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ABSTRACT

Mitochondrial calcium (Ca*") uptake is a sophisticated mechanism that shapes both
local and global Ca*" signals, which control a variety of signaling pathways. Nevertheless, in
the intact endothelial cell, it is not clear if mitochondria by taking up Ca?" promote or
counteract nitric oxide (NO°) synthesis, which is an essential process in vascular homeostasis.
Therefore, the present study aimed to investigate the role of mitochondrial Ca*" uptake on
Ca?'-triggered NO" production in an immortalized endothelial cell line (EA.hy926) and
respective primary human umbilical vein endothelial cells (HUVECs). For this purpose, single
live-cell imaging for both NO" and Ca’* was performed using recently developed genetically-
encoded fluorescent NO® probes (geNOps) and a mitochondrial Ca®>" sensor (4mtD3cpv),
respectively. Mitochondrial Ca®>" uptake is exquisitely controlled by several proteins of the
inner mitochondrial membrane. So, in this study, mitochondrial Ca** uptake was manipulated
using siRNAs against proteins that form the mitochondrial Ca** uniporter (MCU) complex and
its associated regulatory proteins. Silencing of MCU and essential MCU regulator (EMRE)
resulted in a significant decrease of mitochondrial Ca?" signals and cytosolic NO* formation in
response to adenosine triphosphate (ATP)-triggered Ca’>" mobilization in endothelial cells.
This finding was confirmed by using antimycin and oligomycin, which collapse the
mitochondrial membrane potential, thereby blocking Ca®" uptake by mitochondria. Down-
regulation of mitochondrial Ca*" uptake 1 (MICU1), a negative regulator of the MCU
complex, enhanced mitochondrial Ca*>" uptake and Ca**-evoked NO" formation in both cell
models. In conclusion, these results indicate that the endothelial NO® generation is indeed
dependent on mitochondrial Ca*>" uptake. More importantly, the present study signifies a role
of the MCU complex on endothelial NO® synthase (eNOS)-mediated NO* formation that might

be a target for vascular function improvement.
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ZUSAMMENFASSUNG

Die Aufnahme von Kalziumionen (Ca?*) durch Mitochondrien ist ein ausgekliigelter zellulirer
Prozess, welcher globale und lokale Ca?' Signale beeinflusst und dadurch verschiedene
Signalvorgénge in einer Zelle kontrolliert. In intakten Endothelzellen ist allerdings nicht
eindeutig geklirt, ob die Aufnahme von Ca®" durch Mitochondrien die Bildung von
Stickstoffmonoxid (NO®) fordert oder hemmt und somit einen essentiellen Vorgang der
GefiBregulation beeinflusst. Ziel dieser Arbeit war es daher, die Rolle der Ca** Aufnahme
durch Mitochondrien fiir die Ca®’-stimulierte NO® Produktion in einer immortalisierten
Endothelzelllinie (EA.hy926) und primiren Endothelzellen von der Nabelschnurrvene
(HUVEC) zu untersuchen. Fiir diesen Zweck wurden Echtzeitmessungen von zelluldren NO*
und Ca*" Signalen in einzelnen Endothelzellen mit sogenannten genetisch kodierte Sensoren
durchgefiihrt. Fiir zellulire NO® Messungen wurden die kiirzlich entwickelten geNOps
verwendet, wihrend Ca®" Signale in Mitochondrien mit dem sogenannten 4mtD3cpv, einem
genetisch kodierten Ca** Sensor, aufgespiirt wurden. Um die Aufnahme von Ca?" durch
Mitochondrien ~zu  manipulieren, wurden bekannte Komponenten des Ca?'-
Aufnahmekomplexes (MCU Komplex) der inneren Mitochondrienmembran mittels siRNA in
threr Expression reduziert. Eine Reduktion der Expression von MCU und EMRE, einem
Regulator Protein des MCU Komplexes, flihrte, wie erwartet, zu einer deutlichen
Verminderung der Ca?" Signale in Mitochondrien sowie einer reduzierten zelluliren NO’
Produktion bei Stimulierung der Endothelzellen mit Adenosintriphosphat (ATP). Dieses
Ergebnis wurde mittels Oligomycin und Antimycin, welche das Membranpotential und somit
die Ca*"-Aufhahme der Mitochondrien aufheben, bestitigt. Die siRNA-vermittelte Reduktion
der Expression von MICU1, ein Protein, welches den MCU Komplex hemmt, erhdhte Ca?*
Signale in Mitochondrien und die NO® Bildung in Endothelzellen. Zusammenfassend zeigen
diese Ergebnisse, dass die NO° Biosynthese in Endothelzellen tatsichlich von der Ca®"
Aufnahme durch Mitochondrien positiv beeinflusst ist. Somit kdnnte der MCU Komplex ein
wichtiger Angriffspunkt filir die therapeutische Verbesserung von Gefiflfunktionen sein.
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CHAPTER I

INTRODUCTION

1. Nitric oxide (NO"): biochemistry and physiological significance

NO" is a free nitrogen radical that has various significant functions in cellular
physiology (1-3). It is derived from three well-characterized protein isoforms: neuronal NO*
synthase (nNOS, NOSI1) (1), inducible NOS (iNOS, NOS2) (2) and endothelial NOS (eNOS,
NOS3) (3). One more isoform, which is known as a mitochondrial NO" synthase (mtNOS), has
been reported to express in hepatocytes, endothelial cells and cardiomyocytes, and it functions
in Ca’"-dependent manner, with mitochondrial membrane potential-sensitive property (4, 5).
A synthase activity of NOS homodimer, an enzymatically-functional form, requires L-arginine
and oxygen as substrates, nicotinamide adenine dinucleotide phosphate (NADPH) to serve as
electron donor, flavin adenine dinucleotide (FAD) and flavin adenine mononucleotide (FMN)
as an electron bridge, tetrahydrobiopterin ( BH4) for stabilizing coupling state, calmodulin
(CaM), zinc (Zn) and iron protoporphyrin IX (haeme Fe) (Figure 1.1, right side) (6-9). In
addition, NOS can be inhibited by an asymmetric dimethylarginine (ADMA, an analogue of
L-arginine) (8, 9). Similarly, an arginase (an enzyme in urea cycle) can limit NOS activity by
substrate degradation (8, 9). NOS enzyme can catalyze a formation of superoxide anion
radical (Oy") if it is uncoupled or L-arginine is scarce (Figure 1.1, left side) (6 -9 ). Except
iNOS whose activity is independent of Ca**, all other isoforms require Ca**/calmodulin (CaM)
complex as an enzymatic activator, thereby triggering NOS enzymatic activity (7). A number
of secreted substances stimulate NO® synthesis, such as epinephrine, serotonin, bradykinin,

histamine, adiponectin and mechanical stimuli (most notably shear stress) (6, 8, 9).
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Figure 1.1 Structural organization and functional activity of NO® synthase. The enzyme

consists of two identical monomers to form the functional homodimer. Each monomer has its
own reductase and oxygenase domain to catalyze formation of NO'. However, on left side of

the figure, a monomer (I, an uncoupled form) can produce superoxide anion radical (O2"")
instead of NO°. A homodimer (II, a coupled form) can catalyze a formation of O>" when free
L-arginine (L-Arg) is lacking and the enzyme is not fully occupied by the substrate. On the
right side (III), a favoring enzymatic reaction can occur when L-Arg and the other cofactors
(Ca**/CaM, NADPH, FAD, FMN, Zn, BH4, haeme Fe) are available at the right concentration.
CaM: calmodulin, NADPH: reduced nicotinamide adenine dinucleotide phosphate, FAD:
flavin adenine dinucleotide, FMN: flavin adenine mononucleotide, Zn: Zinc, BHa:
tetrahydrobiopterin, Fe: iron and NADP': oxidized nicotinamide adenine dinucleotide
phosphate. [Reproduced from Zhao Y, Vanhoutte PM, Leung SW. Vascular nitric oxide:
Beyond eNOS. J Pharm Sci. 2015;129(2):83-94. (6), with permission of publisher Elsevier
Inc. Copyright 2015.]



Endothelium is essential in maintaining the vascular tone by releasing many
biochemical substances capable of modulating the contraction and relaxation of the underlying
vascular smooth muscle and regulating platelet aggregation, inflammation and thrombosis (6,
10). In vascular system, endothelium-derived NO™ has been recognized as an endogenous
vascular-relaxing factor that triggers relaxation of blood vessels (10). When released from the
monolayer of endothelial cells in Tunica intima ( Tunica mucosa) , it liberally passes into
smooth muscle cells present in Tunica media (Tunica muscularis), which is covered by Tunica
externa (Tunica adventitia) (Figure 1.2) (6, 10). After reaching smooth muscle cells, it then
activates a soluble guanylate cyclase (sGC), resulting in an active form that can generate
cyclic guanosine monophosphate (¢cGMP) (11, 12). An increase in intracellular cGMP level
gives rise to protein kinase G (PKG) activity; subsequently, PKG activates activity of myosin
light chain phosphatase (MLCP) (8, 12). MLCP dephosphorylates an phospho-myosin; as a
result, an active myosin light chain no longer exists, and the relaxation of vascular smooth
muscle cells ensues (8, 12). Besides, an increment in both cGMP and PKG activity has been
found to promote a re-uptake of cytoplasmic Ca’’ into the sarcoplasmic reticulum, a Ca®"
efflux and the opening of Ca*'-activated potassium channels (Kca) (6). As reduced NO'-
dependent vasodilation has involved in an atherosclerotic process; medically, it is used as a

vasodilator in treating hypertension (13, 14) .
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Figure 1.2 Structure of blood vessel. I. Tunica intima (an innermost layer) where endothelial
monolayer and internal elastic membrane spread over, II. Tumnica media, middle layer
consisting of smooth muscle cell and external elastic membrane and II. Tunica externa, an
outermost layer consisting of perivascular adipose tissue, fibroblast cell. [Reproduced from
Zhao Y, Vanhoutte PM, Leung SW. Vascular nitric oxide: Beyond eNOS. J Pharm Sci.
2015;129(2):83-94. (6), with permission of publisher Elsevier Inc. Copyright 2015.]



Furthermore, a plethora of biological effects of NO" has been investigated. One of the
most recognized biological functions is a signaling-metabolism coupling, allowing more
oxygen to pass through Tunica intima of blood vessel to Tunica media where smooth muscle
cells localize and highly energetic metabolism can occur (15-17). NO’, when passing into or
formed in mitochondria, can inhibit mitochondrial respiration by competing oxygen in binding
cytochrome ¢ oxidase (COX) of respiratory chain complex IV (15-18). A subcellular
biochemical interaction between NO® and myoglobin (hypoxic vasodilation) has also been
described and proposed as a mechanistic strategy of endothelial cells to regulate oxygen
consumption within smooth muscle cells, when oxygen concentration is reduced (17, 19, 20).
The recent paper reveals a signaling-metabolism coupling, which has never been explained
before in other cell types. It has been shown that nanomolar NO® concentrations, presumed to
be within the physiological range, can reversibly increase glycolytic flux and production of
lactate in astrocytes ( specialized glial cells) in bicameral culture with endothelial cells (21).
Upon complex IV competitive binding, protons accumulate in the mitochondrial matrix but
less in intermembrane space (IMS) (15, 21). This changes proton gradient and results in
altered chemical and electrical gradient (15). Therefore, mitochondrial membrane potential
(A¥mito) becomes more positive, and voltage-dependent anion channel ( VDAC) loses its
functional activity (15). In addition, NO" can nitrosylate complex III and produces inhibitory
effect as antimycin A (a known complex III inhibitor) can do (18, 22). As described, it is clear
that the vascular relaxation is not solely the biological action of NO® in the vascular wall, but

more on mitochondria-related signaling functions (6, 8, 18).



2. Principle of intracellular Ca?>* compartmentalization and signaling

In extracellular fluid, Ca** (2.0 - 2.6 mM) is present in three different forms: ionized,
complexed to organic compounds and bound to small inorganic molecules (23). Inside a cell,
total Ca** concentration, within cytosol and endoplasmic reticulum ( ER), is in millimolar
range (23). Nevertheless, the concentration of free Ca®" ion is about 10,000-fold lower or
approximately 100 nanomolar (nM) in the cytosol (23). Ca** can be complexed with inorganic

compounds and organic molecules (e.g. Ca**-binding proteins), with low affinity (23, 24).

