: from 250 to 400nm. The peaks at 264 and 273nm
are associated with the trans-4-(4'-Fluorophenyl) 3-hydroxymethyl)-piperidine part of
paroxetine while the 290nm peak comes from the sesamol part. (Sesamol has a single
peak at 290nm, not shown here.) C-E: The mitochondrial ROS production inhibitory
potential of intact paroxetine (C), partially (~50% degraded, D) and completely
decomposed paroxetine (E) was tested in bEnd.3 cells. Endothelial cells were exposed
to hyperglycemia for 10 days with 3-day-long compound treatment at the indicated
concentration. Mitochondrial ROS production and viability was measured with
MitoSOX Red and Hoechst 33342, and are expressed as percent values compared to
normoglycemic control cells (low). (#p<0.05 compared to normoglycemic control,
*0<0.05 compared to hyperglycemic cells)
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4.3.2. Paroxetine protects against oxidative damage: prevents the hyperglycemia-

and diabetes-induced endothelial dysfunction in vascular rings

To test that the superoxide scavenger function of paroxetine is translated into
measurable benefits in hyperglycemia we determined the oxidative damage at DNA,
RNA and protein levels. b.End3 cells were exposed to hyperglycemia with paroxetine
treatment (10 uM for days 7-10 of the experiment) and the oxidative damage of the
nuclear DNA was studied using the Comet assay. Hyperglycemia-mediated DNA
fragmentation was attenuated by paroxetine, indicative of the ability of paroxetine to
reduce the downstream consequences of mitochondrial ROS production (Fig. 14A,B).
High glucose exposure also suppressed the relative amount (amplifiable) of
mitochondrial DNA but it was maintained at higher levels in the presence of
paroxetine (Fig. 14C). The formation of 8-hydroxy-guanosine (an indicator of
oxidative damage to the RNA) was also detected in hyperglycemic cells, and
paroxetine markedly reduced the 8-hydroxyguanosine signal in the hyperglycemic
endothelial cells (Fig. 14D,E). Oxidative damage of mitochondrial proteins was also
detectable in hyperglycemic cells by the oxyblot technique, as evidenced by a 1.5-fold
increase in the level of oxidized proteins in the 20-45 kDa molecular weight range;
this effect was also attenuated by paroxetine (Fig. 14F,G).

We tested whether paroxetine prevents the hyperglycemia- and diabetes-induced
endothelial dysfunction in vascular rings. Isolated rat aortic rings exposed to
hyperglycemia ex vivo developed endothelial dysfunction, as evidenced by an
impaired relaxation in response to acetylcholine (Fig. 15A). Paroxetine maintained
normal endothelium-dependent relaxant responsiveness of the hyperglycemic vessels.
Next we tested the ability of paroxetine to affect the development of endothelial
dysfunction in streptzotocin-diabetic rats. Paroxetine did not affect body weight and
did not influence the degree of hyperglycemia in the diabetic animals (Fig. 15B, D).
However, the diabetes-induced impairment of the endothelium-dependent relaxations

ex vivo was prevented by paroxetine treatment (Fig. 15C).

60



DOI:10.14753/SE.2018.2205

#
1
20
- €
- 25
o £
g
% 10 *
£
Q
O 5
o.
low low high high
E c PRX PRX
o
__ 125
S
< 100
g
E 75
o
D low high g 50
- " ]
©
0.
low low high high
'__l PRX PRX
(8]
1.5x10%
1.3x10°
= 1.0x10%
X 8
E §7.5x104
5.0x10*
2.5x10*
0.0
low low high high
F ) hlgh low PRX PRX
low high  PRX  PRX G Y
| —
97 kDa 150
| 68 kD g'e
A | a €
1 : 2100 it
w080 RallBa 4 8
£ 75
ML opepdtlt
B B O B « 21kDa ® 25
o.
low low high high
PRX PRX

Fig. 14. Paroxetine reduces the hyperglycemia-induced oxidative damage in
endothelial cells. bEnd.3 cells were exposed to hyperglycemia (high) or maintained in
medium containing normal glucose (low) for 10 days and treated with paroxetine (10
uM, PRX) or vehicle (CTL) for 3 days. Representative micrographs and respective
bar graphs of the Comet assay (A,B), 8-hydroxyguanosine (red) immunostaining with
simultaneous Hoechst 33342 (blue) nuclear and phalloidin (green) actin staining
(D,E) are shown. C: Cellular DNA was exposed to 8-oxoguanine glycosylase to
excise oxidized bases and the amount of amplifiable mitochondrial DNA was
measured by real-time PCR. The ratio of the measured DNA amount in the hOGGI-
treated and non-treated samples is shown. F,G: Crude mitochondrial fractions were
prepared and processed with Oxyblot protein oxidation detection kit. Representative
blot image of oxidized proteins (F) and densitometric analysis (G) are shown.
(#p<0.05 compared to normoglycemic cells; *p<0.05 compared to hyperglycemic
cells).
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Fig. 15. The protective effect of paroxetine in ex vivo vessels and in vivo. A: Rat
thoracic aortic rings were exposed to 30 mM hyperglycemia (high) for 48 hours or
incubated in culture medium containing 5 mM glucose (low) and were treated with
paroxetine (PRX, 10 uM) or vehicle. Endothelium-mediated relaxation to
acetylcholine was measured at the indicated concentrations of acetylcholine and
expressed as percent of precontraction. B, D: Paroxetine treatment of streptozotocin-
diabetic rats failed to affect hyperglycemia or body weight loss. C: Rat thoracic
aortic rings prepared from streptozotocin-diabetic (STZ) or control non-diabetic
(CTL) rats treated with vehicle or paroxetine (PRX, 10 mg/kg/day). Endothelium-
mediated relaxation to acetylcholine was measured at the indicated concentrations of
acetylcholine  and  expressed as percent of precontraction. #p<0.05
hyperglycemia/diabetes compared to normoglycemic samples (low), *p<0.05
paroxetine treatment compared to hyperglycemia/diabetes.
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4.3.3. Glucocorticoids inhibit the mitochondrial ROS production in

microvascular endothelial cells

Glucocorticoid steroids inhibited the glucose-induced mitochondrial ROS production
and emerged as hit compounds in our screen. This unprecedented anti-ROS action of
glucocorticoids was clearly shared by the whole class of glucocorticoids tested.
Flunisolide reduced the mitochondrial ROS production by 25%, budesonide by 23%,
flurandrenolide by 19%, methylprednisolone by 17%, dexamethasone by 16% and
betamethasone by 15% in our previous screen [38]. We found that dexamethasone
reduced the high glucose-induced mitochondrial ROS production both in the Sv129-
derived b.End3 and the BalbC-derived bEnd.3 microvascular endothelial cells in a
concentration-dependent manner (Fig. 16A, C) without affecting the cellular viability
(Fig. 16B, D). Dexamethasone reached its maximum effect in the nanomolar
concentration range in microvascular endothelial cells, but it had no effect on the
hyperglycemia-induced mitochondrial ROS production in the EA.hy926 venous
endothelial cell line (Fig. 16E, F). Next we tested the effect of the partial
glucocorticoid receptor (GR) antagonist mifepristone on the ROS production
inhibitory effect of dexamethasone in b.End3 cells. Unexpectedly, mifepristone did
not block the effect of dexamethasone, but further reduced the mitochondrial ROS
production in endothelial cells (Fig. 17A, B). We found that mifepristone by itself
decreased the hyperglycemia-induced ROS production in both microvascular
endothelial cell lines (Fig. 17C-F), and at low micromolar concentrations it was more
effective than dexamethasone. Interestingly, the antifungal ketoconazole and
miconazole, that also show glucocorticoid receptor antagonist activity, similarly
reduced the mitochondrial ROS production (by 9.6 and 18.7% respectively) in our

previous screen [38].
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Fig. 16. Glucocorticoids decrease the glucose-induced mitochondrial ROS
production in microvascular endothelial cells. A, B: b.End3 microvascular
endothelial cells were exposed to high glucose for 7 days and were treated with
dexamethasone at the indicated concentrations for 3 days. A: ROS production was
measured with the mitochondrial superoxide specific MitoSOX Red and (B) the
viability was determined by measuring the Hoechst 33342 DNA dye uptake. C, D:
b.End3 cells were exposed to high glucose for 7 days and were treated with
mifepristone at the indicated concentrations for 3 days. C: ROS production was
measured with the mitochondrial superoxide specific MitoSOX Red and (D) viability
was determined by measuring the Hoechst 33342 DNA dye uptake. E, F: EA.hy926
human venous endothelial cells were exposed to high glucose for 7 days and treated
with dexamethasone at the indicated concentrations for 3 days. E: The mitochondrial
superoxide production was determined by MitoSOX Red stain and F': the viability by
Hoechst 33342 DNA dye uptake. (#p<0.05 high-glucose exposure induced significant
changes compared to cells maintained in low glucose containing medium, *p<0.05
glucocorticoid treatment significantly reduced the ROS production)
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Fig. 17. Mifepristone inhibits the glucose-induced mitochondrial ROS production
in microvascular endothelial cells. A-D: b.End3 microvascular endothelial cells
were exposed to high glucose for 7 days and were treated with dexamethasone and
mifepristone (A, B) or with mifepristone alone (C, D) at the indicated concentrations
for 3 days. A, C: The ROS production was measured with the mitochondrial
superoxide specific MitoSOX Red B, D: The viability was determined by measuring
the Hoechst 33342 DNA dye uptake. E, F: bEnd.3 BALB/c murine microvascular
endothelial cells were exposed to high glucose for 7 days and were treated with
mifepristone for 3 days at the indicate concentrations. E: The mitochondrial ROS
production was measured by MitoSOX Red and F: the viability was determined by the
Hoechst 33342 uptake. (#p<0.05 high-glucose exposure induced significant changes
compared to cells maintained in low glucose containing medium,*p<0.05
glucocorticoid treatment significantly reduced the ROS production, $p<0.05
mifepristone induced significant reduction in the ROS generation compared to
dexamethasone alone.)
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4.3.4. The mode of action of glucocorticoids: restoration of the mitochondrial

potential via UCP2 induction

We found that hyperglycemia induced an increase in the mitochondrial potential, thus
we tested whether the mitochondrial potential is affected by the anti-ROS activity of
glucocorticoids. Both dexamethasone and mifepristone normalized the mitochondrial
potential in b.End3 cells (Fig. 18A, B), while no decrease but an increase was
detectable in the EA.hy926 venous endothelial cells in which dexamethasone did not
reduce the mitochondrial ROS production (Fig. 18C). Next, we measured the
expression of uncoupling proteins to test the involvement of uncoupling protein 2
(UCP2) and/or 3 (UCP3) in the steroid-induced decrease in the mitochondrial
potential. Both dexamethasone and mifepristone induced a ~10-fold increase in the
expression of UCP2 at the mRNA level in b.End3 microvascular endothelial cells
(Fig. 18D, E). On the other hand, in the EA.hy926 venous endothelial cells,
hyperglycemia by itself induced a ~1.5 fold increase in UCP2 expression and
dexamethasone significantly reduced the expression of UCP2 both at the mRNA (Fig.
18F) and at the protein level (Fig. 18G, H). While glucocorticoids were found to
induce the expression of UCP3 in muscle cells [156] we found that the expression of
UCP3 was very low in the endothelial cells (threshold cycle values over 35 were
measured) and remained unchanged in response to steroids suggesting a predominant

role for UCP2 in the endothelial cells.
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Fig. 18. Glucocorticoid steroids block the glucose-induced mitochondrial
hyperpolarization and induce UCP2 expression. A, B, D, E: b.End3 endothelial cells
were exposed to high glucose for 7 days and treated with the dexamethasone (1 uM)
or mifepristone (3 uM) for 3 days. A, B: Changes in the mitochondrial potential were
determined by measuring the MitoTracker Green uptake (A) or the ratio of the
mitochondrial J-aggregate and the free cytoplasmic form of JC-1 (B). C, F, G, H:
EA.hy926 human venous cells were exposed to high glucose for 7 days and treated
with dexamethasone (I uM) for 3 days. C: The mitochondrial membrane potential
was measured by JC-1 dye. D, E, F: UCP2 expression was determined by realtime
PCR using Tagman assays. G, H: UCP2 expression was determined by Western
blotting. Representative blot image (G) and densitometric analysis results (H) are
shown. (#p<0.05 high-glucose exposure induced significant changes compared to
cells maintained in low glucose containing medium, *p<0.05 glucocorticoid treatment
induced significant changes.)
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Next we investigated the time course of UCP2 induction by glucocorticoid steroids in
b.End3 cells. We found that both dexamethasone and mifepristone induced UCP2
expression in a time-dependent fashion: the level of UPC2 mRNA doubled every two
hours in the first 8 hours of steroid exposure with further increase measurable after 24
hours (Fig. 19A, B). Similar changes were measured at the protein level in the first 8
hours, but no further increase was detectable at 24 hours (Fig. 19C, D).
Glucocorticoids steroids affected the UCP2 expression in microvascular endothelial
cells at a concentration that is close to the circulatory levels of cortisol, so we tested
whether they affect the expression of UCP2 in hepatocytes, the major site of energy
metabolism. No change was detectable in UCP2 expression following dexamethasone
treatment in HepG2 cells (Fig. 19D), only a slight reduction was measurable in
response to mifepristone (Fig. 19E) suggesting that the glucocorticoid-induced UCP2
expression is not a universal phenomenon, but this effect is restricted to certain cell

types including the microvascular endothelial cells.

UCP2 expression is regulated by glutamine availability at the translational level
[157], thus we tested whether the expression level of UCP2 or the mitochondrial ROS
production were affected by its concentration in endothelial cells. Restricting the
glutamine amount or supplementing the culture medium with additional glutamine
had little effect on the mitochondrial ROS production in the absence of
glucocorticoids (Fig. 20A, B), but it had a marked effect in combination with
dexamethasone if the ROS production was measured after a longer treatment period.
The complete removal of glutamine blocked the ROS inhibitory effect of
dexamethasone and the extra glutamine potentiated the effect of dexamethasone (Fig.
20A, B). As expected, the amount of UCP2 protein increased after the combined

dexamethasone and glutamine treatment in the cells (Fig. 20C, D).

