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ABSTRACT

NEHA ATTAL. Apoptotic T-cell derived microparticles containing sonic hedgehog
modulate endothelial cell functions in inflammation via rho kinase pathway. (Under the

direction of DR. MARK G. CLEMENS)

Impaired vascular regulation as a result of endothelial dysfunction is a major
determinant of sepsis-associated liver failure. We have previously shown that inhibition of
one signaling molecule rho-kinase (ROCK) predominantly restores endothelial function
impaired by endotoxin lipopolysaccharide. In the present study, we determined a ligand
that activates ROCK mediated endothelial dysfunction. A potential candidate is sonic
hedgehog (SHH) as it activates RhoA/ROCK non-canonically. More relevantly, T-
lymphocytes that undergo massive apoptosis in septic patients release SHH in vesicles
called microparticles (MPs). However, the role and mechanisms of SH*MPs in endothelial
dysfunction is not completely delineated. In this study, MPs were derived by inducing
apoptosis of human T-lymphoblastoid cell line and contained SHH (80%). These S"*MPs
induced stress fibers, hyperpermeability (+71.5%), mitochondrial depolarization (-61.5%),
increased oxidative stress (+242%) and decreased nitric oxide production (-46%) in
HMECs and impaired endothelium-dependent vasodilation (-61.82%) in ex-vivo porcine
mesenteric rings, by activating RhoA/ROCK pathway. SHH agonist also caused the same
endothelial dysfunction as S""*MPs. Inhibition of the SHH pathway or ROCK before
addition of MPs abrogated endothelial dysfunction, indicating that activation of ROCK

through the SHH pathway is required for MP-induced endothelial dysfunction. In
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summary, this study elucidated a novel mechanism in which apoptotic T-cell derived MPs
containing SHH induce endothelial dysfunction via RhoA/ROCK pathway and thereby can

contribute to vascular dysfunction of liver during sepsis.
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CHAPTER 1: INTRODUCTION

1.1. Liver-Guardian and Target of Sepsis

Despite extensive research and widespread use of standardized care, sepsis remains as a
leading cause of mortality and morbidity in intensive care unit (ICU) for decades now [1-
3]. This is largely due to complex alterations in immune, metabolic and microvascular
function. There are several key steps in pathophysiology of sepsis [4]. First, host response
to an infection that primarily determines patient outcome rather than type of pathogen.
Second, central role of endothelial and immune cells and in initiating and perpetuating the
host response. Third, sepsis associated concomitant activation of inflammatory and
coagulation cascades. Eventually, in a concerted effort to eliminate the pathogens, there is
dysregulation of body’s own immune response that ensues in protracted and unabated
systemic inflammation [5]. This excessive inflammation inflicts collateral damage on cells
and tissues that subsequently leads to subsequent failure of multiple organs (MOF) and
eventually death. A major hurdle in devising therapeutics for sepsis is our incomplete
understanding of the mechanism involved in manifestation of MOF. One of the most
important organs to fail is liver. In sepsis, liver plays crucial role in defense by scavenging
bacteria and in mediating inflammation [6, 7]. But, liver also becomes a potential target by
virtue of overwhelming inflammatory response and is shown to fail early in sepsis [8, 9].
Also, liver injury can further exacerbate the severity of sepsis by contributing to
detrimental inflammatory response in other organs [10]. Liver dysfunction has an
exceptional prognostic relevance for the course of sepsis and is a powerful independent

predictor of mortality [11, 12]. Serum bilirubin levels, as a key marker of hepatic



dysfunction, are a vital component of prognostic scores at ICU, such as the Sepsis-related
Organ Failure Assessment (SOFA) score [13]. Attenuation of sepsis associated liver injury
may lower the morbidity of sepsis. However, the mechanism of inflammatory pathogenesis

in the liver is not well understood.

1.1.1.Liver as a Guardian of Sepsis

Liver is the largest gland in human body and plays a central role in immunological and
metabolic homeostasis. Liver is responsible for many vital life functions including blood
detoxification, storage, energy production, metabolism of macromolecules, nutrient
conversion, synthesis of plasma proteins, hormone balance, coagulation and inflammatory
response [14]. These important physiological functions make the liver a critical organ for
host survival following severe injury. In sepsis, liver plays crucial role in clearing bacteria,
in mediating inflammatory responses, and in coagulation, which regulate renal failure,
acute lung injury, acute respiratory distress syndrome, coagulopathy, and hepatic
encephalopathy [15]. These critical functions are accomplished by liver’s unique

microcirculation system and the various cells that compose liver.

1.1.2.Hepatic Microcirculation and its Associated Cells

Hepatic microcirculation is of utmost importance for physiology and function of the whole
organism. It supplies the parenchymal tissue with nutrients and oxygen, serves as a gate
for immune cells entrance in hepatic inflammation and is responsible for detoxification and
clearance of foreign bodies from the blood stream [16]. Liver microcirculation comprises
of portal venules (PV), hepatic arterioles (HA), sinusoids and central venules (CV). This
vascular network delivers oxygenated blood and removes de-oxygenated blood and waste

to and from hepatic parenchyma. The portal venules, hepatic arterioles and bile ducts



together form the structural unit called portal triad; and then a hexagonally shaped structure
with one triad located at each of its exterior ventrices plus a centrally located central venule
forms the functional unit of the hepatic microcirculation called as the hepatic lobule. In
each lobule, the parenchymal cells of the liver; hepatocytes are connected with each other
and are visible as plates. These hepatocytes face blood channels called as sinusoids. The
sinusoids are wrapped with fenestrated endothelial cells (LSECs) and are also populated
with resident macrophages, the kupffer cells (KCs). There is a space between the
endothelial cells linings and the apical membrane of hepatocytes called the Space of Disse
where the hepatic stellate cells (HSCs) reside (Figure 1).

Liver is unique organ supplied by both arterial and venous blood. The
majority of blood (75-80%) enters the hepatic microvasculature from portal vein. The
portal vein is a valve-less afferent vessel that collects deoxygenated, nutrient-rich,
endotoxin-rich blood supply from splenic vein (spleen), superior mesenteric vein (small
intestine), and also receives blood from inferior mesenteric (large intestine), left and right
gastric veins (stomach) and cystic vein (gall bladder). The inlets of these portal venules are
guarded by sphincters that compose of sinusoidal lining termed as the inlet sphincters
(Figure 1). In contrast, the oxygenated blood represents 20 to 25% of the total blood that
enter the liver. This blood supply originates from the celiac artery; the first major branch
of the abdominal aorta and is delivered to the hepatic microvascular system through
branches of hepatic arterioles called arterio-sinus twigs (Figure 1). In addition, occasional
direct connections between the portal venules and hepatic arterioles known as the arterio-
portal anastomoses are present (Figure 1). After the blood flows through the sinusoids, it

exits the hepatic lobule through the central venule located in the middle of the hepatic



lobule and is then drained to the terminal hepatic venules through which the blood is
returned to the inferior vena cava (Figure 1). Together it comprises of 25% cardiac output.