How cells maintain such a low concentration falls into two broad classes (24). The first
class consists of proteins that are soluble in the cytosol (24, 25). These proteins are able to
buffer Ca** to nanomolar range without modifying total concentration in the cells (25). Apart
from buffering function, they can process its information when Ca®'-protein complex is
formed and localized spatially and temporally (23, 25). Ca** can serve as a second messenger
that signals the target signaling pathways, because effector proteins (mostly enzymes) contain
specific regions (binding sites) for it. When bound to target binding ( regulatory) site, the
enzymatic activity increases (23). A number of Ca®" signals or messages are not transmitted to
targets directly; alternatively, it is needed to be decoded by binding a protein called Ca®*
sensor especially calmodulin (CaM) (25). For example, the calmodulin-dependent kinase II
(CaM kinase IT) and the eNOS incorporates the calmodulin sequence within its structure (26).
Calmodulin conserves Ca?"s information in the form of a conformational change that is then
transmitted to the CaM kinase II and the eNOS (26, 27). Membrane-bound proteins are
involved in the second class of proteins that control cellular Ca*>" and transport it in and out of
the cells (23, 24). Likewise, these proteins allow Ca?"to be accumulated between the cytosol
and the lumen of two particular organelles, including mitochondria and endoplasmic
reticulum; this molecular event is crucial for shaping global and local Ca** signaling (23, 24,

28, 29).



3. Endothelial purinergic signaling and vascular function

In endothelium-lining blood vessels, endothelial cells release adenosine triphosphate
(ATP) in response to shear stress (viscous drag) and hypoxia (30, 31). ATP then acts as an
agonist on purinergic receptors (purinoceptors) specifically P2X and P2Y; the latter is
identified as a G protein-coupled receptor (32). ATP released as a cotransmitter with
noradrenaline from perivascular sympathetic nerves mediates the vasoconstrictive effect upon
binding P2X receptors on smooth muscle cells (33). When bound to P2Y receptors on
endothelial cell surface, it leads to a phospholipase C (PLC)-f activation and an increase in
nositol 1,4,5-trisphosphate (IP3) (30). In endothelial cells, IP3 serves as a second messenger
and then mobilizes Ca®" ions stored in endoplasmic reticulum upon binding inositol 1,4,5-
trisphosphate receptor (InsP3R) (28, 34, 35). Intracellular Ca®’ transiently increases and
transmits its signal to respective biochemical pathways (16, 23, 36-38). NO" synthesis by
eNOS is one of the most prominent processes of endothelium, because this NOS isoform is
Ca?*-sensitive and needs calmodulin (27, 39, 40). Endothelial P2Y and P2X receptors mediate
short-term vascular relaxation (vasodilation) under the control of cytosolic Ca”* signal (33,
41). However, there is limited evidence demonstrating the correlation between mitochondrial

Ca?" signal and the production of this vasoactive substance.

4. Mitochondrial Ca** uniporter complex: structure and biochemical significance

The mitochondrial Ca®" uniporter (MCU) and its partner proteins are a protein complex
residing in an inner mitochondrial membrane (IMM) that is critical for Ca’*" uptake into
mitochondrial matrix (28, 29, 42-44). MCU and mitochondrial Ca*" exhibit fundamental roles,
including 1.) shaping Ca®" signaling by buffering high cytosolic Ca** (29), 2.) regulating the
activity of Ca?"-dependent channels (28), 3.) controlling Ca** gradients (45) and 4.) regulating
mitochondrial metabolism ( bioenergetics) , insulin secretion, glucose uptake/metabolism, cell
survival and apoptosis ( programmed cell death) (38, 43, 46-48). The mitochondrial Ca**
signaling is initiated when the extramitochondrial Ca®" concentration triggers the channel
opening, with low activity at resting cytosolic Ca®* concentration and high capacity as soon as
Ca?" signaling is activated ( Figure 1.3) (42). The complex requires a specially-organized

transport machinery for Ca®>" uptake and sequestration. Table 1.1 shows the list of inner



mitochondrial proteins that make up the Ca** uniporter complex. Each protein is described in

detail in 4.1-4.4.

Low [Ca™] High [Ca™]

Matrix

MCUb

Figure 1.3 Mitochondrial Ca** uniporter complex. The complex is incorporated by the
assemble of a mitochondrial Ca?" uniporter (MCU), an essential MCU regulator (EMRE), a
mitochondrial Ca?" uptake 1/2 (MICU1/2), a mitochondrial Ca** uniporter b (MCUDb), an inner
mitochondrial membrane (IMM) and an intermembrane space (IMS). Mitochondrial Ca®"
uniporter regulator 1 is not depicted here. [Reproduced from Mammucari C, Raffaello A,
Vecellio Reane D, et al. Molecular structure and pathophysiological roles of the mitochondrial
Ca" uniporter. Biochim Biophys Acta. 2016;1863(10):2457-64. (42), with permission of
publisher Elsevier Inc. Copyright 2016.]



Table 1.1 Core components of mitochondrial Ca’>* uniporter complex and associated

proteins

Inner mitochondrial

Molecular weight

Function or interaction with the other

uniporter b (MCUDb)

membrane proteins (kDa) complex proteins
Mitochondrial Ca** 40 Pore-forming subunit of the uniporter (49,
uniporter (MCU) 50)
Essential MCU 0 Coordinator protein for an interaction of
regulator (EMRE) MCU with MICU1/MICU2 (51)
Mitochondrial Ca**
' Interacts with MCU but not with MICU 1
uniporter regulator 1 40
(44, 52)
(MCURI)
Interacts with MCU and sets a threshold
Mitochondrial Ca** s for Ca*" entering mitochondria
uptake 1 (MICU1) Maintains low matrix Ca** level
(approximately100 nM) (43, 53)
Mitochondrial Ca** 45 Associates with the MICU1/MCU complex
uptake 2 (MICU2) (54)
Mitochondrial Ca** 40 Paralog of MCU (a dominant-negative

subunit) (55)




Mitochondria conduct the rapid Ca*' transport across inner and outer membranes and
sequester it in the matrix, thereby buffering dramatical rise of intracellular Ca** during
endoplasmic reticulum Ca®' release and extracellular influx (29, 56). The mitochondrial
membrane potential created by electrochemical gradient across inner mitochondrial membrane
plays a critical role as a driving force of Ca®" uptake (57). By pumping protons (H") towards
the intermembrane space, mitochondria generate a voltage of -180 mV inside the matrix (57).
To prevent Ca®" overload that could cause detrimental effect to the cell, mitochondria release
Ca?" via ion exchangers (antiporters) by exchanging Ca*>" with sodium (Na") or H" (58, 59). In
2009, Jiang and coworkers identified a leucine zipper-EF-hand containing transmembrane
protein 1 (Letml) as the Ca?'/H" antiporter (60). Letml is believed to conduct Ca®" extrusion
especially when the mitochondrial Ca** concentration is increased in the matrix (60).
Moreover, Letml has also been reported to maintain mitochondrial potassium (K") levels by
exchanging H" (61). In 2010, the mitochondrial Na® /Ca®" exchanger ( NCLX) has been
discovered by Palty and colleagues. This emphasizes the fundamental knowledge that
mitochondrial Na*/Ca®" antiport is electrogenic and responsible for exchanging three Na™ ions

per one Ca"ion to maintain low mitochondrial Ca?* concentration (62).

One of the key properties of the MCU is to maintain a low apparent Ca*" affinity under
physiological conditions and to allow massive amounts of Ca** to rush in the mitochondrial
matrix under stimulations (29, 56, 63). As the endoplasmic reticulum is the major intracellular
Ca?" store, it has been found to form a microdomain with mitochondria in a close vicinity, the
so called mitochondria-associated membranes (MAMs) (64, 65). After inositol trisphosphate-
stimulated intracellular Ca®* release, the MAMs with high Ca®" concentration can transiently
establish a close apposition between the mitochondria ( VDAC and MCU as Ca®" uptake
channel) and the endoplasmic reticulum ( inositol trisphosphate receptor as a Ca’" release
channel) (65). The communication between these two organelles is pivotal for intracellular
and mitochondrial Ca”* signaling. Therefore, upon formation of MAMs, the sophisticated
mitochondrial Ca** uptake mechanism ensures an instantaneous Ca®" accumulation within
mitochondrial matrix, thereby buffering and shaping Ca®" signaling and maintaining

appropriate biochemical reactions and cellular homeostasis (65).
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4.1 Mitochondrial Ca?" uniporter (MCU) and its paralog MCUb

MCU is well-recognized as a pore-forming subunit of the MCU complex with a
highly-selective low conductance (49). The nuclear MCU gene, which is located on
chromosome 10, encodes a 40 kDa protein that loses its cleavable target sequence during
mitochondrial import, resulting in an actual 35 kDa mature form (49, 50). MCU oligomerizes
in the mitochondrial inner membrane as part of a larger complex at an apparent molecular
weight of 480 kDa (1, 55). Thus, the uniporter complex includes different regulatory subunits
(Figure 1.3), and one of these subunits is represented by the MICU1, which is required for
agonist-mediated Ca®" uptake into mitochondria (43, 53). The molecular understanding of the
structure and function of the MCU complex is now highlighting the pleiotropic role of
mitochondrial Ca** signals (42, 66). Between 2010 and 2017, MCU function has been
extensively investigated. It has been reported that MCU-mediated mitochondrial Ca®" uptake
matches energetic supply and ATP production (46), buffers cytosolic Ca®" transients (34),
regulates cell survival and death (43, 48), controls skeletal muscle trophism (67) and regulates
breast cancer progression via hypoxia-inducible factor-1o (HIF-1a)(68). In addition, the study
conducted in pancreatic beta cells shows that mitochondrial Ca** uptake via the MCU complex
contributes to sustained insulin release by accelerating ATP synthesis (69). Recently, in 2017,
MCU ( Cys97 residue) acts as a redox sensor that increases MCU activity in response to
oxidative stress, thereby causing Ca** overload (70).

Unlike MCU, MCUb is a dominant-negative subunit in the multimeric channel. It
cannot assemble and function as a Ca®"-permeable channel but can negatively regulate MCU
complex (55). Accordingly, it contributes to the spatiotemporal control of mitochondrial Ca**

uptake and sets a maximal mitochondrial Ca>" carrying capacity of each cell types (71).

4.2 Essential MCU regulator (EMRE)

Essential MCU regulator or EMRE, as the name indicated, is the essential MCU-
regulating protein constituting the MCU complex. EMRE is a 10 kDa protein, which is rich in
aspartate residues, and spans the inner mitochondrial membrane (51). It facilitates an
establishment of Ca®" channel activity by connecting MICU1/MICU2 dimer to MCU (51).
Absence of EMRE expression could abolish Ca** uptake ability by mitochondria in vivo, and
MCU ablation impairs EMRE protein stability (51, 72). A new study from Vais and colleagues
reveals that EMRE is not required only for efficient assemble of the MCU complex but also
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for sensing of matrix Ca?* from which a gatekeeping property of the MCU is regulated (73).
Regulatory function of EMRE on MCU channel activity is understood in the way how
mitochondria can protect themselves from Ca®* depletion and overload by sensing Ca’" on
both sides of the inner mitochondrial membrane (73). This molecular mechanism requires the

cytoplasmic Ca?" and the key MCU-associated regulators, including MICU1 and MICU2 (63).

4.3 Mitochondrial Ca?" uptake 1 and 2 (MICU1 and MICU2)

MICU1 and MICU?2 are the key MCU-associated regulators (43, 53, 54, 74). MICU1 is
a 54 kDa inner mitochondrial membrane protein containing two highly-conserved EF-hand
Ca?*-binding domains (53). In 2012, regulatory function of MICU1 on mitochondrial Ca®*
uptake was revealed. Mallilankaraman and colleagues proposed an essential role for MICU1
as a gatekeeper for MCU-mediated Ca** accumulation, preventing an in vivo mitochondrial
Ca?" overload (43). In opposition to previous report, MICU1 silencing shows no change in
mitochondrial Ca** uptake capacity but promotes basal mitochondrial Ca?" accumulation (43).
When MICU1 gene is down-regulated, the mitochondria become constitutively loaded with
Ca?"; therefore, MICU1 sets the threshold for Ca®" entry through MCU when the intracellular
Ca" concentration is maintained under resting conditions (43, 75). However, the contrast has
been reported that the down-regulation of MICU1 reduces the mitochondrial Ca** level in EF-
hand-dependent manner without impairing mitochondrial respiration or membrane potential
(53). An in-depth investigation reveals more on MCU-MICUI interaction that MICUI1
stabilizes the closed state of the MCU complex (43, 75). It limits mitochondrial Ca*" entry
under resting conditions or during tiny cytosolic Ca*>" increases through a mechanism that
requires its Ca’’-binding EF-hand domains (43, 75). A recent publication by Waldeck-
Weiermair and colleagues points out that the cytosolic Ca®" elevation rearranges MICU1
multimers, resulting in the activation of mitochondrial Ca®" uptake (76). This study precisely
clarifies how conformational change prompts MICU1 function, and it also leads to a
conclusion that MICUI rearrangement requires the EF-hand motifs and correlates with
cytosolic Ca*" transients (76). Thus, it confirms the principle of mitochondrial Ca*" uptake to
which MICU1 cooperates with MCU to allow Ca®" sequestration inside the mitochondrial
matrix (43, 75).