Previous reports found that glucocorticoids may control the mitochondrial oxidative
phosphorylation by multiple mechanisms: 1) by inducing the expression of nuclear-
encoded OXPHOS genes, including cytochrome ¢ [158] and cytochrome c oxidases
1-4 [159-162], 2) by directly controlling the mitochondrial gene expression [163], 3)
by affecting the mitochondrial DNA replication [164, 165] and 4) by regulating the
expression of UCP3 via a sirtuin 1 (SIRT)-mediated mechanism [156]. To test the

possible contribution of the above actions of glucocorticoid steroids to the inhibitory
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effect on mitochondrial ROS generation, we measured the mitochondrial DNA
(mtDNA) content of endothelial cells and the expression of previously identified
target genes. We found that the hyperglycemic exposure reduced the mtDNA content
of the cells and dexamethasone induced a significant reduction in the mtDNA content

(Fig. 21A).
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Fig. 19. Time course of steroid induced UCP2 expression. A-D: Confluent b.End3
endothelial cells were exposed to A, C, D: dexamethasone (1 uM) or B: mifepristone
(3 uM) for the indicated time period. A, B: UCP2 mRNA expression was measured by
UCP2 Tagman assay using rRNA normalization. C, D: UCP2 protein expression was
measured by Western blotting. Representative blot image (C) and densitometry results
(D) are shown. E, F: HepG2 human liver cells were treated with dexamethasone (1
uM, E) or mifepristone (3 uM, F) for the indicated time periods and UCP2 expression
was determined by Tagman assay. (*p<0.05 glucocorticoid treatment induced
significant changes in the UCP2 expression)
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Fig. 20. Glutamine potentiates the dexamethasone-mediated UCP2 induction and
inhibition of ROS production. A-D: b.End3 cells were exposed to hyperglycemia for
7 days and were treated subsequently with dexamethasone (1 uM) and the indicated
amount of glutamine for 6 hours (A) or 3 days (B-D). C: The mitochondrial
superoxide production was measured by MitoSOX Red. C-D: UCP2 protein
expression was measured by Western blotting. Representative blot image (C) and
densitometric analysis results (D) are shown. (High-glucose exposure induced
significant increase in the mitochondrial ROS production. #p<0.05 dexamethasone
significantly decreased the ROS production compared to the high glucose group,
*0<0.05 glutamine treatment resulted in a significant decrease in ROS production.)
The expression of glucocorticoid receptor (GR) was suppressed in cells treated with
dexamethasone confirming a negative feedback regulation (Fig. 21B), but no
reduction were measured in the expression of SIRT (Fig. 21C), nor in the expression
of the mitochondria-encoded 16S RNA or COX3 genes (Fig. 21D, F). While the
complete depletion of the mtDNA may have an effect on the mitochondrial OXPHOS
in the cells [166, 167], we found that the expression of the mitochondrial-encoded
genes (COX3, 16S RNA) remained unchanged, thus the reduction of the mtDNA
content may not have a significant impact on the mitochondrial respiration and ROS
production in b.End3 cells. The expression of the nuclear encoded electron carrier

cytochrome ¢ (Cyt C) was suppressed in dexamethasone-treated endothelial cells
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(Fig. 21E). While the complete lack of cytochrome c¢ causes deficiency in the
respiration and leads to embryonic lethality in mice [168, 169], the reduced
expression may not be responsible for the reduced mitochondrial ROS production in
the b.End3 cells, since the mitochondrial respiration is not blocked and there is no

change in the cellular ATP content.

A mtDNA/gDNA B GR (o4 SIRT
* *

S #

£ 150 s 15 1 | 5 15

£ [ 1 % ] ]

% 100 — 8 10 8 10

< 3 5

Z 50 T 0.5 T 05

% ) L

0

0.0 0.0

low high low high low high
dexamethasone - + - + dexamethasone - + - + dexamethasone - + - +
D 16S RNA E CytC F COX3
* *
g 1.5 5 1.5 I 1 I 1 s 1.5
’cn ] ]
3 1] 0
2 1.0 2 1.0 2 1.0
a ) a
x x x
o o o
T 05 T 0.5 T 0.5
) £ )
0.0 0.0 0.0
low high low high low high
dexamethasone - + - + dexamethasone - + - + dexamethasone - + - +

Fig. 21. Dexamethasone induced changes in gene expression and mitochondrial
DNA content. b.End3 cells were exposed to high glucose for 7 days and treated
subsequently with dexamethasone (1uM) for 3 days. A: DNA was isolated form the
cells and relative amount of mitochondrial and genomic DNA was determined by
Tagman assay. B-F: Relative gene expression was determined by realtime PCR and
normalized to 18S rRNA levels. The expression of B: the glucocorticoid receptor
(GR), C: sirtuin 1 (SIRT), D: the mitochondrial 16S yrRNA (16S RNA), E: cytochrome
C (Cyt C) and F: the cytochrome C oxidase subunit 3 (COX3) were determined.
(#p<0.05 high-glucose exposure induced significant changes compared to cells
maintained in low glucose containing medium, *p<0.05 dexamethasone significantly
reduced the mitochondrial DNA content and induced significant changes in gene
expression.)

Since the above results suggested that the induction of UCP2 expression may be
responsible for the glucocorticoid steroid-mediated anti-ROS effect in microvascular
endothelial cells, we used siRNA-mediated gene silencing to study the role of UCP2
in the mitochondrial potential and superoxide generation in hyperglycemic endothelial

cells. UCP2 silencing significantly reduced the expression of UCP2 and its effect
lasted for 10 days both in normo- and hyperglycemic b.End3 cells (Fig. 22A). siRNA
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mediated silencing partially blocked the response to steroids (Fig. 22B) and also
suppressed the ROS-inhibitory effect of mifepristone and caused an increase in the
mitochondrial superoxide generation by itself (Fig. 22C). Interestingly, it coincided
with a decrease in the cytoplasmic ROS generation as measured with the H,O»-
sensitive CM-H,DCFDA probe (Fig. 22D). The reduced level of UCP2 led to an
increase in the mitochondrial potential and partially blocked the membrane potential
normalizing effect of mifepristone as detectable with the JC-1 staining (Fig. 22E) or
the MitoTracker Green FM uptake (Fig. 22F). No change was measured in the cell
viability (Fig. 22G) but the cellular ATP content showed an increasing tendency with
the reduced UCP2 level (Fig. 22G). Overall, these results suggest that UCP2 regulates
the physiological mitochondrial membrane potential in microvascular endothelial
cells and UCP2 expression is responsible for the decrease induced by glucocorticoid
steroids in the hyperglycemic endothelial cells.

Finally, we tested whether the glucocorticoid mediated UCP2 induction affects the
cellular metabolism in microvascular endothelial cells. UCP2 was found to regulate
the energy metabolism in stem cells [170] and the induction of UCP2 expression was
shown to reduce the mitochondrial membrane potential and ROS production in A549
lung adenocarcinoma cells in which it also induced a shift in the cellular metabolism
[171]. To test the effect of glucocorticoid steroids on endothelial cell metabolism, we
exposed b.End3 microvascular cells to hyperglycemia and measured the oxygen
consumption and acid production in response to mifepristone. Mifepristone increased
the oxygen consumption of the cells (Fig. 23A, C) and slightly reduced the acid
production (Fig. 23B, D) resulting in an aerobic shift in the metabolism with a
comparable time course to UCP2 induction. Following the steroid-mediated UCP2
induction, higher proton leak was measurable in the hyperglycemic cells (Fig. 23E,
G, J). UCP2 silencing partially blocked the increase of oxygen consumption and
diminished the increase in the proton leak (Fig. 23E, G, I, J). While no change was
detectable in the basal oxygen consumption of the cells, the hyperglycemic cells
showed higher increase in the anaerobic compensation following the inhibition of the
mitochondrial respiration (Fig. 23F, H). This effect may not be accounted to the
increase in the proton leak, since in this respect the UCP2 silenced cells showed
similar changes. Altogether, these results suggest that pharmacological induction of
UCP2 expression can be achieved in select cell populations and in microvascular

endothelial cells it causes distinct changes in the cellular metabolism.
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Fig. 22. UCP2 silencing blocks the mifepristone-mediated UCP2 induction and
antioxidant effects. A-H: b.End3 microvascular endothelial cells were transfected
with UCP2 siRNA or negative control siRNA and exposed to high glucose for 5 days.
Subsequently the cells were treated with mifepristone (3 uM) for 1 day. A: The
mitochondrial superoxide production was measured by MitoSOX Red. B: The cellular
H,0; production was measured by CM-H,DCFDA. C, D: The mitochondrial
membrane potential was measured by JC-1 (C) and also by the uptake of MitoTracker
Green (D). E: The cellular viability was determined by measuring the Hoechst 33342
DNA dye uptake. F: The cellular ATP content was measured. G: The viability was
determined by measuring the Hoechst 33342 DNA dye uptake. H: Cellular ATP
content was determined. (#p<0.05 high-glucose exposure induced significant changes
compared to cells maintained in low glucose containing medium,*p<0.05 UCP2
silencing induced significant changes in ROS production and in the mitochondrial
potential, § p<0.05 mifepristone significantly reduced the ROS production and the
mitochondrial potential.)
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Fig. 23. UCP? silencing blocks the metabolic changes induced by mifepristone. A-
H: b.End3 microvascular endothelial cells were transfected with UCP2 siRNA or
negative control siRNA and exposed to high glucose for 5 days. A-D: The cells were
treated with mifepristone (3 uM) and A: the cellular oxygen consumption rate (OCR)
and B: proton production rate (PPR) was monitored in real time by the Seahorse
XF24 Extracellular Flux Analysis system for 8 hours. C, D: The increase in the OCR
values (C) induced by miferpristone and the decrease in PPR values (D) are shown.
E-H: Subsequently, metabolic profiling of the cells was carried out by adding
oligomycin, FCCP and antimycin A, respectively, with monitoring the changes in the
OCR (E) and PPR (F) values. G, H: The non-ATP-linked oxygen consumption
(proton leak) rate (G) and the anaerobic compensation (H) are shown. I, J: Proton
link/basal respiration rate and proton link/maximal respiration rate values are
shown. (#p<0.05 high-glucose exposure induced significant changes compared to
cells maintained in low glucose containing medium,*p<0.05 UCP2 silencing
significantly reduced the OCR increase and the proton leak)
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4.3.5. The mode of action of mitochondria-targeted H,S-donor compounds

against mitochondrial ROS production in hyperglycemic endothelial cells

The third group of compounds we studied in detail consisted of mitochondrial H,S
donors. We have previously found that H,S provided protection against diabetic
endothelial damage but at higher concentrations than the target range in our screen
[94]. However, we found that novel slow-release H,S donors AP39 and AP123 were
effective against glucose-induced mitochondrial ROS production in the low
micromolar and submicromolar concentration range (Table 2). The need for slow-
release H,S donor compounds was recognised since higher concentrations of the gas
are toxic, the half-life of H,S is very short and simple salts like sodium hydrosulfide
(NaSH) and sodium sulfide (Na,S) can only provide instantaneous H,S generation
[172-174]. Anethole dithiolethione (ADT-OH) and 4-hydroxythiobenzamide (HTB)
represent two simple moieties that release H,S slowly. Mitochondrial H,S donors
(AP39 and AP123) were generated by linking ADT-OH and HTB to a
triphenylphosphonium mitochondrial targeting motif via a 10-carbon linker region
(Fig. 24A, B). This targeting group may result in a 500-fold accumulation of the drug
in the mitochondria [175]. Both mitochondrial H,S donors and their non-
mitochondrial counterparts provide gradual H,S production lasting for 7-10 days in
cell culture medium (Fig. 24C, D). The mitochondrial targeting group in AP39 does
not change the time course of H,S release by ADT-OH, but slightly slows down the
H,S liberation from HTB moiety in AP123 although the mechanism for this is not
clear. HTB and AP123 contain a single sulfur atom, thus they can release one H,S
molecule per donor compound. The expected molar amounts of H,S are produced
over a 7-day-long period. AP39 and ADT-OH contain 3 sulfur atoms and are possibly
capable of higher H,S release over 10 days of follow-up. With the shorter period of
H,S release, a steeper decrease is detectable in H,S production for AP123 and HTB
than for AP39 and ADT-OH (Fig. 24E, F). While the kinetics are different, the total
amount of H,S production is comparable during a 3-day long treatment period:

approx. 0.6 moles of H,S are produced by a mole the H,S donors (Fig. 24G, H).
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Fig. 24. H,S release by mitochondrial H,S donors. A-B: The chemical structure of
mitochondrial H,S donors: the H,S releasing groups anethole dithiolethione (ADT-
OH) in AP39 (A) and 4-hydroxythiobenzamide (HTB) in AP123 (B) are bound by
ester linkage to 10-carbon alkyl linker region and the triphenyl phosphonium
mitochondrial targeting group. C-D: The total amount of H,S released from non-
mitochondrial (ADT-OH, HTB) and mitochondrial (AP39, AP123) H>S donors (100-
500 uM) was detected in cell culture medium (DMEM supplemented with 10% FBS)
for 10 days. E-F: Daily H,S release values are plotted with curves fitting results to
highlight the donor compound decomposition. G-H: The total amount of H,S
liberated from mitochondrial and respective non-mitochondrial H,S donors over the
first 3-day long period is shown.
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Mitochondria-targeted compounds were selected since the glucose-induced ROS
production primarily affects the mitochondria. We investigated the cellular
localisation of H,S production following the H,S donor administration to confirm that
the presence of the mitochondrial targeting group increases the mitochondrial H,S
release. Endothelial cells treated with the H,S donor compounds were loaded with
fluorescent H,S sensor 7-azido-4-methylcoumarin (AzMc) [27] and the H,S
production was detected by fluorescence microscopy (Fig. 25). Cells treated with the
mitochondrial donor compounds showed predominant mitochondrial H,S production.
While mitochondrial H,S generation was evident in all cells, those treated with non-
mitochondrial H,S donors showed higher presence of extra-mitochondrial H,S than
those treated with the mitochondrial donors. The ester linkage between the
mitochondrial targeting moiety and the H,S donor group could be cleaved by cellular
esterases increasing the non-mitochondrial H,S production in cells treated with the
triphenylphosphonium-based mitochondrial donor compounds [100]. However,
mitochondrial but not cytoplasmic H,S was rapidly detected with each compound

suggesting esterase cleavage was minimal.