The sinusoidal network is the principal regulatory site of the hepatic
microcirculation. In addition to the upstream resistance vessels in the splanchnic viscera,
the hepatic microcirculation can be regionally regulated by vasoconstriction and
vasodilation of the sinusoids [17-20]. The cellular component of hepatic sinusoids 1i.e.
hepatocytes, liver, LSECs, HSCs, and KCs can actively regulate the diameter of the vessels
in response to gut derived toxins and regional vasoactive factors. This locally regulated
distribution of hepatic microcirculation results in heterogeneity of perfusion (Hop), in
which flow can be highly variable ranging from 25 to 300 um/sec in individual sinusoids
with an average volumetric flow of 6.0 pl/sec. The organization of sinusoids is functionally
and structurally heterogeneous. Near the portal vein and hepatic arterioles, the sinusoids
are arranged in an interconnecting polygonal network while near the central venules, they
are organized as parallel vessels that terminate in terminal hepatic venules. Short inter-
sinusoidal sinusoids are present to connect these parallel vessels, and the sinusoids lining
cells form inter-sinusoidal sphincters to regulate blood flow in short segment of sinusoids

(Figure 1).
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Figure 1: Schematic representation of hepatic microvasculature

The liver is divided into hexagonal-shaped lobules, which have portal triad of vessels at

each corner consisting of portal venule (PV), hepatic arteriole (HA) and bile ductule (BD).



Each lobule is comprised of plates of hepatocytes, lined by sinusoids. Sinusoids are liver-
specific capillaries that are lined by discontinuous fenestrated endothelial cells (LSECs),
while the hepatic stellate cells (HSCs) are present the sub-endothelial Space of Disse and
resident macrophages kupffer cells (KCs) are found within or below the endothelium.
Blood from HA and (PV) enters the hepatic lobule, flows through the sinusoids, and exist
the lobule through the central venule (CV) and terminal sub-lobular hepatic venule (SLV).
Arrows indicate direction of flow. L: Lymphatic, N: Nerve, BD: Bile ductule (Original
drawing by author). This figure has been modified from diagram in reference [21]
1.1.3.Liver Immune Surveillance Mechanism

Liver is located in the upper right-hand portion of the abdominal cavity beneath the
diaphragm and on top of the stomach, right kidney and intestines. Owing its unique
anatomical location, the portal vein coming from gastrointestinal tract brings de-
oxygenated blood full of circulating antigens, endotoxins, danger signals and
microorganism to the liver for detoxification before entering the heart. Microbes in sepsis
frequently translocate from the gut lumen into liver through portal vein [22]. The gut lumen
harbors normal flora bacteria that facilitate digestion and use of nutrients [23]. The gut and
the associated local immune system work together to prevent translocation of intestinal
bacteria into the portal vein. After the gut intestinal epithelial barrier, the liver along with
spleen constitutes the second line of defense that detect and eliminate the invading bacteria
and bacterial products, inhibiting spread of bacteria into the body and therefore sepsis [22].
In animal models of intravenous bacteria injection, >60% of the injected bacteria can be

trapped in the liver within 10 min [24].



Majority of mechanisms related to immune surveillance by liver takes place
in hepatic sinusoids [25]. This is because the capillary-like sinusoids structure allows the
flow of blood to reduce more than 50 folds, maximizing the detection of pathogens and
their capture by liver-resident immune cells. The cellular component of hepatic sinusoids
that play role in bacterial phagocytosis and clearance include hepatocytes, LSECs, HSCs ,
KCs and manifold of immune subsets such as polymorphonuclear leukocytes, monocytes,
natural killer T-cells (NKT) and lymphocytes [26]. KCs, the largest population (80-90%
of total fixed macrophages in body) of resident macrophages in liver are the first immune
cells that come in contact with the gut bacteria, endotoxins and microbial debris derived
from gastrointestinal tract [27]. These KCs are equipped array of pathogen recognition
receptors (PRRs) such as toll like receptor-4 (TLR-4) that allow them recognize a pathogen
associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS) found in cell wall
of gram negative bacteria and conduct phagocytosis [28-30].This initiates specific
signaling pathways activating transcription factors such as nuclear factor kappa B (NF-«xB)
among others. NF-kB induces transcription of specific genes involved in pro-inflammation
such as interleukin-6 (IL-6), interleukin-12 (IL-12), interleukin-1p (IL-1p), tumor necrosis
factor alpha (TNF-a) and secondary metabolites such as nitric oxide (NO) and reactive
oxygen species (ROS). These chemokines and cytokines inhibit proliferation of
microorganisms and allow KCs to function as immune sentinel, alerting other components
of the immune system to the presence of harmful pathogens including antigen specific
adaptive immune responses [15]. KCs allow rapid clearance of bacteria while the bulk of
bacteria in liver is taken by the bactericidal neutrophils. KCs produced cytokines such as

leukotriene B4 (LTB4), TNF-a [31, 32] that recruits neutrophils into the liver to control



bacterial infection by phagocytosis or by releasing anti-microbial granule proteins [33, 34].
KCs also interacts with other blood cells such as platelets, leukocytes, erythrocytes in
promoting neutrophil recruitment [35]. Platelets actively patrol the liver vasculature via
touch- and-go interactions with KCs, scanning for pathogen. When a bacteria is trapped on
KCs, platelets firmly adhere to the cells and interact with neutrophil [26]. This interaction
promotes neutrophils to release of neutrophil extracellular traps (NETs) composed of
released DNA and proteolytic activity that traps the bacteria and kills it extracellularly [35].
These NETs are found in the liver vasculature during sepsis [36]. In a mouse model of
Staphylococcus aureus induced sepsis, NETs formed in the liver efficiently cleared the
bacteria and were protected against sepsis [37]. Hepatocytes contributes to endotoxin
clearance such as LPS by primarily using lipoprotein. Lipoprotein is an LPS-binding
protein that transfers LPS to cluster of differentiation 14 (CD14); a co-receptor along with
TLR-4 to detect LPS. This facilitates interaction between LPS and TLR-4 on the surface
of phagocytes such as neutrophils to remove LPS and initiate pro-inflammatory cascade
[38]. LSECs and HSCs also recognize PAMPs via PRR and induce phagocytosis. Apart
from pathogen capture and clearance, LSECs, HSCs, KCs and hepatocytes act as liver
antigen-presenting cells (APCs), expressing major histocompatibility complex (MHC) I, II
and co-stimulatory molecules needed for activation of NKT and classic T cells- helper
CD4" and cytotoxic CD8" T-cells and induce local and systemic inflammatory responses
in sepsis [39]. CD4" T-cells support CD8" T-cells to proliferate and differentiate into
licensed cytotoxic T-lymphocytes (CTL) that kill intracellular microorganisms through
secretion of cytokines such as interferon-gamma (IFN-y), TNF-q, interleukin-4 (IL-4) or

attack infective cells via cytosolic granules containing perforins and granzymes [40].