MICU2, a homolog of MICUI, is another MCU-associated regulator that acts as an
inhibitor of MCU when the cytosolic Ca*" is low (54). An inhibitory effect disappears during
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intracellular Ca** rise (above 7 uM), whereas MICU1 activates Ca’" channeling activity of
MCU at cytosolic Ca*" above 2.5 uM (54). Unlike MICU2, MICU1 has been demonstrated a
double role over MCU regulation depending on cytosolic Ca®" concentration, inhibitory at low
concentration and activatory at high concentration (74). These opposite affinities to Ca*" of
both MICU1 and MICU2 tune MCU activity to ensure Ca®" uptake, buffering and signaling
(74).

4.4 Mitochondrial Ca?" uniporter regulator 1 (MCURI1)

MCURI is an integral component of the mitochondrial Ca** uptake machinery, with
two transmembrane a-helices (52). It has been reported to be an important regulator of MCU-
dependent mitochondrial Ca?* uptake by interacting with MCU to mediate uniporter activity
and to biochemically regulate cellular metabolism (44, 77). It regulates MCU-mediated Ca®*
uptake driven by mitochondrial membrane potential (44, 52). MCURI1 knockdown revokes
Ca?" uptake by mitochondria in both intact and permeabilized cells and disrupts oxidative
phosphorylation (77). Even though it is well-described scientifically, a recent conversed
proposal against the above conclusions is raised; that is, downregulation of MCURI produces
a specific cytochrome ¢ oxidase assembly defect (78). This molecular event results in a
reduced mitochondrial membrane potential, due to less proton gradient across inner
membrane; consequently, mitochondrial Ca’" uptake decreases (78). This conclusion is
opposed to Mallilankaraman’s paper by pronouncing that Ca?" transport across inner
membrane of mitochondria is a secondary effect according to a defective cytochrome c
oxidase assembly that leads to a reduction in mitochondrial membrane voltage (78). A clarity
to this discrepancy has partially solved in a following year. In 2016, Tomar and colleagues
showed that MCUR1 was essential for MCU complex function, since it serves as a scaffold

factor and promotes mitochondrial respiration (79).

4.5 Uncoupling protein 2 and 3 (UCP2/3)

UCP2 and UCP3 are in the superfamily of mitochondrial ion transporters that are
embedded in the mitochondrial inner membrane (80). Trenker and co-workers have
demonstrated that these two proteins are essential for mitochondrial Ca** sequestration in
response to cell stimulation (81). Both UCP2 and UCP3 fundamentally involve in the uptake

of Ca”* that is released from internal store (82). UCP3 can also tune mitochondrial Ca** uptake
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depending on its site on intermembrane loop 2 (83). Recently, it has been reported that UCP2
exhibits its regulatory role in modulating the MCU-dependent Ca** uptake into mitochondria
(84).

5. Endothelial Ca?* signaling and eNOS functionality

The precise regulation of cytoplasmic Ca** within endothelial cells is important for the
control of vascular tone (85). The functional activity of the cells especially their abilities to
produce NO* depends on cytosolic Ca** level (27). Normally, the endothelial cytosolic Ca**
concentration is maintained at very low level, approximately 100 nM, but it can be increased
via agonist-mediated endoplasmic reticulum Ca?" release and extracellular Ca*" entry (34, 37).
In addition, the plasma membrane potential and the activity of membrane-bound channels (e.g.
voltage-gated Ca®' channels and Ca’*-activated K' channels) are crucial for controlling

cellular Ca** homeostasis (23, 57).

Endothelial cells, in contrast to smooth muscle cells, are non-excitable cells to which
intracellular Ca®" serves as a key regulator of their functions, including the production and
release of endothelium-derived relaxing factors ( EDRFs), such as NO°, prostacyclin, von
Willebrand factor (vVWF) and endothelium-derived hyperpolarizing factor ( EDHF) (86, 87).
These mediators play pivotal roles in regulating vascular relaxation (86-88). Regarding
endothelial cell physiology, the alterations in intracellular Ca®" concentration are generated in
response to agonist-mediated receptor activation (e.g. purinergic, cholinergic and adrenergic
receptors) and in response to mechanical stimulus, most influentially a shear stress (3, 9).
Augments in cytosolic Ca®" concentration are biphasic, meaning that an initial phase of Ca®"
release from endoplasmic reticulum is followed by the extracellular Ca®" entry (34). It has
been well-understood that ATP ( an endogenous IP3-generating agonist) , when bound to
purinergic receptor preferentially P.Y subtype, can increase intracellular Ca®" by activating
both Ca?" release from endoplasmic reticulum and Ca?" influx from the extracellular fluid (28,
34, 89). Apart from the IP3, histamine, a known endogenous inflammatory mediator, can
produce similar effect (34, 90). Moreover, the study shows that it causes a release of nicotinic
acid adenine dinucleotide phosphate (NAADP), an intracellular second messenger, that can

mobilize Ca®* from the internal store (90).
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The elevation of cytosolic Ca®*" in endothelial cells is associated with the
hyperpolarization caused by the activation of Ca*‘-activated K* channels (86, 87). The
endothelial hyperpolarization constitutes a mechanism for extracellular Ca®" entry as the
driving force for Ca*" is enhanced (87). The IPs-induced depletion of Ca*" within endoplasmic
reticulum via IP3 receptor ( InsP3R) or blockade of sarcoplasmic reticulum ( SERCA) both
SERCA2b and SERCA3 promotes the cytosolic Ca*" increase via store-operated Ca’" release-
activated Ca?* (CRAC) channels (28, 91, 92). Afterwards, the activation of stromal interaction
molecule 1 (STIM1) and Ca®" release-activated Ca®" channel protein 1 (Orail) is engaged to
mediate endoplasmic reticulum Ca?* refilling (34, 91). Recently, it has been demonstrated that
an endothelial endoplasmic reticulum Ca?" refilling through nanojunctions is mediated by the
simultaneous Na® /Ca** exchanger and Orai channel function (35). Besides, as present on
plasma membrane of endothelial cells, the transient receptor potential canonical (TRPC)
channels play a major role in shear stress-mediated endothelium-dependent dilation (93).
Shear stress created on endothelial monolayer triggers endoplasmic reticulum Ca?" release and
PKB (Akt) activation (94). After stimulation of Ca** release is over, the TRPC channels are
immediately inactivated (93). This inactivation decreases Ca>" entry by pumping Ca>" out of

the cell by plasma membrane Ca®" ATPase (PMCA) (93).

6. Regulation of endothelial NO® synthase activation

eNOS function is activated by the Ca" signals triggered by several agonist-receptor
stimulations. Post-translational modification mediated by several kinase pathways is the key
mechanism that alters phosphorylation state of eNOS and its enzymatic activity (3, 8, 9, 13,
23, 26, 27).

6.1 Ca’'/calmodulin-dependent eNOS activation and NO" production: a role of

agonist/receptor-mediated intracellular Ca”* signaling

There are numerous endogenous agonists that can alter Ca’*" concentration and
dynamics in endothelial cells (7, 23, 26, 27). When agonists bind to and activate specific
plasma membrane receptors, an increase in the intracellular Ca** concentration activates eNOS
activity via several signaling pathways (15, 26, 27, 89). Most endothelial plasma membrane
receptors are coupled to the downstream signaling cascades, and they are linked to specific

guanine nucleotide-binding proteins (G proteins) (26, 89). Plasma membrane receptors can
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respond to certain agonists; catecholamines (e.g. acetylcholine) and serotonin are coupled to
the activation of eNOS by G; ( G inhibitory) protein (8). On the other hand, adenine
nucleotides (particularly ATP) and bradykinin have Gq protein coupling (89). The G proteins
are coupled to phospholipase C that can result in an increase of IP; (23, 57). Elevated IP3
binds its receptor and triggers Ca’" release (23, 34). Apart from this receptor activation, B2-
bradykinin activates ADP-ribosyl cyclase - an enzyme capable of catalyzing the formation of
cyclic ADP-ribose (95). In human mesenteric artery endothelial cells but not in EA.hy 926
cells, the cyclic ADP-ribose enhances caffeine-induced Ca®" release via ryanodine receptor 3
(RyR3) (95, 96). When mitochondrial Ca®" uptake occurs via MCU complex, the rhythmic
Ca?" release from mitochondria (via Na*/Ca?" exchanger) creates Ca?" oscillation signals that
can contribute to the balanced Ca®’-dependent eNOS activation (26, 27, 85). During the
intracellular release, free Ca’" seeks its way to calmodulin, thereby forming Ca?"/ CaM
complex (25, 27). This complex further binds its conserved domain located on eNOS (6, 9).
Upon binding, it facilitates the electron flux from the reductase to the oxygenase domain (6,
9). Notably, it is also able to activate post-translational modification (eNOS phosphorylation)
via Ca?*-dependent kinase pathways (9, 26, 27).

6.2 Post-translational modification of eNOS by phosphorylation

The phosphorylation of specific serine, threonine and tyrosine residues of eNOS is the
conserved regulation of enzymatic activity for endothelial cells across species. (10, 97).
Phosphorylation of eNOS at different amino acid residues (hotspots) results in either negative
(inhibitory) or positive (stimulatory) effect (9, 10, 97, 98). The important effector proteins
comprise of cAMP-dependent PKA, AMP-activated protein kinase (AMPK), CaM kinase II
and phosphoinositide 3-kinase (PI3K)/PKB (8, 9, 26, 27, 98-100). Phosphorylation at different
tyrosine residues modulates enzymatic activity (8, 9). PKA, AMPK and CaM kinase II
activate eNOS by phosphorylating Ser1177 (human) (26, 27). Similarly, PKB phosphorylates
eNOS at Ser1177 and Ser1179 (bovine), thereby stimulating enzyme activity at low cytosolic
Ca”" level (9, 94). On the contrary, Thr495 phosphorylation by protein kinase C results in the
attenuated enzyme activity (98, 100). Phosphorylation at Tyr657 by proline-rich tyrosine
kinase ( stimulation by insulin, shear stress, angiotensin II, or hydrogen peroxide) leads to
declined eNOS activity (39, 98-100). This post-translational process then induces a negative

feedback to balance cellular NO" level and prevents tetrahydrobiopterin depletion as well as
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eNOS uncoupling (10, 39). Notably, eNOS perturbation has been implicated in endothelial
dysfunction and vascular disease; hence, exploring how to enhance the enzyme function might

be a promising therapeutic strategy for such disease (6, 9, 10, 98).

7. Rationale and research question

Mitochondrial Ca** uptake is essential for cytosolic Ca®" signaling, metabolism,
bioenergetics, cell survival and activation of cell death (apoptosis) in various cell types,
including endothelial cells (29, 43, 46, 48, 56, 63, 72, 79). Endothelial mitochondria
participate in cytosolic Ca®" phenotype through rapid Ca®" buffering, thereby shaping global
and local Ca®' signaling (34, 37, 56, 65). Concomitantly, the Ca’' signaling in this
multifunctional organelle is considered as the mitochondrial Ca®" signaling (34, 37, 56).
Furthermore, cytosolic Ca**-dependent biochemical reactions proceed in the appropriate
directions (34, 37, 56). Endothelial Ca*>" concentration is maintained in resting condition (34,
85). However, under agonist- or shear stress-induced intracellular Ca’>" mobilization, an
augmented Ca®* concentration is able to govern a key function of endothelium, the production
of NO’ (a potent vasodilator) (34, 85). In the past, there is an attempt to investigate whether
mitochondrial Ca®" uptake is associated with endothelial NO" synthesis using permeabilized
calf pulmonary artery endothelial cells (5, 101). Nevertheless, a physiological property of
some membrane-bound proteins as well as an accumulation of fluorescent dye might be
interfered during permeabilization (102). This research gap raises the question on the actual
role of mitochondrial Ca?" signals on NO formation in intact endothelial cells. Therefore,
manipulating mitochondrial Ca?" uptake based on the recently-identified MCU-mediated Ca**
uptake is more physiological and less deleterious to the cells (102). To perform NO® imaging
in living cells, a conventional synthetic fluorescent dye called 4,5-diaminofluorescein
diacetate (DAF-2-DA) has been frequently used with some inherent pitfalls (102, 103). It
senses NO" metabolites, including nitrite and nitrate; in other words, it indirectly reflects the
amount of NO" within the cells (102, 103). Utilizing a more direct, real-time method to
visualize NO® dynamics in living cells is challenging to overcome all these pitfalls. Thanks to
the innovative technology in NO" imaging introduced in 2016 by Eroglu and colleagues, the
novel sensor called genetically-encoded NO® probes (geNOps), which can rapidly sense NO'
radical produced by endothelial cells in real-time (104, 105). Overall, the output of this thesis
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will advance the current knowledge regarding how MCU complex-mediated mitochondrial
Ca?" uptake associates with endothelial NO" synthesis. Moreover, it might provide a new

strategy for harnessing NO' production in the endothelium and improving vascular function.