mitotracker AzMc merged

mitochondria-targeted
H,S donor

non-targeted
H,S donor

Fig. 25. Localization of HS release. b.End3 microvascular endothelial cells were
pre-treated with mitochondria-targeted and respective non-targeted H,S donor
compound (10 uM), then loaded with fluorescent H,S sensor AzMc and mitotracker
stain. The mitochondria (mitotracker signal) are shown in red and the HS production
(AzMc signal) in the cells is shown in green. The H,S signal completely overlaps with
the mitochondrial signal in mitochondrial H,S donor treated cells (as displayed in the
merged channels), while in the non-mitochondrial H,S donor-treated cells higher
non-mitochondrial H,S signal is detectable.
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It is well established that H,S causes toxicity at high concentrations by blocking the
mitochondrial respiration. This effect is believed to occur via inhibition of complex
IV (cytochrome c¢ oxidase) [176-178], but blockage of the mitochondrial respiration
may also occur as a consequence of H,S-mediated electron donation and reduction of
the mitochondrial membrane potential. To test the tolerability of H,S donor
compounds, we exposed b.End3 endothelial cells to H,S donors in a wide
concentration range (1 nM-10 mM) and measured the cell survival after 24 hours
(Fig. 26). All compounds were well tolerated at lower concentrations and induced cell
death in a narrow concentration range. Sodium sulfide was tolerated by endothelial
cells up to 300 uM but induced cell death above that (TCs¢=318.9 uM). The tolerance
of HTB was comparable to Na,S (TCsy=165.5 uM) while ADT-OH had a lower TCs,
value (TCsp=69.5 uM) probably due to its higher H,S producing capacity. (It has
more sulfurs than the other compounds and could release more than one H,S per drug
molecule). The mitochondria-targeted H,S donors caused no toxicity up to 1 uM in
endothelial cells and the tolerable concentration was only one order of magnitude
lower than their non-mitochondrial counterparts (AP123: TCsp=16.7 uM, AP39:
TCso=7.7 uM). In summary, mitochondrial H,S donors are safe to use at sub-

micromolar concentrations in endothelial cells.
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Fig. 26. Tolerability of H>S donors. b.End3 cells were treated with mitochondrial
and non-mitochondrial H>S donor compounds for 24 hours. A: The cellular viability
was measured by the MTT assay. B: LDH release was detected by measuring the
LDH activity in the cell culture supernatant. The non-mitochondrial H,S donors are
better tolerated by the cells: the mitochondrial H>S donors reduce the cell survival at
lower concentrations.
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Next we studied the ROS-inhibitory effects of mitochondrial slow-release donors
AP39 and AP123 against glucose induced ROS production. Both AP39 and AP123
significantly reduced hyperglycemia-induced increase in the mitochondrial membrane
potential at low nanomolar concentrations (Fig. 27). Both compounds reduced the
mitochondrial ROS production as detected by MitoSOX Red (Fig. 27) and also
caused a slight decrease in the cellular ROS production as measured by CM-
H,DCFDA (Fig. 27). AP39 was more effective than AP123 that might be explained
by the higher H,S release of AP39. It is of note that a single treatment of these
mitochondrial donors provided protection over a 3-day-long period at 1000-fold lower
concentration than the previously reported cytoprotective concentration of H,S using

repeated administration [94].
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Fig. 27. Mitochondrial H)S donors protect against ROS production in
hyperglycemic endothelial cells. A-B: b.End3 endothelial cells were exposed to high
extracellular glucose for 7 days with a single AP39 (A) or AP123 (B) treatment on
the 4" day of hyperglycemia. The mitochondrial membrane potential was measured
by JC-1, the mitochondrial superoxide production by MitoSOX Red, and the cellular
ROS production by CM-H;DCFDA. AP39 and API123 restored the mitochondrial
membrane potential and reduced the ROS production. (#p<0.05 high glucose induced
significant increase in mitochondrial membrane potential or ROS production.
*0<0.05 H,S donor compounds significantly reduced the mitochondrial membrane
potential or ROS production compared to hyperglycemic control cells.)

Mitochondrial dysfunction affects the cellular energy production in hyperglycemic

endothelial cells and results in a decrease in the cellular ATP content after prolonged
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exposure in b.End3 cells (Fig. 28). H,S acts as an electron donor in the electron
transport chain and it is shown to normalize the membrane potential and inhibit the
mitochondrial ROS production in hyperglycemia suggesting that it may increase the
ATP production in the mitochondria [94]. Thus, we tested whether the mitochondria-
targeted H,S donors affect the cellular energy level in hyperglycemia. Both AP39 and
AP123 increased the cellular ATP content in a concentration-dependent manner (Fig.
28) supporting the hypothesis that H,S-donor-mediated electron supplementation
increases the mitochondrial ATP production [107]. Hyperglycemia did not induce
changes in the cellular LDH activity in b.End3 endothelial cells (Fig. 28), but there
was significant increase in the cellular MTT converting capacity (Fig. 28). This
increase in the cellular MTT conversion was probably a compensatory activation of
the citric acid cycle or an indicator of the OXPHOS stimulation. None of the
compounds affected the cellular LDH activity (Fig. 28), but both compounds induced

a significant decrease in the cellular MTT conversion (Fig. 28).
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Fig. 28 Mitochondrial H,S donors reduce the cellular hypermetabolism in
hyperglycemic endothelial cells. A-B: b.End3 endothelial cells were exposed to high
extracellular glucose for 7 days with a single AP39 (A) or AP123 (B) treatment on
the 4" day of hyperglycemia. The MTT reducing capacity, the total cellular LDH
activity and the cellular ATP content were measured on the 7" day. (# p<0.05 high
glucose induced significant changes in the cellular MTT reducing capacity and ATP
content. * p<0.05 HS donor compounds significantly reduced the MTT reduction and
increased the cellular ATP content.)
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To test the effect of the compounds on cellular bioenergetics, we performed metabolic
profiling of b.End3 endothelial cells treated with AP39 or AP123 for 3 days using
extracellular flux analysis (Fig. 29). Hyperglycemia induced subtle changes in the
cellular metabolism at this stage and there is no detectable change in the basal OCR
and ECAR (Fig. 29C, G), but the non-mitochondrial oxygen consumption is higher in
the hyperglycemic cells: the residual OCR is elevated after blocking the mitochondria
with oligomycin, FCCP and antimycin A (Fig. 29A). There was no detectable change
in oxygen consumption linked to mitochondrial ATP-production, as measured by
ATP synthase inhibition (Fig. 29D), but the mitochondrial H,S donors induced
significant increase in the respiratory capacity (Fig. 29E) that is in line with prior
results showing that increased intra-mitochondrial H,S production affects this
measure [107]. The mitochondrial H>S donors improve the coupling efficiency and
significantly reduce the proton leak (Fig. 29F) that can explain the increased cellular
ATP content in the cells (Fig. 28) without a measurable increase in oxygen
consumption. There is no change in the anaerobic metabolism in cells treated with
mitochondrial H,S donors (Fig. 29G) that further confirms that the compounds do not
inhibit mitochondrial respiration at nanomolar concentrations. The predominantly
mitochondrial localization (Fig. 25) strongly suggests that there was no interference
with anaerobic compensation following the inhibition of mitochondrial respiration

(Fig. 29H).
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Fig. 29. Mitochondrial H>S donors affect the cellular bioenergetics. b.End3 cells
exposed to 7-day-long hyperglycemia were treated with AP39 (30 nM) or AP123
(100nM) and the metabolic profile of the cells was studied by extracellular flux
analysis. Sequential injections of Oligomycin (1 ug/ml), FCCP (0.3 uM) and
antimycin A (2 ug/ml) was used to measure A: the cellular oxygen consumption rate
(OCR) and B: the extracellular acidification rate (ECAR). C: Basal oxygen
consumption, D: ATP production linked oxygen consumption (determined by
oligomycin injection), E: total respiratory capacity (determined following the
addition of FCCP) and F: the proton leak/basal respiration was determined. G: Acid
production of basal metabolism and H: acid production during anaerobic
compensation was determined. AP39 and AP123 increase the respiratory capacity of
the cells. (n=3, *p<0.05 compared to hyperglycemic control)

Mitochondrial H,S oxidation is a complex process that requires three enzyme
activities: 1) sulfide-quinone oxidoreductase (SQR) catalyses the two-electron
oxidation of H,S to the level of elemental sulfur by simultaneously reducing a
cysteine disulfide such that a persulfide group is formed, 2) sulfur dioxygenase

oxidises persulfides to sulfite, consuming molecular oxygen and water and 3) sulfur
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transferase produces thiosulfate by transferring a second persulfide from SQR to
sulfite [106]. During the first step of H,S oxidation, the electrons are fed into the
respiratory chain via the quinone pool (at the level of complex III). Oxygen
consumption occurs only through the second step of H,S oxidation, thus feeding of
electrons from H;,S to the respiratory system does not necessarily increase the cellular
oxygen consumption. To confirm that the action of mitochondrial H,S donors
increase the electron transfer, we performed a Complex II/IIT activity assay (Fig. 30).
We blocked input from Complex I by rotenone and inhibited cytochrome ¢ oxidation
(Complex IV) by potassium cyanide. In the presence of substrate (succinate) Complex
IT transfers electrons to ubiquinone and Complex III to cytochrome c. The rate of
cytochrome c¢ reduction was measured in the absence or presence of AP39 or AP123.
Both compounds induced a concentration-dependent increase in complex III activity
at concentrations below 2.5 uM (Fig. 30A, B), but a decrease was detected at higher
concentrations (5-10 uM). AP123 induced similar changes to AP39 but at twice as
high concentration possibly due to its lower H,S producing capacity. These results

confirmed that the compounds directly affected the respiratory complex activities.
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Fig. 30. Mitochondrial H,S donors increase the respiratory Complex Il/III activity.
A-B: Cytochrome c reduction was monitored in bovine heart mitochondria following
Complex I and IV blockade by rotenone and KCN, respectively. A: AP39 was added
at 10 nM to 10 uM and complex II/IIl activity was measured kinetically, B:
Mitochondria were treated with AP123 (10 nM to 10 uM) and the respiratory
complex activity was monitored. (*p<0.05, H>S donors significantly increased the
respiratory complex activity)
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5. Discussion

5.1. Cell-based screening identifies currently approved drugs with repurposing
potential and novel chemotypes as inhibitors of hyperglycemic endothelial ROS

production

Diabetic endothelial dysfunction lies at the core of the development of diabetic
complications (diabetic micro- and macrovascular disease, retinopathy, nephropathy
and neuropathy) and the formation of reactive oxygen species (ROS) plays a key role
in the development of tissue damage [179, 16]. Elevated blood glucose level plays a
fundamental part in diabetic complications, still the mechanism, how this essential
body fuel becomes an enemy, is controversial. Based on the predictive value of
glucose concentration for diabetic complications [47] blood sugar cut-off values were
chosen that identify patients at risk for complications [180-182], and values below the
cut-off values were accepted as normal. In diabetic patients the improved glycemic
control was proven to prevent the development of vascular complications [183-185,
41] confirming the pathogenic role of glucose. Thus, the maintenance of
“normoglycemia” has become a widely accepted goal in diabetes management, but
“glycemic control” by itself has not been able to decrease the incidence of diabetic
complications [186] suggesting that additional therapeutic modalities might be
necessary. Oxidative stress as a well-recognized contributor to the disease was
proposed to connect hyperglycemia to diabetic damage [26] and it was suggested to

serve as potential drug target in diabetes [187, 188].

Mitochondria are involved in the hyperglycemia-induced ROS production both as a
source of oxidants and also as an activator of other sources of ROS generation in the
cells [26]. They represent one of the most important sources of ROS generation in
hyperglycemic endothelium, and while there are a number of molecular sources of
mitochondrial ROS generation [87]. Glucose uptake occurs via facilitative
transporters, thus high extracellular glucose concentration induces a similar rise in the
intracellular glucose level. This leads to changes in the substrate availability for
cellular metabolism and energy production [189] and it also induces ROS production
in endothelial cells [15, 38]. The mitochondrial oxidative phosphorylation couples

substrate oxidation to energy production, during which a low percentage (1-2%) of
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oxygen is used for superoxide production [85]. The main sources of oxidants are
complex III and complex I in the mitochondria [142], but since the respiratory
complexes form supercomplexes [190] and there are changes in the relative amount of
the respective respiratory complexes in diabetes [98, 99, 112], other complexes may
also contribute to the oxidant production. The electrons used for ROS production will
leave behind protons in the intermembrane space that may be released via the
uncoupling proteins (UCP) to maintain the physiological membrane potential [191].
This amount of leak is relatively low compared to the measured ATP
production/oxygen atom use (P/O) ratios that estimate approximately 20% basal
leakage in the cells [191], but it also requires the neutralization of the oxidants and
electron source to resupply the lost ones in the respiratory chain. The mitochondrial
antioxidant defense system [192] can cope with the basal mitochondrial ROS
production and the enzymes involved in the antioxidant defense are upregulated in
diabetes [193], but for some reason the oxidant production is not properly
counterbalanced in diabetes [141].

Mitochondrial superoxide, in concert with other sources of ROS and reactive nitrogen
species (RNS), exerts deleterious effects via changes in gene transcription and
initiation of post-translational protein modifications [87, 179, 16]. Some of the
downstream processes involved in the hyperglycemic endothelial ROS production
include inhibition of GAPDH, the activation of PKC isoforms, activation of the
methylglyoxal pathway, activation of the hexosamine pathway, DNA damage and
activation of the nuclear enzyme PARP, and mitochondrial and extramitochondrial

protein modifications [83, 194, 125, 51, 87, 179, 16, 195].

Prior approaches to neutralize or inhibit ROS production in endothelial cells in
diabetes to prevent diabetic complications. Antioxidant therapeutics were proposed
to target the vasculature and have been shown beneficial in all diabetic complications
[27]. Despite considerable evidence showing beneficial effects of antioxidants, results
from large-scale clinical trials conclude that classic antioxidant scavengers may not be
appropriate therapeutics in diabetes [196]. A possible explanation for the failure of
vitamin C and E is that they can show pro-oxidant properties under certain
circumstances [197-199], that suggests that specific inhibition or scavenging of
glucose-induced ROS with low dose antioxidants is preferable to the liberal

antioxidant use. Various natural antioxidants were also tested against diabetic
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complications including the glutathione precursor N-acetylcysteine, coenzyme Q10,
curcumin and sesamol and they all showed positive effects [200-202].

Significant efforts have also been directed to prevent the formation of ROS. One of
the approaches involved re-balancing the glycolytic pathway in hyperglycemic cells
via pharmacological activation of transketolase [203]. Several clinical drugs were
tested to prevent diabetic activation of NADPH oxidase in preclinical studies
including angiotensin I receptor blockers, statins and PPAR gamma ligands [153,
204-209]. Previous efforts found aldose reductase (a key enzyme of the polyol
pathway) to serve as potential drug target and found that inhibition of aldose
reductase may prevent the pathological changes that occur in response to high sorbitol
levels [210]. Results of the clinical trials were less impressive than expected from
preclinical studies, still the first aldose reductase inhibitor has been marketed in Asia
for the treatment of diabetes complications [211]. Other potential approaches to
reduce glucose-induced ROS generation include the inhibition of glyoxalase and the
prevention of the down-regulation of mitochondrial uncoupling protein UCP3 [212,
213].