In sepsis, liver shows a rapid switch from tolerogenic towards immunogenic
response. Under basal conditions, low amounts of microbial product such as LPS entering
the liver from the gut via portal vein induce tolerogenic response. A tolerogenic
environment is characterized by decreased antigen presentation of KCs, hepatocytes to the
T-cells, absence of co-stimulatory molecules and increased expression of inhibitory
molecules such as PD-L1 by LSECs. This resulting condition supports proliferation of non-
licensed T-lymphocytes that are unable to kill the targets cells in antigen specific manner,
thus suppressing adaptive immune response. Normally, the liver mediated immune
hyporesponsiveness is the default program to make sure no unwanted inflammatory
responses are raised against harmless food antigens or normal levels of microbe-derived
molecules that enter blood stream on daily basis from the gut [41]. However; if the level
or context of microbial product changes or during concomitant experimentally induced
injury, the same antigens are processed in immunogenic fashion, and induce cytotoxic T-
cell responses [42]. This process triggers robust inflammatory response that contribute to
efficient elimination of the pathogen. However, in sepsis where inappropriate immune
responses are initiated and inflammation is sustained, this protective response results in
liver function impairment and multiple organ dysfunction syndrome. Notably, liver
induced immunogenic response represents a double-edged sword in sepsis that contribute
to clearing bacteria and toxins but also causes inflammation, immunosuppression and
organ damage [15].
1.1.4.Liver as Target in Sepsis
In sepsis, the liver is injured by pathogens, inflammatory mediators or microvascular

alterations. The injury progresses from hepatocellular dysfunction to liver damage and



10

subsequently to liver failure. Liver dysfunction is associated with subtle changes in the
hepatocellular functions such as decreased metabolic function and or decreased immune
function. Liver dysfunction often occurs early in sepsis, usually 1.5hrs after cecal ligation
and puncture in animals (CLP-a procedure where cecum is ligated to produce
polymicrobial infection), or less than 24hrs post onset of sepsis in patients due to
inflammation [8, 15]. Clinical and experimental data suggests that liver dysfunction is an
early sign of sepsis [9]. In liver damage, there is irreversible injury to hepatocytes. Liver
failure is defined as severe damage to the liver with 80-90% loss of function in liver cells.
Ongoing inflammation and microvascular dysfunction can cause liver damage and failure
[15]. Liver being a critical organ for survival of sepsis, liver injury before or after the onset
of sepsis has grave consequences on severity and outcome of sepsis patients [ 1]. However,
the mechanism of pathophysiology of liver failure are complex and not well

comprehended.

1.2. Microvascular/Endothelial dysfunction- a Major Determinant of Liver Failure

The pathogenesis of sepsis associated liver dysfunction is complex process that is mainly
attributed to metabolic, inflammatory and microvascular alterations in the liver. Previous
research from our lab and others [43-56] have shown that a major determinant of liver
failure in sepsis and trauma patients is failure of liver microcirculation. The impaired
hepatic microcirculation leads to areas of ischemia locally in the liver triggered by
inadequate oxygen (0O2) concentration in blood/ reduced blood flow due to decreased
arterial/ or increased venous pressures or lack of Oz carriers [57]. This is also known as
shock liver which not only causes hepatocellular injury, but also provide the first element

that can trigger the progression of MOF [58].
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A critical factor that contributes to impaired vascular regulation of liver in
sepsis is dysfunction of endothelial cells [59-62]. Endothelial cells are inner cell linings of
blood vessels that form an interface between blood and tissue. Initially thought to be as an
inert cellophane like single layered membrane, endothelium is now identified as dynamic
heterogeneous, disseminated organ that possess vital secretory, synthetic, metabolic and
immunological functions [63]. Under quiescent conditions, endothelial cell exhibit a
number of important physiological functions that allow for normal homeostasis. Acting as
a semi-selective gate keeper between blood and tissues, these endothelial cell regulate flow
of diverse molecules such as proteins, lipids, metabolites, hormones and blood cells
themselves through membrane bound receptors [64]. The endothelium also plays pivotal
role in regulating blood flow and pressure by producing number of vasodilator such as NO,
prostacyclin and vasoconstrictor substances such as endothelin-1 (ET-1) which regulate
vasomotor tone by increasing blood flow or decreasing the blood flow respectively [65].
Endothelial cells maintain an active non-thrombic (non-clotting) surface by inhibiting
platelet aggregation, coagulation and thus facilitating transit of plasma and cellular
constituents throughout the vasculature [66]. When perturbed, the endothelium is capable
of responding rapidly to diverse stimuli such as microbial components, shear stress
coagulation proteins, cytokines and growth factors by interacting with inflammatory
mediators and generating inflammatory mediators themselves [64]. These activation
responses include controlling transmigration of leukocytes into the tissue by a carefully
regulated process involving adhesion molecules that mediate the adhesion of immune cells
and platelets to the endothelium by binding to specific ligands on these cells [67].

Endothelial cells can themselves induce production pro-inflammatory mediators such as
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TNF-a, IL-1pB by recognizing PAMPS via PRR on their cell surface resulting in pro-
inflammatory and pro-thrombin phenotype and play role in host defense against
microorganisms and for repair of tissue injury [65]. All these responses are generally
localized and beneficial. However, under some circumstances such as sepsis these
endothelial functions are deteriorated i.e. there is endothelial dysfunction.

Endothelial dysfunction is a general term used to describe a diminished
capacity to produce vasodilators importantly NO release [68] and a tendency toward a pro-
thrombotic and pro-inflammatory state. The pathological changes associated with sepsis
induced endothelial dysfunction include a loss of vascular integrity and permeability
functioning, platelet aggregation, thrombosis, leukocyte infiltration into the surrounding
tissue and increased cytokine production [69]. This endothelial activation and dysfunction
culminate in the clinical manifestations of inflammation as seen in sepsis. Microscopically
visible shape changes or injury to the ECs has been assessed in several studies [70-72]. A
single injection of LPS has long been demonstrated to be a non-mechanical technique for
removing endothelium [70]. As early as 15 min after LPS injection [73], cellular injuries
are apparent with cytoplasmic swelling and protrusions, nuclear vacuolization, cytoplasmic
fragmentation and detachment of endothelial cells from the internal elastic laminae. This
can also be observed in CLP rat model 10 hours after onset of sepsis [74]. Endothelial
injury results in increased leukocyte infiltration into tissue and increased production of pro-
inflammatory cytokines which is manifested in about 6 hours after the inflammation has
been triggered and reached maximal potential at 12-14 hours as the combination of
cytokines exert potentiating effects [74, 75]. Endothelial physical disruption allows

inflammatory fluid and cells to shift from the blood into the interstitial space. Recently,
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indirect immunofluorescence was devised to detect circulating endothelial cells to provide
direct evidence of endothelium shedding in human sepsis. They demonstrated that the
number endothelial cells per mL was significantly higher in patients who died of septic
shock than in survivors [76]. Endothelial injury is sustained over time. In endotoxin rabbits,
the endothelium denudation is present at the level of abdominal aorta as early as several
hours following injury and persisted for at least 5 days while, the recovery took total of 21
day [72]. Similarly in 12 human volunteer, receiving 4ng/Kg Escherichia coli LPS by
intravenous injection showed two stage response. An immediate symptomatic
inflammatory stage for 8 hours involving phagocytosis and endothelial injury. This was
followed by 12 hour long asymptomatic non-inflammatory stage where they showed
second peak activation inflammatory and coagulation response along with secondary
endothelial cell injury [77]. Thus, vascular endothelium plays a central role in control of
microvascular flow and widespread vascular activation, dysfunction and eventually injury
occurs in sepsis and contribute to MOF [78].

1.3.Imbalance in Endothelial Vasoactive Molecules as Contributor to Hepatic Failure.