8. Research purposes

8.1 To study a role of MCU complex on endothelial NO® synthesis using small
interfering RNA technology for genetic manipulation and the novel genetically-
encoded NO' probe

8.2 To investigate the production of NO® using pharmacological tools against

mitochondrial bioenergetics

9. Research outcome: perspective on health relevance

By investigating the functional role of mitochondria on endothelial cell function, the
results of this thesis might lead the way for further high-level study regarding vascular health.
As it is highlighted in this thesis that MCU complex is crucial for NO® biochemistry in vitro, it
is worth designing in vivo experimental protocol to learn how pathophysiological animal
model system (e.g. vascular dysfunction) manifests if the targeted endothelial MCU complex
genes are manipulated. This MCU complex characterization will possibly unveil a new

therapeutic target in improving vascular function.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Chemicals

Chemicals used in the solution preparations, cell cultures, transfections and treatments

are analytical grade or higher (Table 2.1, in alphabetical order).

Table 2.1 Chemicals, probes and antibodies

Names of chemicals and antibodies Source Biological role or purpose of use
Adenosine triphosphate (ATP) Roth IP;-generating agonist
Selective, respiratory chain
Antimycin Sigma
complex III competitive inhibitor
BacMam 4mtD3cpv virus (mitochondrial Life Mitochondrial Ca** imaging in
cameleon) Technologies | HUVECs
‘ ‘ Internal control of Western blot
[S-actin Sigma ‘
analysis
Dulbecco's modified Eagle's medium o Nutrient support of cell growth
igma
(DMEM) and proliferation
Biozym
ECL detection reagent o Protein chemiluminescence
Scientific
Endothelial basal medium (EBM) Lonza HUVEC:s culture
Endothelial growth medium (EGM) Lonza HUVEC:s culture
BD . .
eNOS, phospho-eNOS (pS1177) and ) For detecting expression level of
Transduction
anti-mouse IgG secondary antibody ) eNOS and phospho-eNOS
Laboratories
eNOS-RFP Addgene eNOS overexpression in HEK293
Fura-2-acetoxymethyl ester ‘ ‘
Invitrogen | Cytosolic Ca®" fluorescent dye
(Fura-2/AM)
C/G-geNOp, mtC/mtG-geNOp, C/G- NGEI NO’-sensitive probe for live-cell
geNOp™' and mtC/mtG-geNOp™" imaging
MitoTracker™ Red CMXRos Invitrogen | Mitochondrial marker
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Names of chemicals and antibodies Source Biological role or purpose of use

N®-Nitro-L-arginine methyl ester

) Sigma NOS inhibitor
hydrochloride (L-NAME)

L-NS-nitro arginine Sigma NOS inhibitor

Selective, Fi/Fo ATP synthase

Oligomycin Sigma S
competitive inhibitor
Tetramethylrhodamine methyl ester _ Mitochondrial membrane
Invitrogen
perchlorate (TMRM) potential fluorescent dye

TransFast™ (cationic liposome-based ] ) )
' Promega | Plasmid or siRNA delivery
transfection reagent)

2.2 Cell culture

Both human umbilical vein endothelial cells (HUVECs) and its surrogate cell line
(EA.hy926) were used in the key experiments to investigate the role of mitochondrial Ca®*
uptake on eNOS-derived NO® production (106). According to the company’s protocol (Lonza,
Basel, Switzerland), HUVECs were cultured maximally 14 days and then were seeded onto
1% gelatin-coated plate for further experiments. They were cultured in endothelial basal
medium (EBM) in the presence of endothelial growth medium (EGM) and growth factors in a
humidified incubator at 37°C and 5% CO;. EA.hy926 cells were grown in DMEM medium
containing 1% HAT (5 mM hypoxanthine, 20 xM aminopterin, 0.8 mM thymidine), 10% fetal
bovine serum, 100 U/ml penicillin, and 100 xg/ml streptomycin at 37°C and 5% CO: (34, 76,
104). eNOS-RFP expressing human embryonic kidney cells (HEK293) were also used in
comparing the effect of mitochondrial Ca** uptake on NO" formation. They were cultured in
DMEM medium supplemented with 10% fetal bovine serum and were maintained at 37°C and
5% CO; (104). HeLaS3 cells were cultured using the same condition as HEK293 cells and
used in colocalization of mitochondrial nitric oxide probe. EA.hy926, HeLaS3 and HEK293

cells were plated onto 30 mm glass cover slips for 24-48 hours prior to transfections.

2.3 Transient gene silencing and fluorescent protein (FP)-tagged constructs for live-cell
imaging
Small interfering RNA (siRNA) technology is an effective tool to transiently

knockdown the expression of gene of interest. It was applied in genetic manipulation of
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mitochondrial Ca** uptake machinery, including MCU, EMRE and MICUI. The sequence of
each siRNA as well as the scrambled siRNA for negative control used in this study were
represented in the table 2.2. All siRNAs were from Microsynth (Balgach, Switzerland) and
kept in refrigerator (4°C). Scrambled siRNA was used as a control and it could not target any
known genes in the cell; we could distinguish sequence-specific silencing from non-specific
effects. When delivered into target cells, siRNAs, except scrambled siRNA, binds their
specific complementary sequence present of messenger RNA and induces a multiprotein
complex called RNA-induced silencing complex (RISC) to degrade respective mRNA. The

efficiency of gene knockdown can be monitored after 48 - 96 hours following transfection.

Forster resonance energy transfer (FRET)-based mitochondrial Ca?* sensor 4mtD3cpv
(mt-cameleon) was from Prof. Dr. Roger Tsien (107). Green fluorescent protein fused-
genetically encoded NO' probe in the form of G-geNOp plasmid was introduced to all tested
cells used in the present study to investigate the effect of MCU-mediated mitochondrial Ca>*
uptake on NO* dynamics prior to or during ATP-evoked endoplasmic reticulum Ca®" release

and store operated Ca>" entry (104).

Table 2.2 siRNAs

siRNAs Nucleotide sequence (5-3")
scrambled siRNA
(negative control) UUCUCCGAACGUGUCACGU
hMCU-sil GCCAGAGACAGACAAUACU
hMCU-si2 GGAAAGGGAGCUUAUUGAA
hEMRE-si GAACUUUGCUGCUCUACUU
hMICU1-sil GCAGCUCAAGAAGCACUUCAA
hMICU1-si2 GCAAUGGCGAACUGAGCAAUA
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2.4 Cell transfections and adenoviral transductions
For transient transfection of probe, plasmid DNAs and siRNAs, TransFast™
transfection reagent (cationic liposome) was prepared and used according to the manufacture’s

mstruction.

2.4.1 Co-transfection of plasmid DNAs and siRNAs

Co-transfection protocol was modified from Waldeck-Weiermair et al. (76). EA.hy926
cells on glass cover slips in six-well plates (at 60-70% confluence) were washed with
phosphate-buffered saline (PBS) and then co-transfected with either 100 nM of the respective
siRNA (s) or scrambled siRNA and 1.5 ug of the plasmid coding either for G-geNOp or for G-
geNOp™" (negative control) in the presence of 3 uL of TransFast™ and transfection medium
(serum- and antibiotic-free DMEM) (76, 108). For mitochondrial Ca** imaging, mitochondrial
cameleon 4mtD3cpv was co-transfected together with respective siRNA (s). To express the
endothelial NO® synthase C-terminally fused to a red fluorescent protein (eNOS-RFP) in
HEK293 cells, 2.5 ug of eNOS-RFP was added into transfection medium containing the
respective siRNA (s) and G-geNOp (104). After overnight incubation in humidified incubator
(37°C and 5% CO.), the transfection mixture was removed, and the cells were further
maintained in DMEM medium. The experiments were performed 42-54 hours after
transfection. For visualizations of NO® dynamics in the absence of gene silencing, EA.hy926
cells were transfected with 1.5 ug of G-geNOp. C-geNOp and mtG-geNOp or G-geNOp and
mtC-geNOp were introduced to EA.hy926 cells (1.5 ug each) for co-imaging purpose.

2.4.2 Adenoviral transductions

For mitochondrial Ca®" visualizations, EA.hy926 cells and HUVECs at 50-60%
confluence were infected with BacMam 4mtD3cpv virus. HUVECs at the same confluence
were infected with G-geNOp adenovirus for cytosolic NO® imaging. After incubation, the

infected cells were transiently transfected with respective siRNA (s) (76, 104, 109).

2.5 Buffer solutions

Before imaging, cells were washed and incubated in a storage buffer containing NaCl
(138 mM), CaCl, (2 mM), KCI (5§ mM), MgCl, (1 mM), HEPES (1 mM), NaHCO; (2.6 mM),
KH>PO4 (0.44 mM), Na,HPO4 (0.34 mM), D-glucose (10 mM), vitamin mixture (0.1%),

essential amino acid mixture (0.2%) and penicillin/streptomycin (1%), pH 7.44. Experimental
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buffer (EB-buffer) (HEPES buffer) with or without Ca®" was mainly used throughout the
imaging (76, 110). It composes of NaCl (145 mM), CaCl, (2 mM) or EGTA (1 mM), KCI (5
mM), MgClL, (1 mM), HEPES (10 mM) and D-glucose (10 mM), pH 7.44. ATP (100 uM) was
added to respective buffers for mobilizing Ca?" from endoplasmic reticulum. Antimycin (5
uM) and oligomycin (1 uM) were mixed in the respective buffers to inhibit mitochondrial
complex III and ATP synthase, respectively (5, 101). These two compounds cause the
mitochondrial bioenergetic collapse and the subsequent dissipated mitochondrial membrane
potential and interfered mitochondrial Ca*" uptake (34, 36). HEPES buffer containing ferrous
fumarate (1 mM) and ascorbic acid (1 mM) (iron buffer) was prepared freshly for NO® imaging
(104).

2.6 Cytosolic and mitochondrial Ca’>* imaging

2.6.1 Fura-2 measurements

Fura-2/AM is the synthetic, cell-permeant fluorescent Ca®" indicator (111). After
hydrolysis of esterified methyl, the dye accumulates within the cytosol and lasts for a long
period of time. Fura-2 allows a ratiometric Ca>" imaging (Ka = 0.224 uM). Its peak excitation
shifts from 340 nm to 380 nm when Ca®* binds. The emission peak can be detected at 510 nm.
This principle enables an interpretation; that is, the increase of cytosolic Ca’* results in signal
amplification at 340 nm. In the meantime, the fluorescence decrease was observed during
excitation at 380 nm. Prior to imaging, cells were incubated with storage buffer containing
Fura-2/AM (3.3 uM) in the dark for 45 minutes at room temperature. Afterwards, Fura-2/AM
was removed, and cells were washed with storage buffer three times. Cells were maintained in

the storage buffer until imaging (110).

2.6.2 Mitochondrial Ca’* measurements

Mitochondria-targeted 4mtD3cpv cameleon is a FRET-based ratiometric Ca®* sensor
(107). The construct contains CaM (a Ca*' binding domain) and myosin light chain kinase
(M13) (an interacting domain). Both are fused in tandem between the cyan fluorescent protein
(CFP) and the yellow fluorescent protein (YFP), a FRET donor and FRET acceptor
respectively. A tandem duplicated cytochrome ¢ oxidase subunit VIII (a signal sequence) is

linked to 4mtD3cpv cameleon for targeting it to the mitochondrial inner membrane. Ca®"
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binding to CaM results in the conformational change, thereby bringing both fluorophores in

close vicinity and subsequently triggering energy transfer from CFP to YFP (107).

2.7 Visualization of NO® dynamics

To avoid unspecific and indirect NO®" measurement, C-geNOp/G-geNOp (cyan and
green cytosolic probes) and mtC-geNOp/mtG-geNOp (cyan and green mitochondria-targeted
probes) were used to monitor NO® signals on the level of individual cells. The construct is
developed by Eroglu et al. by fusing bacterial GAF domain with respective fluorescent
proteins (104). When GAF is occupied, the florescence of fluorophore is quenched due to
GAF-NO’ interaction (104).