Following the discovery that mitochondrial superoxide is responsible for the
induction of all ROS producing pathways in hyperglycemic endothelial cells, an
intense search began for mitochondrial drug targets and inhibitors of mitochondrial
superoxide generation [84, 83, 26]. Mitochondria-specific targeting moieties have
been developed, like the triphenylphosphonium (TPP") targeting group, which attains
100-500-fold accumulation in the mitochondria [175, 214], and linked to antioxidants
or superoxide dismutase (SOD) mimetics [215, 216]. These molecules include the
mitochondria-targeted ubiquinol (MitoQ) and the targeted piperidine nitroxide
TEMPO (mitoTEMPO), that both proved beneficial in diabetes models [217-219].
Overexpression of mitochondrial SOD (MnSOD) was found to protect against
diabetic retinopathy in a transgenic model, but long-term delivery of MnSOD is
unresolved in humans [220]. In another phenotypic screen, which examined the
OXPHOS-associated gene expression, the antihelmintic drug mebendazole and the
Chinese herbal medicine deoxysappanone B emerged as inhibitors of mitochondrial
ROS production [221]. The protective effect of these drugs might be a direct
consequence of the normalization of the mitochondrial membrane potential or free

radical scavenging.
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In a further effort to identify compounds that reduce the mitochondrial ROS
production but do not interfere with energy production, isolated mitochondria were
used for high throughput screening and hit compounds were selected based on a dual
output of ROS production and respiration rate [222, 223]. CN-POBS (N-cyclohexyl-
4-(4-nitrophenoxy)benzenesulfonamide) was identified as a selective inhibitor of
ROS production by the ubiquinone-binding site of complex I and S3QELs
(“sequels”, selective suppressors of site Illpg electron leak) were found to act as
inhibitors of the outer ubiquinone binding site similar to terpestacin [224, 222, 223].
Unfortunately, there is no data about their action against hyperglycemia-induced ROS
production. Statins also block the mitochondrial ROS production but they
simultaneously reduce the mitochondrial respiration and may cause toxicity [221, 38].
H,S, a further inhibitor of mitochondrial respiration, which is a known inhibitor of
complex IV, turns out to act as stimulator of mitochondrial metabolism at low
concentrations via electron donation [107]. Since H,S supplementation via sodium
sulfide inhibits the hyperglycemia-induced ROS production and endothelial
dysfunction at low concentrations and long-term administration of H,S proved
effective against diabetic nephropathy and retinopathy in animal models [225, 226],
here we tested novel mitochondria-targeted donor molecules [94, 35].

Finally, many of the currently used anti-diabetic medications have also been proven to
possess mitochondrial targets and these targets might be partly responsible for their
beneficial effects on endothelial cells and the vasculature. The biguanide metformin
apart from activating AMPK also acts as a mild and transient inhibitor of respiratory
complex I [161]. The sulfonylurea glibenclamide inhibits the mitochondrial ATP-
sensitive potassium channel (mitoKATP), decreases the mitochondrial membrane
potential and ROS production and increases the respiration rate [162, 163].
Thiazolidinediones (TZDs) also possess a specific mitochondrial target (mTOT,
mitochondrial target of TZDs), which comprise of a recently identified protein
complex. TZDs bind to a pyruvate carrier complex in the mitochondria and modulate
the pyruvate entry into the mitochondria that may explain their antioxidant effect
[164]. The discovery of these novel mitochondrial targets may support the
significance of inhibition of mitochondrial ROS production in conjunction with

glycemic control.
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Drug re-purposing approach to find novel drugs against diabetic complications.
Drug reuse is a cost-effective approach in drug discovery that can provide novel
therapeutics at an advanced speed [227, 228]. Drugs that are currently in clinical use
or ever reached clinical trials in the past possess a large body of clinical or
pharmacological information, which includes their known pharmacological effects
and their safety or toxicity. Whether novel drug indication is limited by the prior
indication of the compound depends on the applicable dosage, length of treatment and
associated risk, thus approved or advanced clinical compounds are increasingly tested
for drug repurposing [229]. Many currently used drugs have secondary, tertiary
targets in the body and their side effects might be related to these [228]. Although
beneficial secondary activities can be recognized in clinical use in related diseases,

there is little chance to discover these activities in rare or unrelated syndromes [230-

232].

So far, no systematic approach has been conducted to survey a wide variety of drugs,
drug-like molecules and pharmacological agents for their potential ability to suppress
mitochondrial ROS overproduction in hyperglycemic endothelial cells. Such a survey
necessitated the development of a cell-based assay of hyperglycemic ROS production
that is suitable for medium-throughput screening, and one that is coupled with the
simultaneous evaluation of cell viability. Although cell-based screening assays in
endothelial cells have previously been conducted, these assays were focusing on other
outcome variables, such as identification of agents that inhibit angiogenesis [233,
234]. In addition, a handful of studies have conducted cell-based screening assays in
non-endothelial cell systems, in order to identify cytoprotective agents [235, 146,
236-242]. For the current screening campaign, we have set up a mechanism-agnostic,
cell-based approach, to identify compounds that inhibit hyperglycemia-induced ROS
generation, in a way that they do not interfere with cell viability. We gave preference
to compounds that remain effective with a shorter onset of action and work in a
therapeutic regimen. The results of the screening and the subsequent hit confirmation
have identified a handful of compounds (<20 compounds from the >6,000 compound
library i.e. a <0.5% "hit rate") that met our criteria of significant inhibition of ROS
production, without adversely affecting cell viability. For the current project, we have
focused our investigations on the characterization of three compound groups: 1)

paroxetine, a clinically widely used antidepressant agent, 2) glucocorticoid steroids,
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which are in widespread general use and 3) novel mitochondrial H,S donors that
provide controlled release of the endogenous gasotransmitter H,S. The mode of action
of some other compounds may be of further interest: rottlerin and sirolimus are likely
to act via uncoupling the mitochondria, while the mode of action for the microtubule
polymerization inhibitors and the calcium channel blocker flunarizine and the

antimetabolite thioguanosine remains to be elucidated in further studies.

5.2. The mode of action of select hit compounds

5.2.1. Paroxetine acts as mitochondrial superoxide scavenger

Prior clinical use of paroxetine. Paroxetine as a selective serotonin reuptake inhibitor
(SSRI) antidepressant has been in clinical practice since 1992 [243]. Paroxetine is
used to treat major depression, obsessive-compulsive disorder, panic disorder, social
anxiety, posttraumatic stress and generalized anxiety disorders in adults. The
recommended starting dose of paroxetine is 20 mg daily (orally), with a maximum
dosage of 50 or 60 mg depending on indication. 20 mg daily dose of paroxetine
results in a plasma level of ~130 nM (40 ng/ml) [244-246]. Paroxetine is generally a
well-tolerated drug, and can be taken for years. Adverse effects of paroxetine are
nausea and sexual dysfunction (ejaculatory disturbance). Paroxetine is relatively safe
in overdose: patients survived paroxetine overdoses of up to 3600 mg [247, 248].
Paroxetine was tested for the treatment of diabetic neuropathy symptoms in 1990 and
it showed positive effects within a 2 week-long treatment period [249]. Use of
paroxetine was associated with a significant reduction in risk of myocardial infarction
compared with use of other antidepressants and no antidepressant use in a case-
control study of first myocardial infarction patients in 2003 [250]. However, these

effects were never associated with the antioxidant property of paroxetine.

Paroxetine was also extensively used in long-term animal experiments in various
neurological diseases including Huntington’s disease, chronic social stress and
amyloidosis at a dose of 1-20 mg/kg/day in mice for months [251-254]. (Up to 1 year
long treatment periods is reported in mice with extended life span.) We used
paroxetine at 10 mg/kg/day dose for 1 month in diabetic rats without noting any

adverse effect [38]. Based on the safety of paroxetine, we anticipate that this
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compound is theoretically amenable to potential clinical re-purposing for the

experimental therapy of diabetic complications.

The mode of action of paroxetine against glucose-induced mitochondrial ROS
production. Paroxetine emerged as a potent inhibitor of mitochondrial superoxide
generation that shows an immediate effect but is also active for 3 days in the
nanomolar concentration range. The rapid onset of action and the lack of modulation
of mitochondrial gene expression by paroxetine suggested a direct mode of action,
which was characterized as an inhibitor of mitochondrial ROS production. The
inhibition of mitoSOX oxidation, but the lack of inhibition of DCFDA oxidation in
the cell-based assays (Fig. 7) suggests that the mode of paroxetine may be at least
partially preferential to mitochondrial sources of ROS, although the inhibition of the
xantine-oxidase-derived ROS production suggests that paroxetine may also affect
cytosolic ROS production as well. Characterization of additional selective serotonin
reuptake inhibitors demonstrated that paroxetine is unique in its respect as an inhibitor
of hyperglycemic ROS production. Partial and complete decomposition studies
demonstrated that the primary site of the antioxidant action resides within the
compound's sesamol moiety. The effects of paroxetine were not associated with any

adverse changes in mitochondrial electron transport or mitochondrial function.

In accordance with its inhibitory effect on mitochondrial ROS production, paroxetine
inhibited a variety of downstream responses that are typically associated with
hyperglycemic ROS production in endothelial cells, such as indices of mitochondrial
oxidative protein injury, as well as injury to the mitochondrial and nuclear DNA [83,
194, 125, 203, 51, 87, 179, 16, 195, 94]. The protective effect of paroxetine was also
apparent against the development of hyperglycemic endothelial dysfunction in
vascular rings, both in an in vitro model (vascular rings placed in elevated
extracellular glucose concentration, followed by the measurement of endothelium-
dependent relaxations) and in an ex vivo model. These reductionist models suggest
that paroxetine may show protection against diabetic injury in more chronic, and more

clinically relevant models of diabetes.
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5.2.2. Glucocorticoids block the mitochondrial ROS production via UCP2

induction in microvascular endothelial cells

Glucocorticoid steroids, as major hyperglycemic hormones in the body, represent a
contradictory group of drugs for drug re-use in diabetes, but the similar activity of
glucocorticoid agonists and antagonists against mitochondrial ROS generation
suggested a potential novel target of the disease in microvascular endothelial cells.
We found that glucocorticoid steroids 1) reduce the mitochondrial membrane
potential, 2) inhibit the mitochondrial ROS generation and 3) upregulate UCP2 that
functions as the main regulator of the mitochondrial potential in microvascular

endothelial cells.

Mitochondria produce higher levels of oxidants if the mitochondrial potential is
elevated [31, 255]. In b.End3 microvascular endothelial cells, the increased
mitochondrial membrane potential plays a crucial role in ROS generation, since the
restoration of the mitochondrial membrane potential blocks the high glucose-induced
mitochondrial superoxide production (Fig. 16-18). The lack of change in the ratios of
individual mitochondrial respiratory complexes indirectly supports this phenomenon
(Fig. 4). We found that UCP2 was a major controller of mitochondrial ROS
production in microvascular endothelial cells, since UCP2 silencing by itself
increased the mitochondrial membrane potential and ROS production (Fig. 22).
Glucocorticoid steroids, that emerged as inhibitors of mitochondrial ROS production,
upregulate UCP2 expression and this action may be responsible for the protective

effect in hyperglycemic endothelial cells (Fig. 19-20) [38].

The primary function of uncoupling proteins UCP2 and UCP3 (uncoupling protein 3)
is the limitation of free radical production in the cells [256] via both short-term and
long-term controlling mechanisms. Redox regulation of UCP2 occurs via
glutathionylation: under conditions associated with low ROS production the proton
transferring function of UCP2 is blocked via glutathionylation, while UCP2 is
deglutathionylated and activated by oxidative stress [32, 257]. ROS-induced UCP2
activation allows protons to be transferred back to the mitochondrial matrix and
thereby leads to the decrease of the mitochondrial membrane potential. The

diminished mitochondrial membrane potential decreases the electron transfer and
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oxygen consumption leading to low oxidant production and UCP2 glutathionylation,
which closes the channel and decreases the proton leak [257]. The function of the
uncoupling proteins is also controlled at the transcriptional [258-262] and
translational level [263, 157] via controlling the expression of the proteins. Regulation
at this level seems to help adapt the cells to long-term stress. Thus, hyperglycemia
itself induces UCP2 expression in some cell types, eg. in beta cells [264] and venous
endothelial cells (Fig. 18) [34] and we also observed increased expression level in the
muscle in diabetic mice [35]. Consistently, we found that the glucose-induced
mitochondrial ROS production is modest in the EA.hy926 venous endothelial cells
[38] compared to the microvascular endothelial cells, in which UCP2 expression is

unaltered in hyperglycemia (Fig. 4).

Modulation of UCP2 has been recommended in diabetes complications [265], since
the induction of UCP2 expression is safe: 1) the uncoupling function of the protein is
redox regulated via reversible glutathionylaton and 2) upregulation of UCP2 also
occurs as an endogenous protective mechanism. Our results confirm that induction of
UCP2 expression confers benefit against glucose-induced mitochondrial ROS
production in microvascular endothelial cells. The functional benefit of uncoupling
protein induction is also supported by the finding that overexpression of UCP3 (that
shares functional similarly with UCP2 but shows distinct expression profile) is
protective against glucose-induced damage in other cell types, eg. in neurons [212].
However, the regulation of UCP2 expression is a complex and incompletely
understood process and upregulation of UCP2 expression has not been accomplished
by pharmacological means. At the RNA level UCP2 expression is affected by micro
RNAs (miRNA) at the 3° untranslated region of the gene: they either stabilize or
destabilize the UCP2 transcript upon binding [261]. The expression of UCP2 can also
be induced via blocking the heterogeneous nuclear ribonucleoprotein-K (hnRNP-K)
mediated suppression as a mechanism involving this regulatory step has been
described for angiopoietin-1 in endothelial cells [266]. This process has been
suggested to occur at the posttranscriptional level (though it has not been confirmed
by measuring the mRNA level of UCP2) and it may also involve a glucocorticoid-
mediated phosphorylation step by Src tyrosine kinase [267]. We found that
glucocorticoids increase the mRNA level of UCP2 (Fig. 18, 19), thus we suspect that

the regulation occurs via the above mechanisms, especially, since they could explain
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the cell-type restricted action of steroids. The microRNA expression profile of the
microvascular endothelial cells differ form the macrovascular aortic or venous cells
[28], and glucocorticoids induce robust changes in the miRNA expression in the cells
[268-270]. Also, the heterogeneous nuclear ribonucleoprotein subtypes show cell or
tissue specific expression pattern [271]. Interestingly, dexamethasone was reported to
induce UCP3 expression in C2C12 muscle cells [156] via a glucocorticoid response
element (GRE) located in the promoter region of the UCP3 gene. However, this
mechanism is unlikely to be involved in the expression of UCP2, since its promoter
region does not contain such sites and the glucocorticoid receptor (GR)-mediated
actions occur universally in all cells, so it cannot explain the cell-type specific
induction. At the translational level, UCP2 expression was reported to be affected by
glutamine [157] and we found that availability of this amino acid stimulated the
expression of UCP2 in endothelial cells and promoted its antioxidant effect but only if

steroids induced the expression at the transcriptional level (Fig. 20).