In liver, the most important constrictor is endothelin-1 (ET-1) that causes blood vessels to
constrict, but also stimulates production of essential vasodilator nitric oxide (NO)
moderating that constriction [79]. During sepsis, there is a shift towards decreased NO
mediated dilation due to inactivation of NO producing enzyme endothelial nitric oxide
synthase (eNOS), resulting in uncompensated constriction [45, 80] and thereby liver injury.
1.3.1.Endothelin

The vasoconstrictor ET is produced by endothelial cells, with marked effects on vascular

tone. There are three types of ET; ET-1, ET-2 and ET-3 but vascular endothelial cells
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produce only ET-1 [81]. In liver, ET-1 is predominantly produced in LSECS [82, 83] but
minimally in HSCs [84] and KCs [85]. In addition to the cellular level, ET-1 production is
regulated at molecular level especially during transcription and by proteolytic cleavage. At
the transcription level, the production of pre-pro-ET-1(inactive form) can be induced by
interleukins [86] as well as other vasoactive factors including epinephrine, angiotensin II
and vasopressin [87]. Once the pre-pro-ET-1 peptide (203-212 amino acids) are formed,
they are inactive until they are cleaved into an intermediate form called as big ET-1 (38-
41 amino acids). Ultimately, the big ET-1 peptides are further cleaved by endothelin
converting enzyme (ECE) in its 21 amino acids active form as ET-1 (Figure 2).

ET-1 was first discovered in 1988 as a potent vasoconstrictor in endothelium.
It plays a significant role in regulation of hepatic microcirculation by primarily mediating
sinusoidal vasoconstriction [17, 18, 88, 89]. However, the vasoactive properties of ET-1 in
liver are far more complex that simple induction of HSC contraction (Figure 2). Although
it primarily acts as vasoconstrictor, there is considerable evidence to indicate that ET-1 also
induces vasodilation [90]. Moreover, the vasoactive role of ET-1 in the liver
microcirculation is even more important under inflammatory and oxidative stress
conditions. ET-1 expression and response increases following liver injuries induced by
LPS [50, 91], Ischemia/ reperfusion injury [91] and chronic alcohol consumption [92].
Besides hepatic microcirculation, ET-1 is also involved in the regulation of wide spectrum
of other biological functions in the liver, including the induction of calcium mobilization,
glycogenolysis, bile acid secretion, phospholipase A2 production and eicosanoid release

[93].
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1.3.2. Endothelin Receptors

In the liver, ET bind to two major ET receptor subtypes: the endothelin-A (ETa) and
endothelin-B (ETs) receptors (Figure 2). Endothelin receptors (ETRs) are guanine
nucleotide-binding protein (G-protein)-coupled receptors (GPCRs). In general, agonist
binding to GPCRs leads to the dissociation of the heterotrimeric G-protein on the
cytoplasmic side of the receptors into GBy and Ga subunits. G-protein signaling is complex
and can mediate through many possible permutations, including more than 20 Ga, 6G and
12Gy isoforms [94-96] . In addition, GPCR’s are classified as either pertussis toxin (PTX)-
sensitive that is coupled to Gain and PTX-insensitive that is coupled to Gogi11, Gas, and
Gai2/13. PTX inhibits GPCR-couple signaling by catalyzing ADP ribosylation of Gaio
subunits that maintains the Gai/ subunit in its inactive ADP-bound form in order to prevent
its interaction with the GPCRs. In general, ETa receptors are coupled to G-protein of Gog
and Gai families which activate PLC but at the same time inhibit adenylyl cyclase [94, 97].
In contrast, the stimulation of the ETs receptor is coupled to the G proteins of Goqand Gas
families which activate phospholipase C (PLC) and inositol 1,4,5-triphosphate (IP3) to
induce the release of calcium (Ca*?) from endoplasmic reticulum (ER) stores [98]. The
increase in cytosolic Ca™ then stimulate calmodulin (CaM) binding to eNOS, which
facilitates the displacement of eNOS from caveolin-1 (Cav-1) to increase eNOS activity
(Figure 2). In the LSECs, ETs receptors are also sensitive to PTX inhibition and the ET-1
mediated NO production is linked to Gaio signaling pathways. This ET-1 mediated NO
production in the LSECs can be inhibited by GPCR-kinase 2 (GRK2) which is upregulated
following liver injury to inhibit protein kinase B (Akt) activity and results in portal

hypertension [99].



16

The ETRs are heterogeneously expressed among the liver cell population
[100]. HSCs and hepatocytes express both ETa and ETs receptors. Binding to ETa
receptors on HSC stimulates the contraction of the cytoplasmic processes of the HSCs
(Figure 2) that mediates vasoconstriction of the sinusoids [101, 102]. All cells in the
sinusoids express ETs receptors. The LSECs and KCs do not express ETa receptors, so
these cells only have ETs receptors on the plasma membrane. Stimulation of the ETs
receptors induces NO production in LSECs (Figure 2) that mediates vasodilation of the
sinusoids [103-105]. However, the vasoactive effects of ET-1 binding to the ETs receptor
are much more complex than just straight forward induction of vasodilation of the hepatic
sinusoids; it has been shown that binding the ETs receptors also mediates vasoconstriction
[106-108]. This observation leads to the suggestion of classifying ETs receptors into two
putative subtype ETgsi receptor for vasodilation and ETs2 receptors for vasoconstriction

[109, 110].



17

)
| = Cholesterol

Big ET-1

Pre-proET-1

Ca*2 ! .
: Inactive

MLC phosphorylation
(Contraction)

MLC de-phosphorylation @-

(Relaxation) .
Net effect for ET,R : Contraction

Net effect for ETzR: Relaxation

VSMC or HSC

Figure 2: Endothelin and nitric oxide signaling pathways.
(1) In the LSECs, the production of the active form of ET-1 is regulated at levels of

transcription as well as proteolytic cleavage by endothelin converting enzymes (ECE). (2)
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The binding of ET-1 to the ETs receptor (ETsR) induces the translocation of eNOS to the
plasma membrane and also stimulates the dissociation of heterotrimeric G-protein. (3) The
G-protein Py subunits activates Akt. (4) The G-protein a subunit (Gogi1) stimulates
phospholipase C (PLC) to produce inositol 1,4,5-triphosphate (IP3) that subsequently
induces calcium (Ca*) release from the endoplasmic reticulum (ER). (5) This Ca*™? flux
induces calmodulin (CaM) binding to eNOS, which facilitates the dissociation of eNOS
from caveolin-1 (Cav-1). (6) Hsp90 further increases eNOS activity by facilitating
displacement of eNOS from Cav-1. (7) As a result, ET-1 stimulates eNOS to produce NO
and L-citrulline from L-Arginine. (8) NO diffuses to the neighboring VSMCs or HSCs,
and binds to the heme group of soluble guanylate cyclase (sGC), which leads to cGMP
production and activation of cGMP-dependent protein kinase G (PKG). (9) Activated PKG
interacts with myosin light chain phosphatase (MLCP) and stimulates MLCP activity, by
not only phosphorylating MLCP at ser695 ser852 residues but also by preventing ROCK-
2 mediated phosphorylation of MLCP at Thr696 and Thr853 residues and inhibition of
myosin light chain kinase (MLCK) by decreasing Ca*? through inhibition of voltage gated
Ca™ channels. The serine phosphorylations of MLCP, the suppression of RhoA/ROCK-2
mediated threonine phosphorylations and inhibition of MLCK facilitate MLCP activity in
the de-phosphorylation of myosin light chain (MLC), which results in relaxation of the
MLC. (10) In the VSMCs or HSCs, ET-1 binding to the ETa receptor (ETaR) stimulates
the dissociation of heterotrimeric G-protein. (11) The G-proteins of the Gaiz13 family
stimulate RhoGEF, which activates RhoA by promoting release of GDP and facilitating
the subsequent binding of GTP. In addition, the G-proteins of Gaq and Gas families activate