As the G-geNOp was basically used in the present study, cells expressing G-geNOp
were excited at 480 nm, and the fluorescence signals were collected at 515 nm. The probe is
reversible in binding NO™ and the fluorescence declines immediately after NO® release from
GAF domain. Prior to imaging, cells were incubated with iron buffer for 20 minutes and then

were washed twice with HEPES buffer (104).

2.8 Mitochondrial membrane potential (A%mit) depolarization and measurements using

TMRM

TMRM (a cell-permeant, cationic, red-orange fluorescent dye) was used in monitoring
AW¥mitv depolarization during mitochondrial bioenergetic collapse (112). Prior to AW¥mito
measurements, EA.hy926 cells were loaded with EH-buffer containing TMRM dye (100 nM)
for 10 minutes at room temperature. Then, extracellular dye was washed out three times with
storage buffer, and cells were incubated in the same buffer for experiments. To dissipate
A¥hio, cells were treated with HEPES buffer containing Ca®" or EGTA in the presence of
OXPHOS inhibitors, including antimycin (5 #M) and oligomycin (1 #M) (5, 101).

2.9 Fluorescence microscopes

An advanced wide-field fluorescence microscope Till iMIC equipped with a motorized
sample stage, a polychrome V (Till Photonics, Graefelfing, Germany), a 40x objective lens
(alpha Plan Fluar 40x, Zeiss, Gottingen, Germany), the filter sets with dichromatic mirrors

(Till Photonics, Graefelfing, Germany) and a charge-coupled device camera (AVT Stingray
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F145B, Allied Vision Technologies, Stadtroda, Germany) was used in imaging NO°, Ca** and
TMRM.

Confocal visualizations of mtC-geNOp/mtG-geNOp in HeLaS3 cells, G-geNOp in
EA.hy926 cells and eNOS-RFP in HEK293 cells were performed by using a confocal spinning
disk microscope (Axio Observer.Z1, Zeiss, Gottingen, Germany). The microscope is equipped
with a 40x objective lens (Plan-Neofluar 40x/1.3 oil, Zeiss, Gottingen, Germany), a 100x
objective lens (Plan-Fluar 100%/1.45 oil, Zeiss, Gottingen, Germany), AOTF-based laser
merge module for laser line 405, 445, 473, 488, 551 and 561 nm (Visitron Systems), a
motorized filter wheel on the emission side and a Nipkow-based confocal scanning unit (CSU-
X1, Yokogawa Electric Corporation, Tokyo, Japan). The fluorescent images were captured
with a charged CCD camera (CoolSNAP-HQ, Photometrics, Tucson, AZ, USA). The
VisiView (Universal Imaging, Visitron Systems) acquisition software was used in acquiring

recorded fluorescent data (110).

During the experiments, all working buffers were applied to the cells using a gravity-
based perfusion system connected with a conventional vacuum pump (Chemistry diaphragm

pump ME 1C, Vacuubrand, Wertheim, Germany).
2.10 Imaging system configurations, data acquisitions and analyses

2.10.1 Single-cell cytosolic Ca?* imaging

Till iIMIC with wide field imaging system was the main microscope. Cells were
visualized using 40x oil-immersion objective under continuous perfusion of either Ca**-free
HEPES buffer or EGTA buffer with ATP (100 #M). For Ca*" measurements, Fura-2/AM-
loaded cells were alternatively excited at 340 and 380 nm. Fura-2 fluorescence emission was
collected at 510 nm. Fluorescent images were recorded with a CCD camera (AVT Stingray
F145B). Data acquisitions were carried out by The Live Acquisition 2.0.0.12 Software (Till
Photonics). Ca®" experimental results were expressed as the ratio of Fio/Fsso. Background
fluorescent values are obtained from region-of-interest (ROI) in each imaging drawn in a cell-

free area. The formula used in calculation is shown below.

. (F340\  F340 cell — F340 Background
Ratio

F3g0/  F3go cel — F380 Background
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Simultaneous measurements of both Ca?* and NO" were accomplished on Till iMIC
with an ultrafast switching monochromator (polychrome V). Imaging system is described in

2.10.3.

2.10.2 Single-cell mitochondrial Ca** imaging

The wavelength at 430 nm was set to excite the 4mtD3cpv cameleon. The emitted
fluorescence was collected using the dichrotome dual emission filter set (dichroic 535dcxr,
CFP emitter 480/18 nm and YFP emitter 535/3 nm). The fluorescent images were captured
with CCD camera (AVT Stingray F145B). Data are acquired using The Live Acquisition
2.0.0.12 software (Till Photonics). The acquired FRET results were then analyzed and shown

as the ratio of Fs35/Faso.

2.10.3 Single-cell cytosolic NO® imaging

For NO® visualizations, C-geNOp/mtC-geNOp and G-geNOp/mtG-geNOp were
excited at 430 nm (CFP) and 480 nm (GFP), and the emitted fluorescence was recorded at 480
nm (CFP) and 515 nm (GFP), respectively. The Live Acquisition 2.0.0.12 software (Till
Photonics) was employed for the acquisition of experimental data. Fluorescence
photobleaching was corrected by calculating the bleaching function Fo for an individual cell
using a one phase exponential decay equation for curve fitting. The acquired data were

expressed as 1-F/Fo or AFensity (%) where F is a background-subtracted fluorescent value.

2.10.4 TMRM measurements

Upon mitochondrial bioenergetic collapse, the changes in A%¥mitv were monitored and
TMRM was visualized at an excitation of 550 nm and emission of 575 nm. At the beginning
of the recording, the reticular mitochondria are bright red-orange. The color becomes dimmed
after cells were exposed to antimycin and oligomycin for 7 minutes. This phenomenon is the
indicative of mitochondrial depolarization (more positive A¥miw) caused by perturbed
bioenergetics and loss of H' gradient. Bleaching function Fo for fluorescent dye bleaching
correction was used for individual curve fitting. The acquired data were expressed as F/Fo

where F is a background-subtracted fluorescent value.
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2.11 Western blot analysis of eNOS and phospho-eNOS protein expressions
siRNA-transfected EA.hy926 cells were incubated either with vehicle or ATP (100
uM) at 37 °C for 3 or 5 minutes. Then, cells were harvested and homogenized in ice-cold
RIPA lysis buffer containing EDTA (2 mM), protease and phosphatase inhibitors. Protein
concentration was determined with PierceTM BCA Protein Assay Kit using bovine serum
albumin as standard. Western blot was performed to determine expression level of eNOS and
its phosphorylated form. Denatured protein samples (30 ug) were loaded onto 10%
polyacrylamide gel containing 0.1% sodium dodecyl sulfate and electrophoretically separated.
Separated proteins were then transferred onto nitrocellulose membranes. Prior to antibody
incubation, the non-specific binding sites on the membrane were blocked with 5% skimmed
milk in Tris-buffered saline containing 0.1% tween-20 for 1 hour. The membranes were
incubated with a primary antibody against eNOS (1:2000), phospho-eNOS (pSerl177)
(1:1000), or p-actin (1:200,000) overnight at 4 °C. Thereafter, membranes were washed 3
times and incubated for 1 hour with a horseradish peroxidase-conjugated anti-mouse IgG
secondary antibody (1:5000). eNOS and its phosphorylated protein bands were visualized
using enhanced chemiluminescence (ECL) technique. Density of protein bands was quantified

using the Fusion SL system.

2.12 Statistical analyses

The acquired data were analyzed using the GraphPad Prism software version 5.04 for
Window (GraphPad Software, San Diego, CA, USA). Data are presented as mean + standard
error of mean (SEM) of independent experiments (N). For comparisons between two groups,
two-tailed student t-test was used for evaluation of statistical significance. A p value between
0.01 and 0.05 was considered significant and indicated with “*”, a p value between 0.001 and
0.01 with “**” (very significant) and a p value less than 0.001 with “***” (highly significant).
For multiple-group comparisons, one-way ANOVA with Barlett's test for equal variances and
Tukey's Multiple Comparison test were used for evaluating statistical significance expressed
as described above. Represented data as appeared as bars and line graphs and western blot

images were either average or representative curves of independent experiments.

27



CHAPTER 3

RESULTS

3.1 Real-time monitoring of NO* dynamics in human endothelial cell surrogate
(EA.hy926 cells)

The G-geNOp, the novel protein-based fluorescent NO™ probe, was utilized in real-time
investigation of NO* dynamics in single EA.hy926 cells. Binding of NO® in the vicinity of
EGFP in G-geNOp induced a fluorescence quenching; yet, in the absence of cytosolic NO’, the
probe became unoccupied and the EGFP fluorescence was back to unquenched state,
demonstrating a reversible interaction between the probe and the free NO* (Figure 3.1A).
Figure 3.1B represents a high resolution confocal image of G-geNOp-expressing EA.hy926
cells. The cells showed a bright green fluorescence in both cytosol and nucleus. According to
the sources of Ca’?’ that can contribute to the eNOS activation and cytosolic NO', the
experimental protocols (cell treatments) were designed to dissect the endothelial NO’
production with regard to different Ca®" sources. First, we mobilized endoplasmic reticulum
Ca®" using ATP (IP;-generating agonist) simultaneously with intracellular Ca?* calibration
using EGTA, which chelated extracellular free Ca** with high affinity. Following complete
endoplasmic reticulum Ca®" depletion, the cells were then perfused with Ca**-containing
HEPES buffer in the presence of ATP to ensure that the increase of NO® was dependent on
extracellular Ca®* entering the cells during store-operated Ca®" entry (SOCE). To elucidate
NO® production, G-geNOp-expressing EA.hy926 cells were first stimulated with HEPES
buffer containing ATP and EGTA. The result showed that the ATP evoked an initiation of
transient NO" signals, and the signals declined after the amplitudes were reached at minute
4.50 (Figure 3.1C). Cytosolic NO® levels rapidly recovered upon subsequent addition of
Ca”*'/ATP-containing HEPES buffer to ATP-stimulated cells, and they remained elevated in
the presence of ATP (amplitude at minute 12.00) (Figure 3.1C). However, within a few
minutes, the signals gradually decreased back to basal level upon ATP washout (Figure 3.1C).
This present result demonstrates the importance of SOCE for sustained eNOS activation and
continuous NO° synthesis. Furthermore, as shown in Figure 3.1D, the simultaneous

measurements of cytosolic Ca** and NO" confirmed that both intracellular and extracellular
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Ca?" signals were fundamental for eNOS activation. Therefore, the endothelial NO* production

in this cell type is primarily controlled by cytosolic Ca*".

Another two experimental sets were performed to test the sensitivity of geNOp when
the eNOS was inhibited by L-NC-nitro arginine, a potent NOS inhibitor. In control EA.hy926
cells expressing G-geNOp, the NO' signals clearly elevated immediately after ATP-evoke
cytosolic Ca’’ increases (Figure 3.2A). Conversely, the signals obtained from the cells
pretreated with L-NS-nitro arginine were abolished despite intracellular Ca®" increases (Figure
3.2B). The maximum average signals are represented in Figure 3.2C, p < 0.001 vs. control.
Moreover, a further confirmation of sensor specificity was demonstrated by using G-geNOp™
(an insensitive mutated NO" probe). EA.hy926 cells expressing G-geNOp™" treated with ATP
did not produce any significant fluorescence signal compared to control cells, p < 0.001 vs. G-
geNOp (Figure 3.3). Whereas, the cells expressing G-geNOp, which is the sensitive probe,
could sense increased NO® content and produce fluorescence signals. These experimental

results confirm that geNOp technology is suitable for a specific real-time imaging of