In summary, UCP2 induction may represent a novel experimental therapeutic
intervention in diabetic vascular complications. Direct repurposing of glucocorticoid
steroids may not be possible due to their significant side effects that develop during
chronic administration, but the UCP2-inducing pathway may be amenable to
upregulation by other pharmacological means non affecting glucocorticoid receptors.
Additionally, the short-term use of the glucocorticoid receptor antagonist mifepristone
may be considered during short hyperglycemic episodes. Specific pharmacological
tools that induce UCP2 expression in the microvasculature are expected to be shortly

available and that they will allow the translation of this concept to clinical practice.

5.2.3. H;S donors act as electron donors to the respiratory chain in endothelial

cells

H>S supplementation in diabetes. H,S is an endogenously produced ‘gasotransmitter’
that plays key roles in regulating vascular tone, inflammation, cell death and
proliferation as well as vascular protection [272-275]. Lower H,S bioavailability has
been reported in the diabetic vasculature in humans and it was associated with poor

microcirculatory blood flow [276]. Impaired vascular H,S synthesis or bioavailability

93



DOI:10.14753/SE.2018.2205

has been observed both in pharmacologically induced (streptozotocin diabetes [94])
and in genetically induced diabetes models (in Akita, db/db and NOD mice [277-
279)).

The ‘loss’ of H,S is thought to contribute to vascular endothelial dysfunction
suggesting that approaches to increase H,S bioavailability could be of therapeutic
benefit in diabetic complications. One key mechanism by which H,S is beneficial is
by serving as an inorganic electron donor to the respiratory chain [107]. The oxidation
of H,S is a multi-step process and electron transfer to the respiratory chain may be
dissociated from the subsequent steps of proton transfer and oxygen consumption
[106]. Thus, unlike the main electron donors, nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH,), H,S can provide the respiratory
chain with electrons only. This effect of H,S is supported by our findings that
exogenous H,S, albeit at high concentrations, can normalize the mitochondrial
membrane potential and reduce mitochondrial superoxide generation in
hyperglycemic endothelial cells and also prevent the development of endothelial
dysfunction in streptozotocin-induced diabetes [94, 280]. Furthermore, H,S, in the
form of inorganic salts (e.g. NaSH and Na,S) have protective effects against diabetic
retinopathy and nephropathy [225, 226, 281] and also has cardioprotective effects in
diabetic models [282, 279, 283].

The positive effects of H,S supplementation in diabetes were confirmed by several
studies but long-term administration of H,S remained a challenging issue [284, 94,
281, 285]. H,S is volatile and has short half-life in vivo, thus for long-term treatment
the use of donor molecules (prodrugs) is preferable as they release H,S at a controlled
rate. The administration of H,S using its sodium salts is inconvenient in long-term
diseases because it has a short half-life and lacks cellular targeting.

H,S supplementation using natural products may represent an alternative approach for
long-term treatment, though controlled H,S release is more problematic with
molecules of natural sources. Garlic is the most commonly used sulfur-rich nutrient
that can provide H,S using it either freshly or its extract as a dietary supplement.
Garlic provides slower H,S release than Na,S [286]. Allicin (diallyl thiosulfinate) is
the main source of H,S in garlic, as it decomposes to various sulfur-containing
compounds in aqueous solutions including diallyldisulfidle (DADS) and
diallyltrisulfide (DATS) [286-288]. DADS and DATS release H,S in a thiol-

dependent manner in cells, and they may deplete the cellular glutathione pool [289-
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291]. While this chemical approach may help control the H,S release, the loss of
glutathione increases the risk of oxidative damage in a pro-oxidant state like diabetes
and it may involve excessive H,S release and toxicity [292]. Interestingly, the
opposite effect of DADS, an increase in the cellular glutathione level was also
reported after prolonged treatment periods [293] that may be directly caused by H,S
[51]. Overall, if thiol-dependent donors cause fluctuations in the glutathione pool and
in H,S levels, they may present a challenge in dosing and also incur an increased risk
for oxidative damage. As a result, the beneficial effects of garlic were confirmed by
multiple studies in diabetes models [294-297], still garlic had no effect on endothelial
function and oxidative stress in diabetic patients and no change was seen in the
glutathione level in a recent pilot trial supporting the dosing difficulties of garlic-
based dietary supplements [298].

Several H,S donor compounds have been developed over the last couple of years and
various chemistries have been implicated but the control of H,S generation is still not
perfect [299, 174, 288]. A further problem may arise from the side effects caused by
the by-products that are formed during H,S release, thus in chronic diseases it is
necessary to reduce the concentration of the donors as much as possible since very
long treatment periods are anticipated. One option is to deliver the H,S donors to
specific cell types or subcellular compartments to minimize the off-target effects. The
subset of cell types, that are involved in diabetic complications and should benefit
from H,S supplementation, includes capillary endothelial cells, mesangial cells,
neurons and Schwann cells in peripheral nerves [26]. The glucose-induced damage is
orchestrated by the mitochondria via superoxide generation that promotes all other
oxidative stress pathways in diabetes [26], thus mitochondrial oxidant production is

the foremost target in the cells.

Mitochondria-targeted H>S donors against hyperglycemic endothelial injury. We
tested the efficacy of novel mitochondria-targeted H,S donors against the glucose-
induced oxidant production in endothelial cells. To accomplish mitochondria-specific
drug delivery, a triphenylphosphonium targeting moiety is incorporated in the
structures that allows potential-dependent drug accumulation [175]. It also assures
that H,S concentration is kept within a safe range, since the intra-mitochondrial drug
concentration is higher, when the mitochondrial membrane potential is elevated, but

lower when the potential is reduced using the same loading concentration of the drug.
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Thus, normalization of the mitochondrial potential reduces the mitochondrial drug
uptake. Also, a relatively stable supply of H,S is maintained by the use of these
compounds, since higher consumption of H,S does not result in a drop in H,S donors
(eg. in metabolically active cells), since mitochondria are rapidly replenished with
new donor molecules by the re-equilibration process. AP39 is a slow-release H,S
donor that was shown to accumulate in the mitochondria [36, 37] and protect against
oxidative stress-induced mitochondrial DNA and protein damage in endothelial cells
[300]. AP123, a structurally different mitochondrial H,S donor that has similar
molecular weight and solubility and also provides very slow, controlled H,S release.

It is difficult to determine the mitochondrial concentration of H,S that might be
associated with beneficial effects in the cells and various methodologies produced
strikingly different results, but the amount to produce stimulatory effect on cellular
bioenergetics is probably between 6 nM and 1 uM [301, 302, 107]. In contrast, a
~1000-fold higher concentration (100-300 uM exogenous H,S) was necessary to
normalize the mitochondrial membrane potential and decrease the oxidant production
in endothelial cells exposed to high glucose concentrations when H,S was
supplemented using its sodium salts [94]. This huge difference might be explained by
the fact that the donor compound was not targeted to mitochondria, thus the majority
of H,S was wasted because of extracellular consumption, low penetration or via extra-
mitochondrial metabolism. The amount of H,S that blocks complex IV and has
inhibitory effect on the respiration is no more than 1 order of magnitude higher than
its stimulatory concentration [176, 301, 302, 107] thus dosing remains a challenging
issue. Furthermore, it is unclear whether exogenous H,S supplementation affects the
endogenous production of H,S and whether the concentrations determined by prior
assays truly reflect the beneficial amount of H,S on the long term. Overall, both prior
reports and our results suggest that mitochondria-specific delivery of H,S can greatly
reduce the therapeutic concentration of H,S donors. We found that AP39 and AP123
were effective against hyperglycemic injury at >1000-fold lower concentrations than
Na;S in endothelial cells. We found that low nanomolar concentrations (30-300 nM)
were cytoprotective in hyperglycemic endothelial cells, similar to the values
previously reported for AP39 in other models [145, 300, 303, 304]. H,S-mediated
cytoprotection mostly depends on the mitochondrial effect of H,S in endothelial cells,

since it is associated with the normalization of the mitochondrial potential and
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inhibition of mitochondrial ROS production. While the longer term efficacy of the
compounds may suggest other mechanisms, including gene expression changes
induced by the donor molecules, it is unlikely that the protection involves
upregulation of H,S biosynthetic enzymes as such effect has not been previously
observed [305].

The antioxidant effects of the tow mitochondrial H,S donors (AP39 and AP123) are
comparable but the effective concentration of AP39 is slightly lower than that of
AP123 (Fig. 27). It might be explained by the slightly higher H,S release from AP39:
it also induced an increase in complex II/IIl activity at a lower concentration than
AP123 (Fig. 30), and its lower toxic concentration: AP39 has a TCsy of 7.8 uM while
AP123’s TCsp is 16.7 uM (Fig. 26); concentrations far exceeding that required for
cytoprotection (e.g. 10-300 nM, Figs. 27). Both AP39 and AP123 provide H,S release
for multiple days but AP39 is capable of releasing more H,S than AP123 due to the
structural differences in the H,S releasing moiety (Fig. 24), which is evidenced by the
toxic concentrations of the non-mitochondrial H,S donors ADT-OH and HTB
(69.5uM and 165.5 uM, respectively). The lower therapeutic concentration achieved
by the ester-linked mitochondrial targeting moiety possibly suggests lower risk of side
effects caused by the metabolites of the drugs. The molecular mechanism of H,S
release from 1,2-dithiole-3-thione compounds are still unclear [287], but the
mitochondrial redox environment may affect this process. Furthermore, H,S
generation from ADT-OH or AP39 can occur through multiple steps and each of these
steps may be affected by various metabolites in the mitochondria. On the other hand,
HTB compounds are more likely to liberate H,S through a single step that is not
affected by the metabolites, possibly allowing for better control of H,S generation.
Interestingly, HTB is the chosen H,S donor moiety in many novel H,S-releasing
therapeutics including various non-steroidal anti-inflammatory drugs (NSAIDs) and
some of them (eg. the naproxen derivative ATB-346) already reached clinical trial
phases [299]. AP39 and AP123 showed no toxicity in animal experiments and we
expect that they will be suitable to proceed to clinical trials in diseases associated with

mitochondrial oxidative stress in the near future.
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6. Conclusions

In conclusion, the current studies have utilized a cell-based screening method to
identify a number of drugs and drug-like molecules that beneficially affect
hyperglycemic ROS production in endothelial cells.

One of these compounds, the antidepressant paroxetine, has been tested in a variety of
in vitro and in vivo/ex vivo models of hyperglycemic endothelial injury and diabetic
vascular complications. We found that paroxetine shows effect at submicromolar
concentrations and superoxide scavenging is involved in its mode of action against
mitochondrial ROS. It is interesting to note that paroxetine has previously been shown
to afford certain cardiovascular benefits in terms of protection from myocardial
infarction in humans [250].

The antioxidant effect of mifepristone, a glucocorticoid receptor antagonist, is
associated with mild mitochondrial uncoupling, which is achieved by induction of
UCP2 expression. This compound was also found to be effective in a clinically
relevant concentration range [306].

Mitochondrial slow release H»S donors also provided protection against the prolonged
low level oxidative stress induced by hyperglycemia in endothelial cells. They
increase the electron transfer rate at respiratory complex III and have beneficial effect
on cellular bioenergetics. These compounds showed positive effect in the nanomolar
concentration range, which is more than two orders of magnitude lower than their
maximum tolerated concentration, suggesting a safer alternative compared to non-
targeted H,S donors and natural sources [94].

The current results may lay the conceptual foundation for future exploratory clinical
trials in patients with diabetes, with the potential ultimate goal of re-purposing for the
experimental therapy of diabetic complications. However, such studies must be
preceded by careful investigation of the safety profile of this compound in diabetic

patients.
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7. Summary

Introduction: Diabetic complications are responsible for the majority of expenses
associated with diabetes treatment. Recently, mitochondrial superoxide production
has been proposed to serve as the initiator of all other oxidative stress pathways in
diabetic endothelial cells including the polyol pathway and advanced glycation
endproduct (AGE) formation. Thus, inhibition of mitochondrial superoxide
generation may protect against the endothelial injury and postpone the development

of diabetic complications.

Aim: We aimed to identify compounds that block the glucose-induced mitochondrial
superoxide production to find potential drug candidates for inhibiting the

development of diabetic complications.

Methods: A comprehensive library of 6,766 drugs (comprising of clinical drugs and
biologically active compounds) was tested against mitochondrial ROS production in
hyperglycemic endothelial cells. Hit compounds were identified using the
mitochondrial superoxide sensor MitoSOX dye to measure the ROS production. The
mode of action of the most effective compounds and their protective effects were

further characterized in secondary assays.

Results: Less than 0,5% of the drugs blocked the glucose-induced mitochondrial ROS
production and the mechanism of action of hit compounds involved newly identified
activities: 1) paroxetine reduced ROS via superoxide scavenging, 2) glucocorticoids
induced the expression of uncoupling protein 2 (UCP2), 3) H,S donors reduced the
mitochondrial ROS via direct electron donation to the respiratory chain. The
antioxidant activity of these drugs was associated with beneficial effects on cellular

energy production and protection against diabetic vascular dysfunction in vivo.

Conclusions: Our results suggest that mitochondrial dysfunction can be directly
addressed in endothelial cells by preventing or reducing the glucose-induced
mitochondrial ROS production. The beneficial effect of the identified compounds and
pathways may raise the potential of re-purposing of these approaches for the

experimental therapy of diabetic cardiovascular complications.
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Osszefoglalas

Bevezetés: A cukorbetegség kezelési koltségeinek dontd részéért a szovodmények
felelosek. A diabeteses karosodasban kdzponti szerepet jatszik a mitokondridlis
szuperoxid termelés, azaltal, hogy aktivalja az Osszes tovabbi oxidativ stressz
utvonalat az endothel sejtekben, igy a poliol utvonalat és a késéi glikacios
végtermékek képzését is. A mitokondridlis szuperoxid termelés gatlasatol varhato,
hogy megakaddlyozza az endothel sejtek kéarosodasat és késlelteti a cukorbetegség
szovodmények kialakulasat.

Cél: Olyan molekulak azonositasat tliztiik ki célul, melyek csokkentik a magas gliik6z
koncentracié hatdsara kialakulé mitokondrialis szuperoxid termelést, és potencialis
gyogyszerjeloltek lehetnek a cukorbetegség szovddményeinek megeldzésében.
Moédszerek: 6.766 molekulabol allo (klinikai hasznalatban all6 gyogyszereket és
biologiailiag aktiv anyagokat tartalmazo) molekula konyvtar sziirését végeztik el,
hogy a szerek mitokondridlis oxidans termelésre kifejtett hatdsat megvizsgaljuk
hyperglycemids endothel sejtekben. A “hit” molekuldk azonositasat a mitokondrialis
oxidans termelés mérésével végeztilk, a szuperoxid érzékeny MitoSOX festéket
alkalmazva. A leghatdsosabb szerek tovabbi vizsgalatat és hatdsmechanizmusuk
azonositasat szekunder vizsgalatok segitségével végeztiik el.