PLC, which then cleaves phosphatidylinositol 4, 5-bisphosphate (PIP2) to release IP3 and
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diacylglycerol (DAG). (12) IP3 stimulates the release of Ca*? from ER stores, which in
turn leads to the activation of Ca*?/CaM-dependent MLCK and ultimately results in
vasoconstriction. (13) (Original drawing by author).
1.3.3. Nitric Oxide
NO is a gaseous free radical molecule involved in many physiological and pathological
processes. For years, the true identity of NO was unknown, and it had been referred to as
endothelium-derived relaxing factor (EDRF). Furchgott, Ignarro, and Murad were awarded
a Nobel Prize in 1998 for their contribution in identification of NO as EDRF and in the
classification of NO as biological mediator [111, 112]. NO has been recognized as key
determinant of vascular homeostasis, regulating several physiological properties of blood
vessels including vasodilation, vascular permeability and antithrombic properties [113].
Low levels of NO produced by the endothelial cells play a key role
maintaining vasorelaxation by exerting its effects on vascular smooth muscle cells
(VSMCs), the contractile state of which defines vascular tone. NO dependent vasodilation
is initiated when agonist such as acetylcholine (Ach), adenosine triphosphate (ATP), shear
stress, ET-1 activate the endothelial cells phosphoinositol pathway and increase cytosolic
Ca'?. In the endothelial cells, Ca*? binds to CaM, which then activates eNOS to form NO
from its precursor substrate, L-arginine. NO diffuses to the adjacent SMC where it activates
soluble guanylate cyclase (sGC) to increase 3°, 5’-cyclic guanosine monophosphate
(cGMP) levels. cGMP relaxes SMC by decreasing Ca™ levels through inhibition of
voltage-gated Ca* channels and activates protein kinases that phosphorylate proteins in
the sarcoplasmic reticulum, as well as Ca*>-dependent potassium channels. Reduction in

cytosolic Ca*? concentration results in inhibition of Ca**/CaM mediated myosin light chain
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kinase (MLCK) complex formation in the VSMC, promoting vasorelaxation (Figure 2).
Production of NO is found in virtually every tissue of the body; however, the exact role of

NO in regulating biological functions is complex.

1.3.4.Nitric Oxide Synthase

There are four isoforms of nitric oxide synthases (NOSs): Inducible (iNOS), endothelial
(eNOS), and neuronal (nNOS) and mitochondrial (mtNOS). All the isoforms are
homodimer and each monomer contain an oxygenase domain and a reductase domain
(Figure 3). Although these isozymes are encoded by different genes located on different
chromosomes, there is remarkable sequence homology among them. Most notably, several
regions necessary for NOS activity are highly conserved. These include the binding sites
for reduced nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine
dinucleotide (FAD), flavin mononucleotide (FMN), CaM and tetrahydrobiopterin (BHa).
All four isozymes catalyze the same reaction, which involves consumption of O2 and

acceptance of electrons from NADPH to convert L-Arginine to NO and L-Citrulline:

L-Arginine+ 1.5 NADPH/H" + 202 — L-Citrulline +NO+1.5NADP" +H20

This reaction involves formation of several intermediates resulting from a series of electron
transfer steps from NADPH to Oz (Figure 3). Although the transfer of electrons to Oz in
the oxygenase domain is independent of the availability of BH4 and L-arginine, the
presence of BH4 and L-arginine is critical for the proper functioning of NOSs. If L-arginine
or BH4 is deficient, the electron is accepted from NADPH will be transferred directly to Oz

to produce superoxide (O2") rather than NO (Figure 3). Consequently, at low levels of BH4
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or L-arginine, both NO and O are produced, which subsequently react to form
peroxynitrite (ONOO™).

Unlike the absolute requirement for BH4 as cofactor for proper functioning
in all NOSs, the functional requirement of Ca*? is different among the isoforms.
Constitutive NOSs (cNOSs) including nNOS and eNOS and mtNOS are more dependent
on Ca*? than iNOS. In the absence of Ca*?, cNOSs are inactive. The binding of Ca™/CaM
to cNOSs stimulates their enzymatic activity [114] to produce low level of NO (<1uM) by
inducing conformational change of cNOSs to facilitate the rate-limiting electron transfer
step between FMN and BH4 [115, 116]. In contrast, iNOS is less dependent on Ca™
binding. In response to immunological stimuli such as TNF-a, IL-13, IFN-y and endotoxin
[114] iNOS produces large amount of NO (>1uM). Since the reaction of NO and Oz is
much faster than with superoxide dismutase (SOD) [117], at high concentration, NO
combines with O2"to form ONOO", which is often associated with tissue injury and causes
detrimental effects such as hypotension and shock [118].

All four NOSs can be purified from the liver; however iNOS and eNOS
appear to be most important for hepatic microcirculation. In the liver, iINOS was identified
in the KCs, HSCs, and hepatocytes as well as in endothelial cells and SMC. However eNOS
is only expressed in LSECs [119]. In normal liver, iNOS is virtually absent, but its
expression is significantly upregulated in response to various inflammatory and oxidative
stress stimuli. This led to the assumption that NO production from iNOSs, but not eNOS
was crucial for the maintenance of hepatic blood flow following inflammatory and
oxidative stress conditions [120] . However, the treatment with iNOS antagonist did not

improve but rather increased mortality of sepsis patients, although hypotension was
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improved [118, 121]. Strikingly, the treatment with specific eNOS inhibitor or non-specific
NOS inhibitors worsens the stress induced liver injury [122]. The exacerbation of injury is
associated with failure of local microcirculation [120] and the formation of patchy necrosis
[122]. The detrimental effects of eNOS inhibition in the liver is confirmed in eNOS gene
knock out mice [123, 124] and were completely reversed by endogenous and exogenous
NO-donor but not by iNOS inhibition [125]. These results suggest that relative impaired
NO produced by eNOS and excessive NO generation followed by stress-induced iNOS

gene expression due to ONOO" exacerbate liver injury [118].
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Figure 3: Schematic diagram of mechanism of nitric oxide synthase action