endothelial NO® dynamics on the level of individual cells.
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Figure 3.1 Live-cell NO® imaging in endothelial cells. (A) Schematic illustration of G-
geNOp consisting of the enhanced green fluorescent protein (EGFP) fused to the bacteria-
derived NO'-binding domain (GAF). (B) Representative image of EA.hy926 cells expressing
G-geNOp. (C) Average curve representing NO® signal ([NO]¢y0) obtained from EA.hy926
cells perfused with ATP (100 zM) in the absence and presence of extracellular Ca** (2 mM)
(N = 40). (D) Representative simultaneous recordings of [NO']eyto (red line) and cytosolic Ca**
signals ([Ca?Jeyt0, dashed black line) over time in a single Fura-2/AM loaded EA.hy926 cell
expressing G-geNOp. Cells was treated with ATP (IPs-generating agonist) in the absence and
presence of Ca?". EGTA (1 mM) was used as a Ca®>" chelator. Data were expressed as mean +
SEM. [Reproduced from Charoensin S, Emrah E, Opelt M, et al. Intact mitochondrial Ca**
uniport is essential for agonist-induced activation of endothelial NO® synthase (eNOS). Free
Radic Biol Med. 2017;102:248-59. (105), with permission of publisher Elsevier Inc.
Copyright 2016.]
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Figure 3.2 L-NC-nitro arginine inhibits NO' production in EA.hy926 cells. (A)
Representative curves showing NO* dynamics ([NO]cyo, solid black line) and Fura-2 signal
([Ca**]eyto, dashed black line) in response to ATP (100 uM) obtained from G-geNOp
expressing EA.hy926 cells loaded with Fura-2/AM. (B) Representative curves of [NO]cyto
(solid red line) and [Ca**]eyto (dashed red line) obtained from EA.hy926 cells pre-incubated
with L-NS-nitro arginine (1 mM) for 10 minutes prior to ATP treatment. (C) Bars show
maximal average [NO]eyto and [Ca?'Jeyto from control cells (N = 6) and L-NC-nitro arginine-
pretreated cells (N = 6) in response to ATP. In respective experiments, L-N%-nitro arginine
was used as an eNOS inhibitor. Data were obtained from independent experiments and
expressed as mean + SEM. p value less than 0.001 (***). [Reproduced from Charoensin S,
Emrah E, Opelt M, et al. Intact mitochondrial Ca*" uniport is essential for agonist-induced
activation of endothelial NO® synthase (eNOS). Free Radic Biol Med. 2017;102:248-59. (105),
with permission of publisher Elsevier Inc. Copyright 2016.]
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Figure 3.3 G-geNOp™"-expressing EA.hy926 cells show steady NO° signal in response to
ATP stimulation of intracellular Ca** release. Curves represent mean fluorescence signals
obtained from EA.hy926 cells expressing either the NO’-sensitive G-geNOp or the NO'-
insensitive G-geNOp™"'. Data were gathered from independent experiments (N = 9 for G-
geNOp and N = 9 for G-geNOp™") and expressed as mean + SEM. p value less than 0.001
(***). [Reproduced from Charoensin S, Emrah E, Opelt M, et al. Intact mitochondrial Ca*"
uniport is essential for agonist-induced activation of endothelial NO® synthase (eNOS). Free
Radic Biol Med. 2017;102:248-59. (105), with permission of publisher Elsevier Inc.
Copyright 2016.]
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Apart from NO® imaging in cytosol, the present study also sought to investigate its
dynamics within endothelial mitochondria. To archive this purpose, two mitochondria-targeted
NO’ probes, including mtG-geNOp and mtC-geNOp, were transiently expressed in EA.hy926
cells. The confocal imaging represents a co-localization of vibrant mtC-geNOp and
MitoTracker™ Red CMXRos (Figure 3.4, upper panel). Likewise, EA.hy926 cells expressing
mtG-geNOp showed preferential localization with the mitochondrial marker (Figure 3.4, lower
panel). As endothelial mitochondria are where NO® can penetrate, accumulate and take effects,
the experiments were then set out to investigate its dynamics within the organelle during ATP
activation of purinergic signaling and subsequent Ca”* release and entry. Upon Ca**-triggered
eNOS activation, mtG-geNOp and G-geNOp could sense the transient rises of NO" within
mitochondria and cytoplasm, respectively (Figure 3.5A and 3.5B). In the continuous
recordings, both cytosolic and mitochondrial probes very well detected NO® which was
liberated from a donor NOC-7 (Figure 3.5A and 3.5B). Conversely, cells expressing mutant

mut

probe mtG-geNOp™ could barely detect the signal (Figure 3.5A, lower curve). Comparing
NO’ signals in basal and stimulated condition, it was found that the cells produced relatively
low amount of it at resting cytosolic Ca*", while they generated significantly high amount
upon ATP-evoked cytosolic Ca*" rise, p < 0.05 vs. basal (Figure 3.5C). To perform
simultaneous measurements of NO" signals in both mitochondria and cytosol, mtC-geNOp and
G-geNOp were transiently expressed in EA.hy926 cells. Both probes localized very well in
their targeting areas (Figure 3.5D). Moreover, the simultaneous recordings of mtC-geNOp and
G-geNOp signals precisely revealed the concurrent NO® dynamics between these two cell
compartments (Figure 3.5E). Similarly, as represented in Figure 3.6, the cells co-expressing
mtG-geNOp and C-geNOp exhibited the comparable NO® dynamics as observed in the
previous measurements shown in Figure 3.5E. Consequently, based on the present results, the

geNOp firmly demonstrates its reliability and sensitivity in real-time investigation of NO*

dynamics within specific cell compartments.

33



mtC-geNOp MitoTrackerRed merged image

MitoTrackerRed

Figure 3.4 Confocal imaging representing co-localizations of mtC-geNOp or mtG-geNOp
and MitoTracker™ Red CMXRos in HeLaS3 cells. HeLaS3 cells were transiently
transfected with either mtC-geNOp or mtG-geNOp. Prior to confocal visualization, the
transfected cells were pre-incubated with MitoTracker™ Red CMXRos. [Reproduced from
Eroglu E, Gottschalk B, Charoensin S, et al. Development of novel FP-based probes for live-
cell imaging of nitric oxide dynamics. Nat Commun. 2016;7:10623. (104), with permission of
publisher Nature Publishing Group. Copyright 2016.]
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Figure 3.5 Mitochondrial NO® imaging in EA.hy926 cells. (A) Line curves showing average
mitochondrial NO® signals ([NO'Jmit) in EA.hy926 cells expressing mtG-geNOp or its mutant
version (mtG-geNOp™") in response to ATP (100 uM) and NOC-7 (10 uM). (B) Average G-
geNOp signal of intracellular NO® in EA.hy926 cells treated with ATP and NOC-7. (C)
Columns showing average maximal amplitudes of mtG-geNOp signal (3.5A) and G-geNOp
signal (3.5B) under the same treatments. (D) Confocal images representing mtC-geNOp and
G-geNOp expression in EA.hy926 cells, scale bar = 10 um. (E) Representative mtC-geNOp
and G-geNOp signals obtained from simultaneous measurements in ATP-treated EA.hy926
cell. L-NAME (1 mM) and NOC-7 were used as a NOS inhibitor and NO* donor, respectively.
Unpaired t-test was used to analyze significant difference between basal condition and
treatment with ATP or NOC-7, * p < 0.05 vs. basal and # p < 0.05 vs. +ATP. [Reproduced
from Eroglu E, Gottschalk B, Charoensin S, et al. Development of novel FP-based probes for
live-cell imaging of nitric oxide dynamics. Nat Commun. 2016;7:10623. (104), with
permission of publisher Nature Publishing Group. Copyright 2016.]
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Figure 3.6 Simultaneous measurements of mitochondrial and cytosolic NO® signals. (A)
Representative C-geNOp signal vs. mtG-geNOp signal obtained from EA.hy926 cells in
response to ATP (100 uM) stimulation of endoplasmic reticulum Ca’’ release. (B)
Representative mtG-geNOp signal vs. mutant C-geNOp signal in response to ATP.
[Reproduced from Eroglu E, Gottschalk B, Charoensin S, et al. Development of novel FP-
based probes for live-cell imaging of nitric oxide dynamics. Nat Commun. 2016;7:10623.
(104), with permission of publisher Nature Publishing Group. Copyright 2016.]
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3.2 Genetic manipulation of mitochondrial Ca’>* uptake machinery on NO’ production
in EA.hy926 cell line and primary human umbilical vein endothelial cells (HUVECsS)

3.2.1 EMRE and MCU silencing reduces ATP-induced mitochondrial Ca®* uptake

and NO’ production in EA.hy926 cells

EA.hy926 cells were transfected with siRNAs against EMRE and MCU, two key
components of the MCU complex, to investigate whether mitochondrial Ca?* uptake
modulated endothelial NO® production. The perturbation of MCU complex substantially
diminished mitochondrial Ca®" signals in response to endoplasmic reticulum Ca®" release and
entry. However, the basal mitochondrial Ca** contents were only slightly dropped (Figure
3.7A). Statistical analyses showed that average basal levels of mitochondrial Ca®*
accumulation were indifferent between control and EMRE/MCU-treated cells (p = 0.0518) in
Ca?*-free HEPES buffer (EGTA buffer) (Figure 3.7A, left columns). However, knock-down of
both genes resulted in a significant decrease of average maximum mitochondrial Ca** signals
when cells were treated with EGTA buffer in the presence of ATP (p = 0.0029) and ATP-
containing HEPES buffer (p = 0.0169) (Figure 3.7A, left and right columns). Under the same
experimental conditions, intracellular Ca®* transients were only decreased at the plateau phase
during store operated Ca’’ entry (Figure 3.7B). This molecular event confirms that the
mitochondrial Ca®" uptake facilitates SOCE in endothelial cells. Statistical analyses indicated
that there was no significant change in cytosolic Ca?" contents in basal state, ATP-stimulated
endoplasmic reticulum Ca®" release and maximum Ca’?" entry (Figure 3.7B, columns).
Interestingly, siEMRE/siMCU-ablated cells considerably exhibited the decreased NO® signals
upon IP3;-dependent Ca>" mobilization from the intracellular store (Figure 3.7C). The average
NO’ signal of the cells ablated from EMRE and MCU was considerably dropped to 60% when
compared to the average percentage of control cells (p = 0.0068 (Ca*" release phase) and p =
0.0042 (Ca*" entering phase), Figure 3.7C, left and middle columns). G-geNOp™t-expressing
cells (control cells regarding probe sensitivity) transiently transfected with either scrambled
siRNA or siEMRE/siMCU did not show any significant changes of the average fluorescence
signals in response to ATP (Figure 3.7C, right columns). The investigation of endothelial NO*
dynamics in EA.hy926 cells stimulated with low concentrations of ATP was also carried out.
Similar to those results observed in cells treated with supra-physiological ATP, cells with

EMRE and MCU knock-down markedly produced much less NO* when stimulated with
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various doses of ATP ranging from 1-100 uM (Figure 3.7D). The average NO' signals of
EMRE/MCU-silenced cells treated with 1 uM ATP (p = 0.0045), 5 uM ATP (p = 0.0087), or
100 uM ATP (p = 0.0012) were statistically different to respective control cells (Figure 3.7D,
columns). These results indicate that the MCU complex-mediated mitochondrial Ca** uptake
is closely associated with endothelial NOS activation, regardless of agonist concentration-

dependent purinergic activation of intracellular Ca?" mobilization.
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Figure 3.7 EMRE and MCU silencing reduces NO® production in EA.hy926 cells in

response to ATP-evoked Ca’* release. (A) Average curves of [Ca*']miw in either control
(black, N = 3) or EMRE/MCU-knocked down (red, N = 3) EA.hy926 cells upon stimulation
with ATP (100 zM) in the absence and presence of extracellular Ca?>* (2 mM). Left columns

show average basal [Ca?Jmito (min Ratio (Fs35/Faso)). Middle and right columns show average

maximal [Ca?'Jmito (Amax Ratio (Fs3s/Fas0)) in response to ATP+EGTA and ATP+Ca’*. (B)

39



Curves representing averages of [Ca®"]cy0 between control (N=6) and EMRE/MCU-silenced
(N = 7) EA.hy926 cells stimulated with ATP. Bars represent the comparisons between basal
[Ca?"eyto (min Ratio (F340/F3s0)) and the respective maximal [Ca?'Jeyto (Amax Ratio (F340/F3s0))
under the same conditions and treatment. (C) Representative curves of cytosolic NO°
(A[NOJeyto) in response to ATP stimulation, with or without extracellular Ca®". Maximal
fluorescence signals (amplitudes) of scrambled siRNA- or siMCU/siEMRE-treated cells (N =
17 each) are defined as 100%. Left and middle columns show average A[NO]cy0 under the
respective conditions and treatment. Right columns represent amplitudes of NO'-insensitive
G-geNOp™" in the presence of ATP in HEPES buffer containing EGTA (1 mM), control cells
(N = 11) and siEMRE/siMCU-treated cells (N = 10). (D) Average curves of Ca**-triggered
NO® formation in response to ATP (1 uM, 5 uM and 100 uM) in control cells (N = 3) and
siIEMRE/siMCU-transfected EA.hy926 cells (N = 3). Columns represent maximal [NO]¢yto In
response to different ATP concentrations. “*” for p value < 0.05, “**” for p value < 0.01 and
«xk®> for p value less than 0.001. [Reproduced from Charoensin S, Emrah E, Opelt M, et al.
Intact mitochondrial Ca** uniport is essential for agonist-induced activation of endothelial NO
synthase (eNOS). Free Radic Biol Med. 2017;102:248-59. (105), with permission of publisher
Elsevier Inc. Copyright 2016.]
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3.2.2 EMRE and MCU knock-down results in NO* decreases in HUVECs

As shown in the previous part, silencing of both EMRE and MCU in EA.hy926 cells
resulted in a reduction of NO* transients. The next question that arose after was that how this
silencing modulated NO® dynamics in primary endothelial cells. To figure it out, we first
performed live-cell imaging to compare both Ca’' and NO' dynamics in primary human
umbilical vein endothelial cells (HUVECs) and EA.hy926 cells. The results showed that
HUVECs from pooled donors could produce less maximal cytosolic Ca?' transients in
response to ATP compared to EA.hy926 cells (p = 0.0050) (Figure 3.8A, right columns),
whereas the basal Ca®" signals were identical in both cell types (Figure 3.8A, left columns).
The maximal mitochondrial Ca®" signals in HUVECs were found to be higher than in
endothelial cell surrogate (Figure 3.8B). Respective NO® imaging demonstrated that the
average NO’ content of HUVECs was substantially lower than the content of EA.hy926 cells
(p = 0.0366) (Figure 3.8C, left columns). Notably, considering the slopes, HUVECs showed
rather slow NO" kinetics, while EA.hy926 cells were much faster (Figure 3.8C, curves and
right columns). These results indicate a difference in the rates of eNOS coupling reaction

which is activated by cytosolic Ca*" elevations in both cell types.