Eredmények: A magas cukor hatisara létrejové mitokondrialis oxidans termelést
kevesebb, mint a molekulak 0,5%-a csokkentette. A”’hit-ek” antioxidans hatasaban
ujonnan megismert mechanizmusok jatszottak szerepet: 1) a paroxetin direkt
szabadgyokfogo szerepet tolt be, 2) a gliitkokortikoid szteroidok enyhe mitokondrialis
szétkapcsolo hatdssal birnak az UCP2 fehérje szintézisének fokozéasa révén és 3) a
hidrogén szulfid (H,S) donor molekuldk a 1égzési lanc elektron donoraiként
csokkentik a szabadgyok termelést. Ezek a szerek, antioxidans hatasukon til, javitjak
a sejtek energiaforgalmat ¢és a vaszkularis endothel funkcio javulasat is eredményezik
diabetesben.

Kovetkeztetés: Eredményeink azt mutatjak, hogy a magas gliik6z hatasara kialakul6
mitokondrialis dysfunctio kozvetleniil is gatolhaté az endothel sejtekben, a
mitokondrialis szabadgyok termelés gatlasa révén. Az azonositott antioxiddns szerek
pozitiv hatdsai felvetik ezen szerek kisérletes alkalmazasanak lehetdségét diabetes

cardiovascularis szovédményeiben.
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11. Supplementary material

Suppl. Table 1. List of genes analyzed by the mouse mitochondrial energy
metabolism PCR array (part 1/2). The genes associated with mitochondrial energy
production are listed with their gene symbol, full gene name Unigene identifier and
NCBI accession number and respective position on the plate.

Position | UniGene RefSeq ‘Gene Description
Symbol

Phospholysine phosphohistidine inorganic pyrophosphate
A0l Mm.276721 NM 029609 Lhpp phosphatase
A02 Mm.273271 NM 138652 Atpl2a ATPase, H+/K+ transporting, nongastric, alpha polypeptide
A03 Mm.12821 NM_018731 Atpda ATPase, H+/K+ exchanging, gastric, alpha polypeptide
A04 Mm.154039 NM 009724 Atp4b ATPase, H+/K+ exchanging, beta polypeptide

ATP synthase, H+ transporting, mitochondrial F1 complex,
A0S Mm.276137 NM 007505 AtpSal alpha subunit 1

ATP synthase, H+ transporting mitochondrial F1 complex,
A06 Mm.238973 NM 016774 AtpSb beta subunit

ATP synthase, H+ transporting, mitochondrial F1 complex,
A07 Mm.12677 NM 020615 AtpScl gamma polypeptide 1

ATP synthase, H+ transporting, mitochondrial F1 complex,
A08 Mm.278560 NM 025313 AtpSd delta subunit

ATP synthase, H+ transporting, mitochondrial FO complex,
A09 Mm.251152 NM 009725 Atp5fl subunit Bl

ATP synthase, H+ transporting, mitochondrial FO complex,
Al0O Mm.371547 NM 007506 AtpSgl subunit ¢l (subunit 9)

ATP synthase, H+ transporting, mitochondrial FO complex,
All Mm.10314 NM 026468 AtpSg2 subunit C2 (subunit 9)

ATP synthase, H+ transporting, mitochondrial FO complex,
Al2 Mm.2966 NM 175015 Atp5g3 subunit C3 (subunit 9)

ATP synthase, H+ transporting, mitochondrial FO complex,
BOI Mm.371641 NM 027862 AtpSh subunit d

ATP synthase, H+ transporting, mitochondrial FO complex,
B02 Mm.353 NM 016755 Atp5j subunit F

ATP synthase, H+ transporting, mitochondrial FO complex,
B03 Mm.133551 NM 020582 AtpSj2 subunit F2

ATP synthase, H+ transporting, mitochondrial F1 complex,
B04 Mm .41 NM 138597 Atp50 subunit
BO5 Mm.1158 NM 011596 Atp6v0a2 ATPase, H+ transporting, lysosomal VO subunit A2
B06 Mm.19298 NM 175406 Atp6v0d2 ATPase, H+ trangporting, lysosomal VO subunit D2
B07 Mm.178798 NM 133699 Atpévlc2 ATPase, H+ transporting, lysosomal V1 subunit C2
B08 Mm. 159369 NM 029121 Atpovle2 ATPase, [ trangporting, lysosomal V1 subunit E2
B09 Mm. 114424 NM 177397 Atp6vlg3 ATPase, H+ transporting, lysosomal V1 subunit G3
B10 Mm.358700 NM 025784 Bes1l BCS1-like (yeast)

COX11 homolog, cytochrome c oxidase assembly protein
Bll Mm.151940 NM 199008 Coxl11 (yeast)
B12 Mm.386758 NM 009941 Coxdil Cytochrome c oxidase subunit 1V isoform 1
C01 Mm.196668 NM 053091 Cox4i2 Cytochrome ¢ oxidase subunit 1V isoform 2
C02 Mm.273403 NM 007747 Cox5a Cytochrome ¢ oxidase, subunit Va
C03 Mm.180182 NM 009942 Cox5h Cytochrome c oxidase, subunit Vb
C04 Mm.43415 NM 007748 Cox6al Cytochrome ¢ oxidase, subunit VI a, polypeptide 1
C05 Mm.43824 NM 009943 Cox6a2 Cytochrome ¢ oxidase, subunit VI a, polypeptide 2
C06 Mm.400 NM 025628 Cox6bl1 Cytochrome ¢ oxidase, subunit VIb polypeptide 1
C07 Mm.29625 NM 183405 Cox6b2 Cytochrome ¢ oxidase subunit VIb polypeptide 2
C08 Mm.548 NM 053071 Coxé6c Cytochrome ¢ oxidase, subunit V¢
C09 Mm.152627 NM 009945 Cox7a2 Cytochrome ¢ oxidase, subunit Vlla 2
C10 Mm.30072 NM 009187 Cox7a2l Cytochrome ¢ oxidase subunit VITa polypeptide 2-like
Cl1 Mm.197728 NM 025379 Cox7b Cytochrome ¢ oxidase subunit VITb
Cl12 Mm.14022 NM_007750 Cox8a Cytochrome c oxidase, subunit VIlla
DOl Mm.660 NM 001039049 Cox8¢ Cytochrome ¢ oxidase, subunit VIlic
D02 Mm.29196 NM 025567 Cycl Cytochrome c-1
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Suppl. Table 1. List of genes analyzed by the mouse mitochondrial energy
metabolism PCR array (part 2/2). The genes associated with mitochondrial energy
production are listed with their gene symbol, full gene name Unigene identifier and
NCBI accession number and respective position on the plate.

Position | UniGene RefSeq ‘(yene Description
Symbol
D03 Mm.34869 NM 019443 Ndufal NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1
D04 Mm.248778 NM 024197 Ndufal0 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10
D05 Mm.279823 NM 027244 Ndufall NADII dehydrogenase (ubiquinone) 1 alpha subcomplex 11
D06 Mm.29867 NM 010885 Ndufa2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2
D07 Mm.17851 NM 025348 Ndufa3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3
D08 Mm.415865 NM 010886 Ndufa4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4
D09 Mm.275780 NM 026614 Ndufa5 NADH dchydrogenase (ubiquinone) 1 alpha subcomplex, 5
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6
D10 Mm.27570 NM 025987 Ndufa6 (B14)
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7
D11 Mm.29513 NM 023202 Ndufa7 (B14.5a)
D12 Mm.19834 NM 026703 Ndufa8 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8
NADH dehydrogenase (ubiquinone) 1, alpha/beta
EO01 Mm.347976 NM 028177 Ndufabl subcomplex, 1
E02 Mm.1129 NM 026684 Ndufb10 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10
L£03 Mm.29415 NM 026612 Ndufb2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2
E04 Mm.2033 NM 025597 Ndufb3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 3
EOS Mm.379154 NM 026610 Ndufb4 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4
E06 Mm.28058 NM 025316 Ndutb5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5
E07 Mm.1103 NM 001033305 Ndufbé NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6
E08 Mm.29683 NM 025843 Ndufb7 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7
E09 Mm.2060 NM 026061 Ndufb8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8
E10 Mm.322294 NM_023172 Ndufb9 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9
NADH dehydrogenase (ubiquinone) 1, subcomplex
Ell Mm.331007 NM 025523 Ndufcl unknown, 1
NADH dehydrogenase (ubiquinone) 1, subcomplex
E12 Mm.334031 NM 024220 Ndufc2 unknown, 2
FOl Mm.290791 NM 145518 Ndufsl NADH dehydrogenase (ubiquinone) Fe-S protein 1
F02 Mm.21669 NM_153064 Ndufs2 NADH dehydrogenase (ubiquinone) Fe-S protein 2
03 Mm.30113 NM 026688 Ndufs3 NADH dehydrogenase (ubiquinone) Fe-S protein 3
F04 Mm.253142 NM 010887 Ndufs4 NADH dehydrogenase (ubiquinone) Fe-S protein 4
FO5 Mm.42805 NM_001030274 Ndufs5 NADH dehydrogenase (ubiquinone) Fe-S protein 5
F06 Mm.29897 NM 010888 Ndufs6 NADH dehydrogenase (ubiquinone) Fe-S protein 6
FO7 Mm.28712 NM 029272 Ndufs7 NADH dehydrogenase (ubiquinone) Fe-S protein 7
FO8 Mm.44227 NM 144870 Ndufs8 NADIH dehydrogenase (ubiquinone) Fe-S protein 8
F09 Mm.29842 NM 133666 Ndufvl NADH dehydrogenase (ubiquinone) flavoprotein 1
F10 Mm.2206 NM 028388 Ndufv2 NADH dehydrogenase (ubiquinone) flavoprotein 2
Fll Mm.28349 NM 030087 Ndufv3 NADH dehydrogenase (ubiquinone) flavoprotein 3
F12 Mm. 182340 NM 026936 Oxall Oxidase assembly 1-like
GOl Mm.28897 NM 026438 Ppal Pyrophosphatase (inorganic) 1
G02 Mm.210305 NM 146141 Ppa2 Pyrophosphatase (inorganic) 2
Succinate dehydrogenase complex, subunit A, flavoprotein
G03 Mm. 158231 NM 023281 Sdha (Fp)
Succinate dehydrogenase complex, subunit B, iron sulfur
G04 Mm.246965 NM_ 023374 Sdhb (Ip)
Succinate dehydrogenase complex, subunit C, integral
GO0S Mm.198138 NM 025321 Sdhc membrane protein
Succinate dehydrogenase complex, subunit D, integral
G06 Mm.10406 NM_025848 Sdhd membrane protein
G07 Mm.379119 NM 025650 Ugqerll Ubiquinol-cytochrome ¢ reductase, complex III subunit XI
GO8 Mm.335460 NM 025407 Uqcrel Ubiquinol-cytochrome ¢ reductase core protein 1
G09 Mm.334206 NM 025899 Ugcere2 Ubiquinol cytochrome ¢ reductase core protein 2
Ubiquinol-cytochrome ¢ reductase, Rieske iron-sulfur
G10 Mm.181933 NM 025710 Ugqerfsl polypeptide 1
Gll Mm.181721 NM 025641 Uqcrh Ubiquinol-cytochrome ¢ reductase hinge protein
Ubiquinol-cytochrome ¢ reductase, complex 1T subunit
G12 Mm.251621 NM 025352 Ugqcerq VII
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Suppl. Table 2.: Comparison of gene expression profiles of b.END3 endothelial
cells exposed to hyperglycemia and normoglycemic cells analyzed by the mouse
mitochondrial energy metabolism gene expression array (part 1/2). Total RNA was
isolated from b.End3 cells exposed to hyperglycemia or normoglycemia for 7 days
using TRIzol® reagent. 2 ug RNA was treated with DNase (Epicentre, Madison, WI)
and reverse transcription was carried out using High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA). 1 ug RNA was used for gene expression
measurements using the mouse mitochondrial energy real-time PCR array
(SABiosciences Frederick, MD) on CFX96 thermo cycler (Biorad, Hercules, CA).
Threshold cycle (Cp)values determined by CFX Manager were used to calculate
expression changes with the RT? Profiler™ PCR Array Data Analysis tool supplied
with the array. (Significant differences are shown in bold.)