Nitric oxide synthase (NOS) is a homo-dimer and each monomer units consists of an
oxygenase domain in the N-terminus and a reductase domain in the C-terminus. The
catalytic production of nitric oxide (NO) involves a sequential electron transfer steps. An

electron is accepted from a reduced nicotinamide adenine dinucleotide phosphate
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(NADPH), which is subsequently transferred to flavin adenine dinucleotide (FAD) and
then flavin adenine mononucleotide (FMN) in the reductase domain. The electron transfer
from the reductase domain to the oxygenase domain occurs in trans (from one monomer to
another) and is a rate-limiting step in constitutive NOSs (CNOSs). Calcium/calmodulin
(Ca™*/CaM) triggers a conformational change of cNOSs to enhance kinetic energy. In
coupled eNOS (A), sufficient tetrahydrobiopterin (BH4) and L-arginine yield L-citrulline
and NO in the oxygenase domain. BH4 in conjunction with iron protoporphyrin 1X (heme)
groups (Fe) hold the subunits tightly bound and keep the dimer stabilized. However, when
there is deficiency of BHas or L-arginine, electrons flow from reductase domain get
uncoupled from L-arginine oxidation (B) leading to direct transfer of electrons to oxygen
(O2) in the oxygenase domain, to yield superoxide (O2") instead of NO. Note that in actual
conformation the heme groups from two subunits lie in proximity. The reaction of NO and
Oz form peroxynitrite (OONO") which may cause oxidative damage and have detrimental
effects. Also, the binding of caveolin-1 (Cav-1) to the eNOS reductase domain prevents
the initiation of the electron transfer steps by blocking eNOS from accepting electrons from

NADPH. This figured is referred from [126]

1.4.Activation of Rho Kinase Pathway Mediates Endothelial Dysfunction

The mechanisms involved in inactivation of eNOS leading to decreased NO mediated
dilation that significantly contribute to sepsis associated liver injury, are complex and
incompletely understood. However; we found that inhibition of one intracellular signaling
molecule rho kinase (ROCK) largely restores ET-1 induced NO production impaired by

LPS via inactivation of eNOS [127].
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RhoA is a member of the small G-protein superfamily, which contains over
100 members that cycle between an inactive guanosine diphosphate (GDP)-bound form
and active guanosine triphosphate (GTP)-bound form. The rate limiting step of the
GDP/GTP exchange is the dissociation of GDP, which is facilitated by guanine nucleotide-
exchange factors (GEFs). For example, the Gaiz/13 and Gogi11 mediated RhoA activation
involves RhoGEF; PDZ-RhoGEF, LARG, p115-RhoGEF [128, 129]. The active GTP-
bound form of the small G-protein is converted to the inactive GDP-bound form due to its
intrinsic GTPase activity, which can be stimulated by GTPase-activating proteins (GAPs)
(Figure 4).

The small G-protein superfamily is classified into five subfamilies: Rho
family GTPases (Rho, Rac and cdc42), Ras family GTPases (Ras, Rap, Ral), Arf family
GTPases (Arfl-6, Arll-7, Sar), Rab family GTPases (>60 members) and Ran family
GTPases [130]. In general, the Rho-GTPases regulate the assembly of actin cytoskeleton,
the Ras-GTPases control gene transcription, the Rab and Arf-GTPases regulate the
trafficking of vesicles between cellular compartments, and the Ran-GTPases regulate both
microtubule organization and nucleo-cytoplasmic protein transport [130].

RhoA can associate with the caveolae through its direct interaction with
Cav-1 in the endothelial cells [131]. This caveolar translocation of RhoA is mediated by
its post-translation modification; geranylgeranylation and lipid attachment to the plasma
membrane and is necessary for its activation in the endothelial cells [132]. PKA
phosphorylates RhoA on Ser188 and causes RhoA to disassociate from the membrane
without affecting the ability of RhoA to bind GTP and without modifying its intrinsic

GTPase activity [133].The ROCKs are the downstream targets of RhoA [134]. Following
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activation, RhoA stimulates the activity ROCKs. In the mammalian system, two isoforms
of ROCKs exist and are termed as ROCK-1 and ROCK-2. ROCK-1 is also known as ROK
and pl60ROCK, whereas ROCK-2 is also known as ROKa and together referred to as
Rho-kinase. ROCKs consist of amino-terminal kinase domain, followed by a coiled-coil
Rho-binding domain (RBD) and a carboxyl-terminal cysteine-rich domain (CRD) located
within the pleckstrin homology (PH) motif. The RBD and CRD domains serve as auto
regulatory inhibitor of the amino-terminal kinase domain [135]. The binding of GTP-bound
RhoA to the RBD of ROCKs increases ROCK activity by minimizing the auto-inhibition
from RBD and CRD domains (Figure 4). PKC is also required for the RhoA activation of
the ROCKs [136]. Y-27632 and fasudil inhibit ROCK by targeting the ATP-dependent
kinase domains of ROCKs (Figure 4).

RhoA/ROCK pathway has been reported to be involved in angiogenesis
[137], atherosclerosis [138], cerebral ischemia [139], erectile dysfunction [140],
glomerulosclerosis [141], hypertension [142], myocardial hypertrophy [143], myocardial
ischemia-reperfusion injury [174], pulmonary hypertension [144] and vascular remodeling
[145]. In many of these studies, inhibition of ROCKs upregulates eNOS and mediated
beneficial and protective effects in ECs.

Accumulating evidence indicates that RhoA and ROCK-2 are involved in
mediating endothelial dysfunction by inhibition of eNOS activity [146, 147]. For instance,
inhibition of RhoA geranylgeranylation by statins decreases ROCK activity and leads to
eNOS activation. Similarly, direct activation of the Rho/ROCK signaling pathway by
ROCK inhibitors or dominant negative mutant of RhoA increase eNOS expression [147,

148]. RhoA and ROCK-2 also inhibits eNOS activity by inhibiting direct phosphorylation
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of eNOS at its stimulatory site Serl1117 [149], increase phosphorylation at its inhibitory
site. Thr495 [150], through inhibition of protein kinase B [149] which mediates
phosphorylation ser1117 and by decreasing eNOS mRNA half-life [132] (Figure 4).
RhoA/ROCK instigate endothelial barrier dysfunction by modulating actin
cytoskeleton [151, 152]. Broken endothelial barriers are one of the potential contributors
in pathogenesis of sepsis [153]. In the regulation of the assembly of actin cytoskeleton and
cell contractility, ROCKs phosphorylate a number of downstream target including myosin
light chain (MLC), myosin-binding subunit (MBS) on MLC phosphatase (MLCP), ezrin-
radixin-moesin (ERM) proteins, LIM-kinase (LIMK) and adducin [154]. The consensus
sequence of ROCK phosphorylation are R/KXS/T or R/KXXS/T, where R is arginine, K
is lysine, X is any amino acids, S is serine and T is threonine [155, 156]. Phosphorylation
of MBS inactivates MLCP that leads to the phosphorylation of MLC and ultimately the
contraction of VSMCs [135, 157] (Figure 4). Phosphorylation of the ERM proteins
activate ERM and increases the cross-linking between the plasma membrane and actin
filaments. Phosphorylation of LIMK-1 at Thr508 and LIMK-2 at Thr505 leads to the
phosphorylation of cofilin at Ser3, which inhibits the cofilin-mediated disassembly of actin
filaments [158] (Figure 4). This results in maintenance of contractile F—actin stress fibers
in the cytoskeleton rather than cortical arrangement of actin [155, 159, 160] These stress
fibers can retract cells from their margins making them hyperpermeable [151] (Figure 4).
Phosphorylation of adducin increased its association at cell-cell contact sites to enhance
contractile response [161, 162]. Globular (G)-actin can also directly interact with eNOS
and increases its activity [163]. Actin depolymerization and actin polymerization are

regulated by cofilin and vasodilator-stimulated phosphoprotein (VASP) respectively.
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RhoA induces VASP-ser239 [164] phosphorylation and ROCK-2 mediates cofilin-Ser3
phosphorylation [165] to promote excess actin polymerization over depolymerization. Our
lab showed that LPS stimulates RhoA and ROCK-2 to increase VASP activity and decrease
cofilin activity to not only lower G-actin formation but also to inhibit of ET-1 mediated
eNOS activation [127].