Further experiments regarding perturbation of MCU complex revealed the negative
effect of it on mitochondrial Ca*" uptake and NO" generations in HUVECs. The EMRE and
MCU silencing considerably reduced mitochondrial Ca?>" accumulation in HUVECs treated
with ATP compared to scrambled siRNA-treated cells (p = 0.0032) (Figure 3.8D, right
columns). Compared with the respective control cells, the sSIEMRE/siMCU-treated cells were
able to generate significantly less amount of NO" (p = 0.0193) with considerably slower
kinetics (p = 0.0206) (Figure 3.8E, left and right columns). The diminished NO" level occurred
with the reduced mitochondrial Ca** uptake capacity. Based on the observed results, during
ATP-triggered intracellular Ca®" release and entry, the intact MCU complex and the
mitochondrial Ca?" signals are crucial for eNOS-derived NO° synthesis in both primary

HUVEC:s and endothelial cell surrogate.
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Figure 3.8 EMRE and MCU ablation diminishes NO’ synthesis in HUVECs. (A) 100 uM
ATP-triggered cytosolic Ca®" transients expressed as Fura-2 ratio (F340/F3s0) in EA.hy926 cells
(N = 6) and HUVECs (N = 6). Left bars represent average basal [Ca*']eyto of EA.hy926 cells
and HUVECs. Right bars show average amplitudes in EA.hy926 cells and HUVECs. (B)
Average mitochondrial Ca** signals obtained from EA.hy926 cells (N = 6) and HUVECs (N =
6) in response to ATP. Left bars represent ratios of basal [Ca**|mio 0f EA.hy926 cells and
HUVECs. Right bars show maximal amplitudes in EA.hy926 and HUVEC cells. (C) Ca?'-
triggered cytosolic NO® formation (A[NO]¢y0) in EA.hy926 cells (N = 10) and HUVECs (N =
8). Middle bars represent maximal fluorescence changes of G-geNOp in EA.hy926 cells and
HUVECs in response to ATP. Right bars show respective maximal slopes of G-geNOp
fluorescence changes in EA.hy926 cells and HUVECs. (D) Average [Ca*']mito in HUVECs
transfected with either scrambled siRNA (black curve, N = 6) or siEMRE/siMCU (red curve,
N = 6) following ATP stimulation in the absence of extracellular Ca?>*. Middle bars represent
basal [Ca?Jmito under the same conditions and treatment. Right bars show respective maximal
ratio amplitudes. (E) Average A[NO]¢yto iIn HUVECsS transfected with either scrambled siRNA
(N = 8) or siEMRE/siMCU (N = 8) following ATP stimulation in the absence of extracellular
Ca?". Middle bars represent maximal fluorescence changes of G-geNOp in HUVECs in
response to ATP. Right bars show respective maximal slopes of G-geNOp fluorescence
changes in HUVECs. “*” for p value < 0.05 and “**” for p value < 0.01. [Reproduced from
Charoensin S, Emrah E, Opelt M, et al. Intact mitochondrial Ca*" uniport is essential for
agonist-induced activation of endothelial NO® synthase (eNOS). Free Radic Biol Med.
2017;102:248-59. (105), with permission of publisher Elsevier Inc. Copyright 2016.]
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3.2.3 MICU1 ablation increases mitochondrial Ca** uptake and NO" formation in
EA.hy926 cells and primary HUVECs

Cytosolic Ca** signal has been reported to activate eNOS enzyme; nevertheless, it is
not well understood whether mitochondrial Ca** promotes NO" production (27, 97). It has been
known that MICU1 acts as a gatekeeper for MCU-mediated mitochondrial Ca?" uptake (43).
To clarify this unclear point, MICUI mRNA expressions in EA.hy926 cells and primary
HUVECs were suppressed using siRNA. As expected, siMICUI-treated EA.hy926 cells
showed significantly increased basal mitochondrial Ca®" levels (p = 0.0356) compared to the
cells treated with scrambled siRNA (Figure 3.9A, left columns). Furthermore, the
mitochondria of treated-cells could uptake more Ca’’ into their matrix than mitochondria of
control cells in response to ATP-evoked Ca’' release in the absence and presence of
extracellular Ca** (p = 0.0098, ATP+EGTA and p = 0.0151, ATP+ Ca**) (Figure 3.9A, middle
and right columns). Respective cytosolic Ca" transients remained unaffected by the MICU1
knock-down (Figure 3.9B). Under the same conditions, NO" generations in MICU1-silenced
EA.hy926 cells were, however, significantly higher than in control cells (»p = 0.0083,
ATP+EGTA and p = 0.0079, ATP+ Ca®"), 40% over the respective control cells (Figure 3.9C,
left and middle columns). These results emphasize the positive modulation of mitochondria on
endothelial NO* content; that is, the increased mitochondrial Ca®>" uptake enhances NO’
production. Tendency of the effect of mitochondrial Ca®* signals on endothelium-derived NO*
production found in HUVECs was consistent to that found in EA.hy926 cells. MICU1
silencing promoted mitochondrial Ca®" accumulation in response to ATP stimulation (Figure
3.9D). Despite the increased Ca’' uptake into mitochondrial matrix, the NO® synthesis
observed in MICU-treated HUVECs was slightly increased compared to respective control
cells (Figure 3.9E).
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Figure 3.9 MICU1 knock-down increases NO® signals in endothelial cells. (A)
Representative mitochondrial Ca** signals obtained from siMICU1-ablated EA.hy926 cells (N
= 6) and respective control cells (N = 6) upon stimulation with ATP (100 #M) in the absence
and presence of extracellular Ca®". Left bars show ratios of basal [Ca?*]mit. Middle and right
bars show the average [Ca*'|mitv amplitudes in response to ATP+EGTA and ATP+Ca**. (B)
Average curves representing cytosolic Ca®" transients of control cells (N = 6) and siMICU1-
treated cells (N = 6) under the same experimental conditions. Left columns show [Ca?Jeyto
before ATP stimulation. Middle and right columns show maximal [Ca®']eye upon ATP
stimulation. (C) Representative curves of cytosolic NO® signals in EA.hy926 cells in response
to ATP-stimulated Ca" release and entry. NO® amplitudes of scrambled siRNA- or siMICU1-
treated cells are defined as 100% (scrambled siRNA, N = 17 and siMICU1, N = 16). Left and
middle columns show respective average maximal [NO"]cyto. Maximal fluorescence changes of
G-geNOp™", under the same conditions and treatment, are shown in the right bar graph
(control cells, N = 11 and siMICU1-treated cells, N = 8). (D) Representative mitochondrial
Ca’" signals of control HUVECs (N = 6) and the cells with MICU1 silencing (N = 6).
Columns show [Ca®*]miw before and after ATP stimulation. (E) Average A[NO']eyto of control
HUVECs (N = 8) and cells treated with siMICU1 (N = 10) in response to ATP-containing
Ca?*-free HEPES buffer. Left and right columns show amplitudes and maximal slopes of G-
geNOp signals. “*” for p value < 0.05 and “**” for p value < 0.01. [Reproduced from
Charoensin S, Emrah E, Opelt M, et al. Intact mitochondrial Ca*" uniport is essential for
agonist-induced activation of endothelial NO® synthase (eNOS). Free Radic Biol Med.
2017;102:248-59. (105), with permission of publisher Elsevier Inc. Copyright 2016.]
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3.3 Mitochondrial depolarization causes reduced MCU-mediated Ca’" uptake and
subsequent NO’ reductions

As demonstrated that EMRE and MCU perturbation resulted in the negative effect on
eNOS-dependent NO® formation. Here, the confirmative experiments were performed in order
to link the dependence of mitochondrial bioenergetics and Ca*" uptake on NO" production. The
intact mitochondrial inner membrane potential (A¥miv) of EA.hy926 cells was collapsed using
antimycin (5 uM) and oligomycin (1 xM). Antimycin inhibits electron transfer from
cytochrome b to cytochrome c¢i (complex III), and oligomycin blocks ATP synthesis by
inhibiting mitochondrial H-ATP synthase (complex V) (5, 101). Consequently, A%t is
depolarized, and Ca®" uptake is halted (5, 101). Figure 3.10A and 3.10B represent average
mitochondrial Ca?>" and TMRM signals of control (vehicle) and oligomycin/antimycin-treated
cells. It was clearly observed that the depolarized mitochondria could significantly uptake less
Ca?" through their MCU complexes upon ATP-triggered ER Ca” release, in the absence and
presence of entering Ca**, p = 0.0096 (in EGTA buffer) and p = 0.0159 (in Ca*' buffer)
(Figure 3.10A). A marked decline of average TMRM signal of treated cells (p = 0.0286 vs.
control) occurred concomitantly with that of reduced Ca** uptake capacity of A¥mio-collapsed
cells (Figure 3.10B). Figure 3.10C shows an average percentage of G-geNOp fluorescence
signal upon ATP-induced mitochondrial Ca?" uptake. Mitochondrial depolarization resulted in
a significant inhibition of NO® production compared to control cells, p = 0.0074 (in EGTA
buffer) and p = 0.0200 (in Ca** buffer) (Figure 3.10C, left columns). The fluorescence signals
of the G-geNOp™', however, were not affected during mitochondrial depolarization and
independent of the presence of Ca®" (Figure 3.10C, right columns). However, under the same
experimental conditions, cytosolic Ca’" levels observed in AW¥mio-collapsed cells were only
partially reduced during Ca®" addition (Figure 3.10D). Therefore, these results point out that
the intact mitochondrial Ca®>" uptake and mitochondrial bioenergetics involve in eNOS-

catalyzed NO' formation.
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Figure 3.10 Mitochondrial depolarization reduces Ca**-triggered NO" formation. (A)

Average mitochondrial Ca®" signals of control EA.hy926 cells (N = 8) and the cells treated
with antimycin (5 uM) and oligomycin (1 uM) (N = 12) in response to ATP (100 M) (B)

Average TMRM fluorescence signals of control conditions (N = 6) and upon oligomycin and

antimycin treatment (N = 6). (C) Average A[NO]¢yt0 of control cells (N = 11) and treated-cells

(N = 9) upon ATP-stimulated Ca®' release and entry. Maximal signals under control

conditions were defined as 100% during Ca®" release and entry (middle bars). Right bars show
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maximal fluorescence changes of G-geNOp™" of control cells (N = 6) and treated-cells (N =
6). (D) Average fura-2 signals showing ATP-triggered cytosolic Ca?" transients in EA.hy926
cells (control, N = 6 and treated-cells, N = 6). “*” for p value < 0.05 and “**” for p value <
0.01. [Reproduced from Charoensin S, Emrah E, Opelt M, et al. Intact mitochondrial Ca®*
uniport is essential for agonist-induced activation of endothelial NO® synthase (eNOS). Free
Radic Biol Med. 2017;102:248-59. (105), with permission of publisher Elsevier Inc.
Copyright 2016.]
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3.4 eNOS expressions in MCU complex-perturbed EA.hy926 cells