fold up- or
fold LTEST | down
change .
regulation
Gene Gene name
Symbol high gle high gle/
Mow gle p value low gle
Lhpp Phospholysine phosphohistidine inorganic pyrophosphate phosphatase 0.55 0.104956 -1.83
Atpl2a ATPase, H+/K+ transporting, nongastric, alpha polypeptide 1.16 0.495906 1.16
Atpda ATPase, H+/K+ exchanging, gastric, alpha polypeptide 1.08 0.404976 1.08
Atp4b ATPase, H+/K+ exchanging, beta polypeptide 0.51 0.011622 -1.97
ATP §)f|1thase. H+ transporting, mitochondrial F1 complex, alpha 091 0.081448 110
AtpSal subunit 1
ATP ?ynthi{SC, H+ transporting mitochondrial F1 complex, beta 1.09 0272205 1.09
AtpSb subunit
ATP syn}hase. H+ transporting, mitochondrial F1 complex, gamma 0.92 0.058275 -1.08
Atp5cl polypeptide 1
ATP §y11111ase, I+ transporting, mitochondrial F1 complex, delta 1 03 0.633547 103
Atp5d subunit
Atp5f1 ATP synthase, H+ transporting, mitochondrial FO complex, subunit B1 1.01 0.757150 1.01
AT'P synthase, H+ transporting, mitochondrial FO complex, subunit ¢l
Atp5Sgl (subuni)t 9) : i b 118 0.266908 118
ATP synlhase. H+ transporting, mitochondrial FO complex, subunit C2 1.00 0.872486 -1.00
AtpSg2 (subunit 9)
A'TP synthase, H+ transporting, mitochondrial FO complex, subunit C3
Atp5g3 (subuni)t 9) l ® l 1.00 0.931517 1.00
AtpSh ATP synthase, IT transporting, mitochondrial FO complex, subunit d 0.87 0.003010 -1.14
Atp5j ATP synthase, H+ transporting, mitochondrial I'0 complex, subunit I 0.86 0.016573 -1.16
Atp5j2 ATP synthase, H+ transporting, mitochondrial FO complex, subunit F2 0.89 0.036442 -1.12
AtpSo ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit 1.03 0.607019 1.03
Atp6v0a2 ATPase, IT+ transporting, lysosomal VO subunit A2 0.93 0.191990 -1.08
Atp6v0d2 ATPase, H+ transporting, lysosomal VO subunit D2 1.40 0.402090 1.40
Atp6vic2 A'l'Pase, H+ transporting, lysosomal V1 subunit C2 1.35 0.195736 1.35
Atpé6vie2 ATPase, H+ transporting, lysosomal V1 subunit E2 1.30 0.191061 1.30
Atp6vlg3 ATPase, H+ transporting, lysosomal V1 subunit G3 1.16 0.495906 1.16
Besll BCS1-like (yeast) 1.02 0.745362 1.02
Cox11 COXI11 homolog, cytochrome ¢ oxidase assembly protein (yeast) 0.99 0.846831 -1.01
Cox4il Cytochrome ¢ oxidase subunit IV isoform | 1.02 0.740261 1.02
Coxdi2 Cytochrome ¢ oxidase subunit IV isoform 2 1.29 0.014383 1.29
CoxSa Cytochrome ¢ oxidase, subunit Va 0.92 0.399742 -1.09
CoxSbh Cytochrome ¢ oxidase, subunit Vb 0.94 0.155015 -1.06
Cox6al Cytochrome ¢ oxidase, subunit VT a, polypeptide 1 1.12 0.170281 1.12
Cox6a2 Cytochrome ¢ oxidase, subunit VI a, polypeptide 2 0.72 0.341071 -1.40
Cox6b1 Cytochrome c oxidase, subunit VIb polypeptide 1 0.94 0.072654 -1.07
Cox6b2 Cytochrome ¢ oxidase subunit VIb polypeptide 2 0.83 0.058137 -1.20
Cox6c Cytochrome ¢ oxidase, subunit Vic 0.90 0.107180 -1.11
Cox7a2 Cytochrome ¢ oxidase, subunit VIla 2 0.91 0.062870 -1.10
Cox7a2l Cytochrome ¢ oxidasc subunit VITa polypeptide 2-like 0.92 0.233821 -1.08
Cox7b Cytochrome ¢ oxidase subunit VIIb 0.90 0.013969 -1.12
Cox8a Cytochrome ¢ oxidase, subunit Vllla 0.99 0.667824 -1.02
Cox8¢ Cytochrome ¢ oxidase, subunit VIIIc 1.16 0.495906 1.16
Cycl Cytochrome c-1 1.09 0.110352 1.09
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Suppl. Table 2.: Comparison of gene expression profiles of b.END3 endothelial
cells exposed to hyperglycemia and normoglycemic cells analyzed by the mouse
mitochondrial energy metabolism gene expression array (part 2/2). Total RNA was
isolated from b.End3 cells exposed to hyperglycemia or normoglycemia for 7 days
using TRIzol® reagent. 2 ug RNA was treated with DNase (Epicentre, Madison, WI)
and reverse transcription was carried out using High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA). 1 ug RNA was used for gene expression
measurements using the mouse mitochondrial energy real-time PCR array
(SABiosciences Frederick, MD) on CFX96 thermo cycler (Biorad, Hercules, CA).
Threshold cycle (Cp)values determined by CFX Manager were used to calculate
expression changes with the RT? Profiler™ PCR Array Data Analysis tool supplied
with the array. (Significant differences are shown in bold.)
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fol - or
fold T-TEST d(:):v:-p ’
change .
regulation
Gene Gene name
Symbol high glc 3 high glc/
/low gle p value low gle

Ndufal NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1 0.88 0.128230 -1.13
Ndufal0 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 1.01 0.792812 1.01
Ndufall NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 11 1.14 0.589318 1.14
Ndufa2 NADII dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 0.89 0.020925 -1.12
Ndufa3 NADII dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 1.02 0.734265 1.02
Ndufa4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4 0.98 0.660552 -1.02
Ndufas NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 0.91 0.060937 -1.10
Ndufaé NADH dehydrogenase (ubiquinone) | alpha subcomplex, 6 (B14) 0.91 0.072746 -1.10
Ndufa7 NADH dchydrogenase (ubiquinone) 1 alpha subcomplex, 7 (B14.5a) 1.02 0.204352 1.02
Ndufa8 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8 0.82 0.032735 -1.22
Ndufabl NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1 0.61 0.221531 -1.63
Ndufb10 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10 1.46 0.242469 1.46
Ndufb2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2 0.94 0.150036 -1.07
Ndufb3 NADII dehydrogenase (ubiquinone) 1 beta subcomplex 3 0.97 0.209182 -1.03
Ndufb4 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4 1.02 0.396472 1.02
Ndufb5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 0.64 0.113494 -1.55
Ndufb6 NADH dehydrogenase (ubiquinone) | beta subcomplex, 6 1.12 0.006489 1.12
Ndufb7 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7 0.83 0.077174 -1.20
Ndufb8 NADH dchydrogenase (ubiquinone) 1 beta subcomplex 8 0.98 0.491799 -1.02
Ndufb9 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9 1.01 0.717582 1.01
Ndufcl NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, | 0.95 0.144298 -1.05
Ndufc2 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 0.90 0.294585 -1.11
Ndufsl NADH dehydrogenase (ubiquinone) Fe-S protein 1 1.01 0.760374 1.01
Ndufs2 NADH dehydrogenase (ubiquinone) Fe-S protein 2 1.03 0.380073 1.03
Ndufs3 NADII dehydrogenase (ubiquinone) Fe-S protein 3 1.20 0.001463 1.20
Ndufs4 NADH dehydrogenase (ubiquinone) Fe-S protein 4 1.01 0.804763 1.01
Ndufs5 NADI dehydrogenase (ubiquinone) Fe-S protein 5 0.80 0.231159 -1.26
Ndufsé NADH dehydrogenase (ubiquinone) Fe-S protein 6 0.94 0.359973 -1.07
Ndufs7 NADH dehydrogenase (ubiquinone) Fe-S protein 7 1.12 0.177052 1.12
Ndufs8 NADH dehydrogenase (ubiquinone) Fe-S protein 8 0.99 0.969348 -1.01
Ndufvl NADH dehydrogenase (ubiquinone) flavoprotein 1 1.00 0.995208 -1.00
Ndufv2 NADH dehydrogenase (ubiquinone) flavoprotein 2 0.83 0.058661 -1.21
Ndufv3 NADH dehydrogenase (ubiquinone) flavoprotein 3 0.86 0.174471 -1.17
Oxall Oxidase assembly 1-like 1.07 0.074985 1.07
Ppal Pyrophosphatase (inorganic) 1 1.41 0.005336 1.41
Ppa2 Pyrophosphatase (inorganic) 2 0.86 0.008473 -1.16
Sdha Succinate dehydrogenase complex, subunit A, flavoprotein (Fp) 1.00 0.975468 1.00
Sdhb Succinate dehydrogenase complex, subunit B, iron sulfur (Ip) 1.14 0.047328 1.14
Sdhc Succinate dehydrogenase complex, subunit C, membrane protein 1.16 0.020830 1.16
Sdhd Succinate dehydrogenase complex, subunit D, membrane protein 0.91 0.010970 -1.10
Uqerll Ubiquinol-cytochrome ¢ reductase, complex 111 subunit X1 0.94 0.079199 -1.06
Ugerel Ubiquinol-cytochrome ¢ reductase core protein | 1.09 0.150281 1.09
Ugere2 Ubiquinol cytochrome ¢ reductase core protein 2 1.07 0.157631 1.07
Uqgerfs1 Ubiquinol-cytochrome ¢ reductase, Rieske iron-sulfur polypeptide 1 1.01 0.881551 1.01
Uqcerh Ubiquinol-cytochrome ¢ reductase hinge protein 0.81 0.002055 -1.23
Uqerq Ubiquinol-cytochrome ¢ reductase, complex 11 subunit VII 1.12 0.209514 1.12
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Suppl. Table 3. Hit confirmation of hyperglycemia-induced mitochondrial ROS
production screen (part 1/4)

Compounds that decreased the mitochondrial ROS production by 25% (ROS
score>1) but did not affect the viability (Viability score>—1) were re-tested at 10 uM
in replicates (results shown in italic). Compounds were categorized as toxic
compounds (TOX) if reduced the viability by 10%, confirmed hits (CONF. HIT) if
showed ROS production decreasing activity without affecting the viability, or non-
confirmed (NON CONF.) of the average decrease in ROS production was less than

10% in the hit confirmation.

Componid ?1:?:!%:)'5“ ROS roﬁt?cfion Hasilly
Compound Name Biological Activity Source X p MEAN+ Result
Eibfary production | score MEAN= SEM
4 (%) SEM
I adrenergic compounds
naphazoline hydrochloride adrenergic vasoconstrictor P -40 1.589 -9+5 8643 TOX
p Vi 2!
xylazine alpha-2-adrenergic agonist, sedative F -27 1.069 -842 9242 | NON CONF.
prazosin alphal-blocker F -31 1.247 -11+3 116+1 CONF. HIT
alprenolol beta blocker F -27 1.068 -8+2 91+1 | NON CONF.
celiprolol HCI1 beta blocker P -25 1.016 -1142 7142 TOX
acebutolol hydrochloride betal antagonist P -31 1.240 -13+2 93+4 CONF. HIT
pergolide mesylate dopaminergic agonist P =31 1.224 -4+2 95+1 | NON CONF.
bromocryptine mesylate dopaminergic, prolactin inhibitor P -26 1.044 -242 95+1 | NON CONF.
1L antimicrobial and antihelmintic agents, etc.
ampicillin trihydrate antibiotics, beta lactam P -25 1.003 -9+l 87+4 TOX
antibiotics, bacterial transpeptidase
cefadroxil inhibitor P -29 1.146 -3+ 97+1 | NON CONF.
antibiotics, ribosomal protein synthesis
clindamycin hydrochloride inhibitor P -29 1.171 -1+3 89+5 TOX
tetracycline hydrochloride antibiotics N =27 1.092 -19+3 10543 CONF. HIT
thiamphenicol glycinate antibiotics F -28 1.116 -9+3 80410 T0X
antibiotics , ribosomal protein synthesis
sisomicin sulfate inhibitor P -30 1.209 -2+1 92+3 | NON CONF.
carbadox antibiotics, inhibits DNA synthesis P -28 1.137 =243 93+1 | NON CONF.
sulfachlorpyridazine antibiotics, sulfanilamide U -32 1.285 -743 97+2 | NON CONF.
fenbendazole anthelmintic benzimidazole F -29 1.152 -24+4 76+4 TOX
oxfendazole anthelmintic, benzimidazole F -25 1.007 -13+2 98+2 CONF. HIT
avermectin Bla antihelmintic, GABAergic P -34 | 1.369 -4+4 109+8 | NON CONF.
antiparasitic agents, also a GABA
ivermectin agonist F -26 1.032 -61+3 61 TOX
antifungal, triazole cytochrome P450
itraconazole oxidase inhibitor F -34 1.363 -46+1 5548 TOX
glimepiride sulfonylurea anti-diabetic drug F -28 1.117 -33+2 1002 CONF. HIT
1L antidepressants
F,U,
paroxetine HCI antidepressant SSRI P.L.B.T -35 | 1.397 -50+4 96+2 CONF. HIT
paroxetine maleate antidepressant SSRI B -33 1.332
methyl-paroxetine antidepressant SSRI B -32 1.260
amoxapine antidepressant tricyclic F.U -31 1.242 -36+1 7142 TOX
antiobesity agent, neurotransmitter
(serotonine, norepinephrine) reuptake
sibutramine HCI inhibitor P -32 1.298 -6+3 95+2 | NON CONF.
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Suppl. Table 3. Hit confirmation of hyperglycemia-induced mitochondrial ROS
production screen (part 2/4).
Compounds that decreased the mitochondrial ROS production by 25% (ROS
score>1) but did not affect the viability (Viability score>—1) were re-tested at 10 uM
in replicates (results shown in italic). Compounds were categorized as toxic
compounds (TOX) if reduced the viability by 10%, confirmed hits (CONF. HIT) if
showed ROS production decreasing activity without affecting the viability, or non-
confirmed (NON CONF.) of the average decrease in ROS production was less than
10% in the hit confirmation.

Compound ?nhl?: I%i)lsn ROS roﬁl?cfian Viability
Compound Name Biological Activity Source 2 p MEAN% Result
Library production | score MEAN=x SEM
= (%) SEM
1v. anti-inflammatory agents (steroids, NSAIDs, etc.)
bet hasone glucocorticoid steroid L -30 | 1.203 -15+5 13249 CONF. HIT
budesonide CliEgcorticoldSferoid UPL 39 | 1.569 -2344 111+1 | CONF. HIT
dexamethasone glucocorticoid steroid u 23 | 0905 -16+5 100:4 | CONF. HIT
flunisolide Elucocorticoid Sterold U 25 | 1.002 2546 112:2 | CONF._HIT
flurandrenolide glucocorticold sterold U 28 | L2 1943 1101 | _CONF.HIT
6-alpha-methylprednisolone glucacorticoid steroid P -39 1.547 -17+1 102+1 CONF. HIT
triameinolone glucocorticoid steroid P 26 | 1.049 1152 1042 | CONF._HIT
acetylsalicylic acid NSAID L -27 1.091 -9+3 9943 | NON CONF.
NSAID, highly selective inhibitor of
piroxicam COX-1 P -30 1.198 -1342 9340 CONF. HIT
tenoxicam NSAID, COX inhibitor P -33 | 1.304 =743 95+l | NON CONF.
antiinflammatory agent, provitamin of
D-panthenol BS P -58 2.328 -843 99+3 | NON CONF.
immunosuppressant, with antifungal
sirolimus activity U =26 1.046 -60+4 103+1 CONF. HIT
rolipram PDE4-inhibitor, antiinflammatory F -26 | 1.025 545 103+3 | NON CONF.
V. antimetabolites
thioguanosine antimetabolite P -42 1.675 -28+0 15044 CONF. HIT
A ine-8 antimetabolite purine P -37 1.487 -40+2 842 TOX
cytarabin antimetabolite, chemotherapy agent U =27 1.072 -23+2 84+3 TOX
-4 chlorophenylalanine antimetabolite N -32 1.278 -3+5 95+4 | NON CONF.
VL Ici | inhibitors, calcium related P d
diltiazem hydrochloride calcium channel blocker, (L-Type) P -30 | 1.210 DIEY 864 TOX
flunarizine calcium channel blocker U -28 1.116 -31+6 93+3 CONF. HIT
loperamide hydrochloride calcium channel antagonist P -26 1.057 S5+2 8443 TOX
manidipine calcium channel blocker F -31 1.238 -2243 89+2 TOX
nifedipine calcium channel blocker U =26 1.035 -26+1 88+5 TOX
niguldipine calcium channel blocker E -25 1.011 -66+5 0.00 TOX
calcium channel blocker,
mitochondrial carnitine
perhexiline mal palmitoyltransferase-1 inhibitor P -27 1.097 -142 7044 TOX
calcium channel inhibitor, caspase-3
pimozide inhibitor T -48 1.904 543 9144 | NON CONF.
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Suppl. Table 3. Hit confirmation of hyperglycemia-induced mitochondrial ROS
production screen (part 3/4).