RhoA/ROCK increase oxidative stress in endothelial cells. Sepsis
associated hypoxia and inflammation have been linked to increased production of ROS and
reactive nitrogen species (RNS) including Oz, hydrogen peroxide (H202), hydroxyl radicals
(HO") and NO [166]. Under physiological conditions, there is balance between the
formation of oxidant substances and their removal by antioxidant scavenging compounds.
While in sepsis patients, oxidative imbalance with increased ROS and decreased
antioxidants have been demonstrated [167, 168]. Harmful mechanisms include
modification of proteins, lipids and nucleic acids contributing to cellular injury and
endothelial dysfunction [166]. In addition, they impair cellular junctions between the
endothelial cells that lead to increased vascular permeability, a corner stone of sepsis
development [169]. Recently, ROCK has been shown to increase mitochondrial ROS
production by modulating the interaction between Raclb and cytochrome ¢ (cyt ¢) [170]
(Figure 4). Rac1b is an alternatively spliced variant of G-protein Rac1 that comprises of a
self-activated GTPase unit [171] and plays role in cytoskeletal reorganization and ROS
production [172]. Cyt c is a mitochondrial redox carrier that is part of complex III in
electron transport chain (ETC) of mitochondria. Cyt ¢ have heme as prosthetic group that
accepts electrons from complex III and transfers them to complex IV cytochrome c oxidase

; COX of ETC cycle [173]. In turn, reduced COX conducts the final electron transfer to Oz
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allowing its complete reduction into water (H20), which ultimately drives proton pump
across the inner mitochondrial membrane for ATP production [174]. RhoA/ROCK
activation induces phosphorylation of Raclb at ser71 and facilitate its interaction with cyt
c. This interaction results in electron transfer from Cyt ¢ to Racl at Cys-178 instead of their
transfer to COX [175]. Therefore, COX is unable to completely reduce Oz to H20 leading
to production of ROS [170] (Figure 4).

RhoA/ROCK has been shown to induce mitochondrial dysfunction.
Mitochondrial dysfunction is a critical contributor of endothelial dysfunction. The primary
function of mitochondria is production of ATP to facilitate cellular energy demand. To
meet this, mitochondrial respiratory complex I, III and IV generate mitochondrial
membrane potential (MMP) by transferring protons from the matrix into the
intermembrane space [170]. Oxidative stress, inflammation, ischemia /reperfusion injury
can cause drop in MMP leading to mitochondrial depolarization [176, 177] . Decreased
MMP leads to energy depletion, release of cytochrome C and apoptosis [178]. A recent
study showed that deterioration of COX activity leads to mitochondrial dysfunction
through decreasing MMP [179] and this effect is mediated by RhoA/ROCK [170]. Y-
27632 treatment recovered MMP and increased COX production [170]. Also, RhoA
upregulates pro-apoptotic protein Bax, which undergoes oligomerization, translocate to
mitochondria, where it induces release of cyt c, caspase activation, DNA fragmentation
and activate mitochondrial death pathway (intrinsic) [180] (Figure 4).

In summary, RhoA/ROCK pathway has been shown to mediate endothelial
dysfunction by inducing F-actin stress fibers, mitochondrial depolarization, hyper-

contraction, increased production of ROS and decreased NO mediated vasodilation (Figure
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4). Yet, little is known about how this pathway gets activated. In present study, our aim is
to determine the signaling molecule/s responsible for activating RhoA/ROCK and its
mediated endothelial dysfunction in sepsis. A very good candidate is protein sonic

hedgehog (SHH).
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Figure 4: Rho signaling pathway and its role in endothelial dysfunction

Rho A is a member of small G-protein superfamily. (1) Rho proteins are associated with
caveolae in plasma membrane through direct interactions with caveolin-1 (Cav-1). (2)
Binding of agonist to G-protein coupled receptor such as Gi2/13 stimulates heterotrimeric
G-protein dissociation into G-protein By and G-protein a. (3) G-protein a activate guanine

nucleotide exchange factors (GEF) and protein kinase A (PKA). (4) PKA phosphorylates
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RhoA and causes RhoA to dissociate from the membrane. While, GEF activates RhoA by
facilitating conversion of RhoA inactive-GDP bound form into RhoA active-GTP bound
form. GTPases-activating proteins (GAP) can convert them back into the inactive-GDP
bound form. (5) Active Rho-GTP stimulates activity of Rho-associated kinases (ROCKSs)
by binding to its Rho-binding domain (RBD). ROCK mediates endothelial dysfunction via
different mechanisms. (A) ROCKs regulate phosphorylation of myosin light chain (MLC)
by direct phosphorylation of MLC via activation of myosin light chain kinase (MLCK) and
by inactivation of myosin phosphatase (MLCP) through phosphorylation of its myosin-
binding subunit (MBS). This induces smooth muscle contraction and stress fiber formation
in non-muscle cells. (B) RhoA can decrease nitric oxide (NO) production and its associated
vasodilation by impairing endothelial nitric oxide synthase (eNOS) activity via enhanced
inhibitory phosphorylation at Thr495 and reduced stimulatory phosphorylation at Ser1117.
(C) RhoA/ROCK instigate endothelial barrier dysfunction by activating LIM-kinases
(LIMK) that in turn phosphorylate and inactivate an actin de-polymerization factor cofilin,
leading to maintenance of contractile F—actin stress fibers in the cytoskeleton. These stress
fibers can retract cells from their margins making them hyper-permeable. (D) ROCK
increases interaction between Racbl and cytochrome c (cyt c) leading to transfer of
electrons between Racl cys178 and cyt c rather than transfer of electrons to complex IV
cytochrome ¢ oxidase (COX) in electron transport chain (ETC) of mitochondria. This
results in partial reduction of molecular oxygen (Oz2) into superoxide (O2’) instead of water
(H20) and therefore increase in oxidative stress. (E) ROCK can also induce mitochondrial
depolarization in endothelial cells by increasing pro-apoptotic BAX and decreasing COX,

ultimately leading to apoptosis of cells via release of cyt c.
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1.5.Sonic Hedgehog Pathway.
The hedgehog gene (HH) was identified in a now classic screen for genes that specify the
formation of embryonic pattern in fruit fly, Drosophila melanogaster, and named for an
abnormal bristle pattern in HH mutant larvae [181]. Isolation of HH gene revealed that it
encodes a secreted protein that forms segmentally repeated stripes, consistent with its role
in specifying segmental patterns [182-185]. Once protein is expressed, HH protein
undergoes auto processing to form a 45-kDa precursor that cleaves itself into an N-terminal
fragment of 19kDa (HHN) retaining all signaling activity and a C-terminal fragment
(HHC) of 25kDa with a cholesterol attached to it [182, 186, 187]. The HHN is lipid
modified with palmitoylation [188]. Cholesterol modification allow HH trafficking [189]
and movement whereas palmitoylation enables HH signaling. HHN is released from its site
of synthesis by protein dispatched, which is a novel sterol-sensing domain protein [190]
that is dedicated to the release of cholesterol-modified HH from signaling cells .