It has been reported that phosphorylation is one of the important post-translational
modifications that modulates eNOS activity (10, 100). This molecular mechanism can result in
both stimulatory or inhibitory effect to the enzyme (10, 113). In this study, the endogenous
levels of total eNOS protein and the expressions of its phosphorylated form (peNOS) were
determined to find out whether perturbation of MCU complex affected eNOS phosphorylation
at serinel177. For this purpose, EA.hy926 cells were treated with ATP for 3 or 5 minutes.
Western blot analysis clearly showed that expression levels of peNOS in cells treated with
either scrambled siRNA or siRNAs against EMRE/MCU or MICU1 were increased after ATP
treatment (Figure 3.11A). The ratios of phosphorylated to total eNOS protein (peNOS/eNOS)
of knocked-down cells were indifferent upon ATP-triggered mitochondrial Ca®" sequestration
(3 or 5 minutes of incubations) (Figure 3.11B). This result indicates that the mitochondrial
Ca?" signals do not influence eNOS phosphorylation at serine 1177. Furthermore, this result
also implies that the increased NO® production in this cell type might be due to an inherent
mitochondrial Ca®" signaling following matrix Ca** augmentation within endothelial

mitochondria.
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3.5 Investigation of NO’ dynamics in eNOS-expressing HEK293 cells

HEK293 cells were transiently transfected with G-geNOp alone or in combination with
eNOS-RFP. Figure 3.12A illustrates a confocal image of eNOS-RFP expressing HEK293 cells
in which the enzyme immensely located at the plasma membrane, with lesser extent in the
intracellular vesicles but not within mitochondria. Upon ATP-triggered Ca’' release from
endoplasmic reticulum, the co-transfected HEK293 cells produced a significant amount of
NO® over the control cells (p = 0.0005) in a short period of time (Figure 3.12B, columns). To
check G-geNOp responsibility, sodium nitroprusside (SNP) was added at the end of the
recordings and the HEK293 cells in both conditions could sense NO" almost immediately after
SNP addition (Figure 3.12B). Further experiments were carried out to manipulate MCU-
mediated mitochondrial Ca** uptake on eNOS-dependent NO" production. Silencing of both
EMRE and MCU in HEK293 cells significantly reduced ATP-evoked mitochondrial Ca**
accumulation (p = 0.0145) (Figure 3.12C, right columns). Conversely, MICU1 knocked down
cells considerably accumulated more Ca** under basal condition (p = 0.0004) and in response
to ATP stimulation (p = 0.0152) (Figure 3.12C, left and right columns, respectively). There
was no alteration of respective cytosolic Ca®" transients (Figure 3.12D). By taking up less Ca**
into their matrix, the siEMRE/siMCU-transfected HEK293 cells expressing eNOS-RFP
resulted in a significant decline of average NO" signal (p = 0.0005 vs. control) (Figure 3.12E,
right columns). Yet, siMICU]I-transfected cells only showed a slight NO" increase. These
results, particularly that observed in the cells with EMRE and MCU silencing, were consistent
with those observed in EA.hy926 cells and primary HUVECs. Based on the HEK293 cells’
experiments, it is possible that less or poor matrix Ca’*' accumulation might cause an

inadequate support of eNOS-requiring factors for NO® production and availability.
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Figure 3.12 Mitochondrial Ca’?" uptake controls NO° formation

M HEK + eNOS-RFP

[0 Scrambled siRNA
B siEMRE/siMCU
Bl siMicu1

in HEK293 cells

expressing eNOS-RFP. (A) Representative image showing plasma membrane localization of
eNOS-RFP in HEK293 cells. (B) Average cytosolic NO' signals of control cells (N = 5) and
cells expressing eNOS-RFP (N = 3) upon 100 uM ATP-stimulated Ca*" release. Columns

show average maximal [NO]cyo after ATP and sodium nitroprusside (SNP, 1 mM) treatment.
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(C) Average mitochondrial Ca®" signals in eNOS-expressing HEK293 cells with or without
siRNA transfections in response to ATP-trigger Ca’’ release (scrambled siRNA, N = 8§,
sSiEMRE/siMCU, N = 8 and siMICU1, N = 7). Left bars show average [Ca’*']mitc before ATP
stimulation and right bars after ATP stimulation. (D) Respective [Ca®'Jeyo of eNOS-
expressing HEK293 cells (scrambled siRNA, N = 3, siEMRE/siMCU, N = 3 and siMICU1, N
= 4). Bars represent maximal [Ca?']eyto upon ATP treatment. (E) Curves representing average
A[NO]¢yto of control cells and siRNA-transfected HEK293 cells (scrambled siRNA, N = 9,
siEMRE/siMCU, N = 11 and siMICU1, N = 8). Bars show average amplitudes of G-geNOp
fluorescence signals. “*” for p value < 0.05 and “***” for p value less than 0.001.
[Reproduced from Charoensin S, Emrah E, Opelt M, et al. Intact mitochondrial Ca®" uniport is
essential for agonist-induced activation of endothelial NO® synthase (eNOS). Free Radic Biol
Med. 2017;102:248-59. (105), with permission of publisher Elsevier Inc. Copyright 2016.]
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CHAPTER 4

DISCUSSION

According to the present dissertation work, the significant role of MCU-mediated
mitochondrial Ca®" uptake and signaling on eNOS-dependent NO° production within
endothelial cells was originally reported. Outputs of the present study bring up a better
understanding on how mitochondrial Ca®" associates with eNOS function and NO" synthesis

under purinergic activation and IP3 signaling.

There is an attempt to better understand the involvement of mitochondria in endothelial
and cardiac NO" availability (101, 114, 115). The distinct experiment using permeabilized calf
pulmonary artery endothelial cells has demonstrated that, upon increased Ca®" concentration,
the NO® signals detected by fluorescent dye DAF-2-DA elevate despite using cell
permeabilizing agent and unspecific NO® probe (101, 115, 116). According to that, the exact
molecular events respective to NO® production were not appropriately manipulated because of
possible interfered enzyme/protein structure and function and inherent pitfalls from a probe’s
chemical property (116). In the recent years, the MCU complex (MCU and EMRE) and its
associated proteins (MICU1/2, MCURI1 and MCUb) have been identified (43, 50, 51). There
are extensive research interests that aim to manipulate these mitochondrial inner proteins
particularly in investigating their biochemical functions in physiological and
pathophysiological conditions (42, 72, 117). Therefore, the present study sought to investigate
the significance of mitochondrial Ca?" signal on endothelial NO® dynamics by furthering the
recent knowledge on mitochondrial Ca*" uptake machinery along with the use of the novel
NO’ probe (geNOp) (104). The present work showed that, upon fluorescence quenching of G-
geNOp, the NO® dynamics increased when EA.hy926 cells were treated with IP3-generating
agonist (ATP) (Figure 3.1C and 3.1D). The dynamic changes were coincident with rapidly
augmented intracellular Ca®" transients (Figure 3.1D). Notably, EA.hy926 cells had faster NO
kinetics compared to HUVECs (Figure 3.8C). It might be due to the differences in subcellular
localization, expression level and post-translational control of eNOS between the primary cell
and the cell line (97, 117, 118). These results together with previous reports suggest that the
geNOp technology is suitable for investigation of endothelial NO® dynamics (104). By
silencing EMRE and MCU in EA.hy926 cells, endothelial mitochondria could uptake less
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Ca?" into the matrix (Figure 3.7A), while cytosolic Ca®" levels remained unchanged (Figure
3.7B), which is in line with previous reports (28, 76, 84, 108). The decline in mitochondrial
Ca?" accumulation under purinergic stimulation of Ca®" release resulted in the reduced
capacity of eNOS in producing NO' (Figure 3.7C and 3.7D). This indicates that mitochondrial
Ca?" signal was biochemically significant for the production of this vasodilatory substance.
Furthermore, the experiments conducted in primary HUVECs and HEK293 cells showed very
consistent results in NO" dynamics with the current finding found in EA.hy926 cells (Figure
3.8E and 3.12E). Considering MCU complex-mediated Ca** uptake into mitochondria in each
cell type (Figure 3.7A, 3.8B and 3.12C), it is clear that this uniport complex not only mediates
Ca?" transport across inner membrane but also shapes Ca’' signals inside and outside the
mitochondria (119). With that, it governs mitochondrial Ca®" signaling and relevant Ca**-
sensitive pathways (38, 120, 121). Manipulation of mitochondrial respiration using
pharmacological compounds capable of blocking complex III and F1/FO ATP synthase caused
the bioenergetic collapse and subsequent mitochondrial depolarization (Figure 3.10B).
Consequently, mitochondrial Ca*' uptake capacity was disrupted due to an electrogenic
disturbance in intermembrane space (36). It has been demonstrated that the calf pulmonary
artery endothelial cells and EA.hy926 cells fail to sequester increased intracellular Ca*" when
the mitochondria are depolarized by OXPHOS inhibitor or uncoupling agent FCCP (101).
Dissipation of mitochondrial membrane potential altered dynamics of both mitochondrial Ca**
and cytosolic NO® (Figure 3.10A and 3.10C). These results emphasize that intact mitochondria
are essential for endothelial NO® synthesis. Therefore, based on the present finding, the
appropriate mitochondrial and cytoplasmic Ca** signals closely associate with endothelial NO
homeostasis.

According to the previous publications, the NO* dynamics in permeabilized endothelial
cells was investigated without intrinsic intracellular Ca** signaling but with extracellular Ca®"
addition (5, 101). So, obtained results are less pronounced, and the effect of mitochondrial
Ca”" uptake on NO' formation in this cell type is still elusive. In terms of physiological
conditions and high-quality imaging, siRNA against MICU1 and G-geNOp were preferentially
applied for visualization of NO' dynamics in response to ATP-evoked mitochondrial Ca®"
accumulation. Mitochondria of EA.hy926, HUVECs and HEK293 cells were found to take up

more Ca®" into their matrices upon Ca®* release from internal store (Figure 3.9A, 3.9D and
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3.12C). Interestingly, under this condition, cytosolic NO" increasingly formed in EA.hy926
cells up to 40% (Figure 3.9C), only slight amounts in HUVECs and HEK239 cells (Figure
3.9E and 3.12E). Positive effect of increased mitochondrial Ca®*" on NO' augmentation
observed in MICU]1-silenced cells was in agreement with seminal publications (5, 101).
Elaboration on this finding is seemingly relevant to mitochondrial support when Ca®*
accumulates more in the matrix. It has been reported that several mitochondrial enzymes are
dependent on matrix Ca**, and their activities are enhanced upon more Ca®" accumulation
(signal) within mitochondrial matrix (16, 121, 122). Moreover, the result is consistent with the
previous concept of Ca?*-dependent mitochondria-specific NOS despite limited clear proof of
its existence in endothelium (16, 122-124). It might be that the key mitochondrial Ca**-
sensitive enzymes in bioenergetic pathway and/or mitochondria-derived cofactors contributed
to the significant NO* formation, apart from cytosolic Ca**-mediated eNOS activation (16, 40,
121, 122). Besides, analyses of eNOS and phospho-eNOS expression revealed no association
between EMRE/MCU or MICU1 knockdown and phosphorylating level of the enzyme even
when EA.hy926 cells were treated with ATP (Figure 3.11A and 3.11B). Only the ATP
treatment that enhanced the phosphorylation of the enzyme, which is in line with the previous
reports describing the association between Ca?"/CaM complex binding to eNOS and enhanced
enzymatic activity (125, 126). Upon binding to its conserved domain located on eNOS, this
complex facilitates the electron flux from the reductase to the oxygenase domain and triggers
conformational change for phosphorylation on tyrosine residues (6, 9). Presumably, some
known kinase pathways (e.g., AMPK, PKC, or PI3K/PKB) are downstream targets capable of
phosphorylating eNOS at sensitive serine (89, 113, 127, 128). Based on the present studyj, it is
obvious that the augmented mitochondrial Ca*" uptake is directly involved in eNOS-dependent

NO’ production.

In conclusion, by utilizing the unprecedented G-geNOp technology and manipulating
mitochondrial Ca®" uptake machinery, the present dissertation work reveals that mitochondrial
Ca”* signal is indispensable for endothelial NO" generation. MICU1 silencing promotes
mitochondrial Ca®" accumulation and NO® synthesis. While, MCU/EMRE knock-down
reduces NO" content due to less matrix Ca®" sequestration. Pronounced research significance
arising from the dissertation is that the increased Ca®" uptake by mitochondria promotes Ca**-

triggered NO® formation. MCU complex may represent its new regulatory function on
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mitochondrially-regulated eNOS-mediated NO® production. Therefore, targeting endothelial
mitochondrial Ca** signal to maximize eNOS function may restore vascular homeostasis

across spectrum of vascular disease.
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