Compounds that decreased the mitochondrial ROS production by 25% (ROS
score>1) but did not affect the viability (Viability score>—1) were re-tested at 10 uM
in replicates (results shown in italic). Compounds were categorized as toxic
compounds (TOX) if reduced the viability by 10%, confirmed hits (CONF. HIT) if
showed ROS production decreasing activity without affecting the viability, or non-
confirmed (NON CONF.) of the average decrease in ROS production was less than
10% in the hit confirmation.

Compound ?l:::‘ l%:)lsn ROS roﬁu()c‘fior: Kiapiiy
Compound Name Biological Activity Source s p > MEAN+ Result
Library production | score MEAN= SEM
. (%) SEM
VIIL GABAergic mediators, inhibitors
GABA A receptor activator, centrally
carisoprodol acting muscle relaxant P -31 1.220 -5+5 98+1 | NON CONF.
thiocolchicoside GABA agonist, muscle relaxant P -30 | 1.192 745 99+2 | NON CONF.
abazine GABA antagonist P -37 1.461 -4+] 96+1 | NON CONF.
VIII.  Glutamatergic mediators, inhibitors
glutamatergic, selective potentiator of
1-BCP AMPA-mediated responses T -34 | 1379 -2143 96+3 CONF._HIT

IX. cholinergic mediators, muscle relaxants

parasympathomimetic that acts as a
reversible acetylcholinesterase

neostigmine inhibitor U -29 1.150 -1543 94+2 CONF. HIT
muscle relaxant, muscarinic
antagonist, blocks of central

procyclidine HCI cholinergic receptors M1, M2 and M4 | P -27 1.063 -344 100+3 | NON CONF.
X. microtubular agents
colchicine microtubular agent K. U -28 111 -29+5 95+1 CONF._HIT
nocodazole microtubule inhibitor T -25 1.00 -3542 924 CONF. HIT
XL mitochondrial respiratory chain inhibitors
uncoupling agent, inhibits PKC
rottlerin isoforms N -38 1.503 -3543 96+2 CONF._ HIT

XIL retinoids

acitretin retinoid, nuclear receptor regulator P -27 1.073 -2544 81+2 TOX
retinoid, used in acute promyelocytic
tretinon leukemia U -34 1.341 -264+1 108+4 CONF. HIT
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Suppl. Table 3. Hit confirmation of hyperglycemia-induced mitochondrial ROS
production screen (part 4/4).

Compounds that decreased the mitochondrial ROS production by 25% (ROS
score>1) but did not affect the viability (Viability score>—1) were re-tested at 10 uM
in replicates (results shown in italic). Compounds were categorized as toxic
compounds (TOX) if reduced the viability by 10%, confirmed hits (CONF. HIT) if
showed ROS production decreasing activity without affecting the viability, or non-
confirmed (NON CONF.) of the average decrease in ROS production was less than
10% in the hit confirmation.

Compound ﬂ:::é:)g ROS mﬁnocfion Viability
Compound Name Biological Activity Source 5 p 3 MEAN+ Result
Library production | score MEAN+ SEM
) (%) SEM
XIII. various compounds
A) clinical drugs
bromhexine mucolytic agent F -28 | 1.122 745 93+4 | NON CONF.
dimenhydrinate H1 histamine antagonist P 33 1.333 -1343 8941 TOX
promethazine HI receptor antagonist F -27 1.075 144 87+1 TOX
suloctidil platelet inhibiting agent, vasodilatator | P -32 1.277 -4+] 70+3 TOoX
cisapride 5-HT antagonist, peristaltic stimulant P -35 1.402 -4+1 90+1 | NON CONF.
antidiarrheal drug, enkephalinase
racecadotril inhibitor F -25 1.011 -1+5 1021 | NON CONF.
canrenone aldosterone antagonist F -26 1.045 =743 97+5 | NON CONF-.
diuretics, Na+ Cl- transport inhibitor,
carbonic anhydrase inhibitor, cAMP
hydroflumethiazide PDE inhibitor P -41 1.629 -74+4 901 Tox
uricosuric, inhibitor of the urate anion
transporter, also CFTR and COX
sulfinpyrazone inhibitor P -26 1.022 -1943 80+5 TOX

B) natural products

cytidine 5’-monophosphate pyrimidine base N -28 1.121 -1244 84+8 TOX
cytotoxic flavonoid from Miliusa

S-hydroxy-3"-methoxyflavone | balansae, may reduce respiratory burst | N -26 | 1.052 644 113+2 | NON CONF.

L(+) citrulline amino acid, participates in urea cycle N -25 1.005 -13+1 100+3 CONF. HIT

C) compounds for research use only

chrysene-1.4-quinone mutagenic agent P -31 1.240 -1242 J1+2 ToX
chromanol 293B Ik, blocker. Also blocks Icgrr T -30 1.213 141 104+3 | NON CONF.
SG 209 K" channel opener i -35 1.405 0+4 94+8 | NON CONF.
ivachtin caspase-3 inhibitor L -27 1.067 5+5 86+3 TOX
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Suppl. Table 4. Comparison of gene expression profiles of b.END3 endothelial cells
exposed to hyperglycemia with paroxetine treatment or vehicle analyzed by the
mouse mitochondrial energy metabolism gene expression array (part 1/2). Gene
expression changes were analyzed with mitochondrial energy array in bEND.3 cells
exposed to hyperglycemia for 7 days and treated with paroxetine (10 uM) or vehicle

DOI:10.14753/SE.2018.2205

for 3 days as described for Suppl. Table 2. (Significant differences are shown in bold.
Please note, that we could not confirm significant changes in Lhpp expression in
subsequent tests and the Cr values of Cox6a2 were above 35. Statistically significant,
but less than 1.2-fold change in gene expression was not followed up.)

fold up-
fold change | T-TEST | or down-
regulation
Gene Gene name
Symbol high+PRX high+PRX
mighgle | P¥MC | high gle
Lhpp Phospholysine phosphohistidine inorganic pyrophosphate phosphatase 1.49 0.013856 1.49
Atpl2a AlPase, H+/K+ transporting, nongastric, alpha polypeptide 1.30 0.181013 1.30
Atp4a AlPase, H+/K+ exchanging, gastric, alpha polypeptide 1.06 0.738769 1.06
Atp4b AlPase, H1/K+ exchanging, beta polypeptide 1.01 0.962724 1.01
AtpSal ATP synthase, H I transporting, mitochondrial F1 complex, alpha subunit 1 1.04 0.586647 1.04
Atp5Sb A'TP synthase, 11 transporting mitochondrial F1 complex, beta subunit 1.02 0.907093 1.02
Atpsel lATP synthase, H+ transporting, mitochondrial I'l complex, gamma polypeptide L13 0.068191 113
AtpSd ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit 1.06 0.595067 1.06
Atp5fl ATP synthase, Ht transporting, mitochondrial FO complex, subunit B1 1.01 0.806560 1.01
Atpsel ;)\TP synthase, IT1 transporting, mitochondrial FO complex, subunit ¢1 (subunit 084 0495957 120
Atpse2 9;?1 P synthase, I1! transporting, mitochondrial FO complex, subunit C2 (subunit 1.07 0184877 1.07
ATP synthase, H+ transporting, mitochondrial FO complex, subunit C3 (subunit 093 0384719 107
AtpSg3 9)
Atp5Sh A'TP synthase, H+ transporting, mitochondrial FO complex, subunit d 1.15 0.025099 1.15
Atp5j A'TP synthase, H+ transporting, mitochondrial FO complex, subunit F 1.12 0.015634 1.12
AtpS5j2 ATP synthase, H+ transporting, mitochondrial FO complex, subunit F2 1.12 0.194507 1.12
AtpSo ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit 1.08 0.421280 1.08
Atp6v0a2 ATPase, H+ transporting, lysosomal VO subunit A2 1.06 0.012648 1.06
Atp6v0d2 ATPase, H+ transporting, lysosomal VO subunit D2 0.86 0.362030 -1.17
Atp6vlic2 AlPase, H+ transporting, lysosomal V1 subunit C2 1.04 0.963301 1.04
Atp6vle2 AlPase, H+ transporting, lysosomal V1 subunit E2 1.04 0.916908 1.04
Atp6vlgd AlPase, H+ transporting, lysosomal V1 subunit G3 1.30 0.181013 1.30
Besll BCS1-like (yeast) 1.01 0.872749 1.01
Coxl11 COX11 homolog, cytochrome ¢ oxidase assembly protein (yeast) 0.96 0.322245 -1.05
Coxdil Cytochrome ¢ oxidase subunit IV isoform 1 1.13 0.476330 1.13
Cox4i2 Cytochrome c oxidase subunit 1V isoform 2 1.07 0.116874 1.07
Cox5a Cytochrome c oxidase, subunit Va 1.08 0.515839 1.08
Cox5h Cytochrome c oxidase, subunit Vb 1.07 0.194962 1.07
Coxé6al Cytochrome c oxidase, subunit VI a, polypeptide 1 0.87 0.071195 -1.15
Cox6a2 Cytochrome c oxidase, subunit VI a, polypeptide 2 2.61 0.001383 2.61
Cox6bl Cytochrome ¢ oxidase, subunit VIb polypeptide 1 1.11 0.062478 1.11
Cox6h2 Cytochrome ¢ oxidase subunit VIb polypeptide 2 1.30 0.236259 1.30
Cox6¢ Cylochrome ¢ oxidase, subunit VIc 1.13 0.263812 1.13
Cox7a2 Cytochrome c oxidase, subunit VIla 2 1.19 0.164027 1.19
Cox7a2l Cytochrome ¢ oxidase subunit VIla polypeptide 2-like 1.01 0.856668 1.01
Cox7b Cytochrome ¢ oxidase subunit VI1b 1.13 0.207663 1.13
Cox8a Cytochrome c oxidase, subunit VIlla 1.15 0.151049 1.15
Cox8¢ Cytochrome ¢ oxidase, subunit VITI¢ 1.30 0.181013 1.30
Cycl Cytochrome c-1 0.94 0.186497 -1.06

150




DOI:10.14753/SE.2018.2205

Suppl. Table 4. Comparison of gene expression profiles of b.END3 endothelial cells
exposed to hyperglycemia with paroxetine treatment or vehicle analyzed by the
mouse mitochondrial energy metabolism gene expression array (part 2/2). Gene
expression changes were analyzed with mitochondrial energy array in bEND.3 cells
exposed to hyperglycemia for 7 days and treated with paroxetine (10 uM) or vehicle
for 3 days as described for Suppl. Table 2. (Significant differences are shown in bold.
Please note, that we could not confirm significant changes in Lhpp expression in
subsequent tests and the Cr values of Cox6a2 were above 35. Statistically significant,
but less than 1.2-fold change in gene expression was not followed up.)

fold up-
fold change | T-TEST | or down-
regulation
Gene Gene name
Symbol high+PRX high+PRX

mighgle | PYMC | Jhigh gle

Ndufal NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1 1.19 0.021836 1.19
Ndufal0 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 1.08 0.135229 1.08
Ndufall NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 11 0.82 0.814655 -1.22
Ndufa2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 1.08 0.108171 1.08
Ndufa3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 1.08 0.062500 1.08
Ndufa4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4 1.04 0.635004 1.04
Ndufas NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 1.02 0.754086 1.02
Ndufaé NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14) 1.23 0.052835 1.23
Ndufa7 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 (B14.5a) 1.04 0.143405 1.04
Ndufa8 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8 0.96 0.701452 -1.04
Ndufab1 NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1 1.35 0.062480 1.35
Ndufb10 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10 0.91 0.619764 -1.10
Ndufb2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2 1.04 0.558614 1.04
Ndufb3 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 3 0.96 0.597986 -1.04
Ndufb4 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4 1.04 0.074337 1.04
Ndufb5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 1.07 0.874418 1.07
Ndufb6 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6 1.04 0.419691 1.04
Ndufb? NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7 1.16 0.080872 1.16
Ndufb8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex § 1.03 0.664122 1.03
Ndufb9 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9 1.01 0.856513 1.01
Ndufcl NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 1 1.09 0.176985 1.09
Ndufc2 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 0.97 0.794978 -1.03
Ndufsl NADH dehydrogenase (ubiquinone) Fe-S protein L 1.10 0.152897 1.10
Ndufs2 NADH dehydrogenase (ubiquinone) Fe-S protein 2 1.01 0.750776 1.01
Ndufs3 NADH dehydrogenase (ubiquinone) Fe-S protein 3 1.03 0.604331 1.03
Ndufs4 NADH dehydrogenase (ubiquinone) Fe-S protein 4 0.99 0.801664 -1.01
NdufsS NADH dehydrogenase (ubiquinone) Fe-S protein 5 1.07 0.324852 1.07
Ndufs6 NADH dehydrogenase (ubiquinone) Fe-S protein 6 1.14 0.125132 1.14
Ndufs7 NADH dehydrogenase (ubiquinone) Fe-S protein 7 1.03 0.835572 1.03
Ndufs8 NADH dehydrogenase (ubiquinone) Fe-S protein 8 0.88 0.437864 -1.14
Ndufvl NADH dehydrogenase (ubiquinone) flavoprotein 1 1.05 0.551239 1.05
Ndufv2 NADH dehydrogenase (ubiquinone) flavoprotein 2 1.11 0.294270 1.11
Ndufv3 NADH dehydrogenase (ubiquinone) flavoprotein 3 1.23 0.292898 1.23
Oxall Oxidase assembly 1-like 1.15 0.066023 1.15
Ppal Pyrophosphatase (inorganic) 1 0.95 0.313819 -1.05
Ppa2 Pyrophosphatase (inorganic) 2 1.19 0.054890 1.19
Sdha Succinate dehydrogenase complex, subunit A, flavoprotein (Fp) 1.02 0.719138 1.02
Sdhb Succinate dehydrogenase complex, subunit B, iron sulfur (Ip) 1.00 0.961844 -1.00
Sdhce Succinate dehydrogenase complex, subunit C, membrane protein 1.11 0.084638 1.11
Sdhd Succinate dehydrogenase complex, subunit D, membrane protein 1.03 0.747767 1.03
Uqerll Ubiquinol-cylochrome ¢ reductase, complex TIT subunit XT 1.10 0.118082 1.10
Uqerel Ubiquinol-cytochrome ¢ reductase core protein 1 0.99 0.429415 -1.01
Uqere2 Ubiquinol cytochrome ¢ reductase core protein 2 1.01 0.924818 1.01
Uqerfs1 Ubiquinol-cytochrome ¢ reductase, Rieske iron-sullur polypeptide 1 1.11 0.067253 1.11
Uqerh Ubiquinol-cyltochrome ¢ reductase hinge protein 1.11 0.269416 1.11
Ugerq Ubiquinol-cytochrome ¢ reductase, complex 111 subunit VII 1.09 0.194837 1.09
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