In the early 1990s, three HH gene homologs were discovered in vertebrate;
Sonic hedgehog (SHH), Indian Hedgehog (IHH) and Desert Hedgehog (DHH) [191, 192].
DHH and IHH have been shown to play role in normal tissue development including
pancreas and testis organogenesis, bone formation and cartilage development respectively
[193, 194]. SHH is the most potent of these ligand as it is a key morphogenetic factor that
organizes centers including the zone of polarizing activity in the limb bud, formation of
notochord , pre-chordal and floor plate and ventral forebrain within neural tube [191, 195-
197]. Loss of SHH function causes cyclopia , midline face and brain defects, as well as loss

of the axial skeleton and severe limb patterning defects, [198].
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HH signaling pathway is critical for cell fate decisions, including
proliferation, apoptosis, migration and differentiation. Recently, it has become evident that
HH more specifically SHH is also re-activated during adult life where it regulates
homeostasis and repair in tissues undergoing constant renewal such as blood, skin, colon,
liver. Further, SHH pathway is tightly regulated in most adult tissue but hyper activation
of this pathway is found in most solid tumors [199]. The core components that mediate HH
signaling are Patched-1 (Ptchl), a 12-pass integral membrane protein [200, 201], and
smoothened (SMO), a seven-pass integral membrane protein with homology to GPCR
[202, 203]. Patched-2 (Ptch2) is another receptor for SHH that shares approximately 54%
homology with Ptchl. However, the expression and signaling of Ptch2 is different from
Ptchl, having decreased ability to inhibit SMO in absence of SHH ligand [204]. Ptch1
normally inhibits the activity of SMO and is a positive regulator of hedgehog pathway
activation [205, 206]. Activation of SHH pathway can happen in two majors pathways;
canonical signaling (Figure 5) that is dependent upon ligand interaction or through receptor
induced signaling and the non-canonical pathway (Figure 6) that involves activation
downstream of SMO [207-209].

1.5.1. Canonical Sonic Hedgehog Pathway

The canonical SHH pathway is triggered by binding of endogenously or exogenously
produced SHH glycoproteins to Ptch1 on target cells (Figure 5). This leads of inhibition of
the Ptchl [210] via cellular internalization and SMO localization on the cell surface, both
by cilium mediated mechanism [211, 212] (Figure 5). How signals are transmitted from
HH to Ptchl to SMO remains unclear. SMO activation leads to nuclear translocation of

Glioma (Gli); zinc finger transcription factors (Figure 5). In vertebrates, there are three Gli
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(Glil, Gli2, and Gli3) [213, 214]. Glil is the only full-length transcriptional activator while
Gli2 and GIli3 acts as either positive or negative regulator as determined by post-
transcriptional and post-translational processing [215, 216]. Gli transcription factors can
activate target genes that includes targets involved in HH pathway feedback (e.g.; Glil,
Ptchl), proliferation (e.g.; Cyclin-D, MYC), inhibition of apoptosis (e.g.; Bcl-2),
angiogenesis (e.g.; ANG1/2), epithelial to mesenchymal transition (e.g.; SNAIL) and stem
cell self-renewal (e.g.; NANOG, SOX2) [217-219] (Figure 5). The biological effect is cell
proliferation with deregulation contributing to tumorigenesis. In the absence of ligand,
Suppressor of Fused (SUFU) negatively regulates the pathway by directly binding to Gli
target genes [220, 221]. SUFU sequesters Gli and facilitates its degradation (Figure 5).
Several protein kinases, such as PKA and protein kinase C (PKC), CK1, mitogen activated
protein kinase kinase (MeKl1), GSK3, Phosphoinositide-3-kinase (PI3K), or dual
specificity Yakl-related kinase (DYRK1) can also modulate this pathway at several levels
[222, 223] Abnormal HH pathway activation occurs not only through canonical HH
signaling but also genetic alterations or ciliary protein overexpression leading to functional
redundancy of Gli transcription factors, crosstalk between HH signaling and unrelated
pathways, are all causes of non-canonical HH signaling activation [207].

1.5.2. Type I Non-Canonical Sonic Hedgehog Pathway

The non-canonical SHH signaling usually occurs through Gli-independent mechanisms.
The Gli-independent mechanisms include two types: Type I is independent of SMO and
plays role in modulating cell proliferation and survival. While, Type II is downstream of
SMO, which modulates Ca™ and actin cytoskeleton [208, 224]. Ptchl displays dual

signaling by functioning as a dependence receptor whose activity is dependent on the
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availability of HH ligand. In the presence of HH ligand, Ptchl transduce normal canonical-
SHH pathway survival signals but in the absence of HH ligand as in type I non-canonical
signaling, Ptchl is not inactive but rather actively trigger apoptosis (Figure 6A), thus
generating a state of cellular dependence on HH ligand for survival [225, 226]. Ptchl
contains a dependence associated receptor C-terminal motif that is cleaved by caspase-3 at
conserved aspartic acid in the absence of SHH, to expose a pro-apoptotic domain [225,
227]. This autonomous apoptosis activation is not dependent on SMO [225, 228, 229].
Caspase-cleaved Ptchl can now associate with cyclin-B and pro-apoptotic complex that
includes adaptor protein downregulated in rhabdomyosarcoma LIM-domain protein
(DRAL), Caspase recruitment (CARD)-domain containing protein TUCAN or NLR family
pyrin domain containing 1 (NALP1) and apical caspase-9 [228] (Figure 6A). Cyclin-B is
a mitotic cyclin that is necessary for the progression of cells into and out of mitotic phase
of cell cycle, allowing cell division. Interaction with cyclin-B inhibit cyclin-B1 nuclear
accumulation and cyclin-B mediated proliferation [230, 231]. The C-terminal of Ptchl
activates caspase-9, that in turn speeds up formation of this complex by promoting
activation of caspase-3 and therefore leading to apoptosis by both intrinsic and extrinsic
pathways [232] (Figure 6A). HH binding disrupts the interaction of Ptchl with cyclin-B
and the pro-apoptotic complex, likely through conformational change in Ptchl that allows
its sequestration via cellular internalization. This leads to increased proliferation and
survival [224].

1.5.3. Type II Non-Canonical Sonic Hedgehog Pathway

Many studies have implicated type II pathway in regulating actin cytoskeleton through

activation of Rho family such RhoA and Racl in a SMO dependent manner [224, 233].
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Activation of RhoA promotes formation of actin stress fibers in cultured endothelial cells
[229, 234]. In fibroblast, stimulation of RhoA and Racl by SMO mediates migration of
fibroblasts [235]. Type II non-canonical pathway (Figure 6B) is activated when SMO
localizes on the cell surface [211, 212] due to SHH mediated inhibition of Ptchl [210] via
cellular internalization and interacts with inhibitory G protein. SMO-GPCR interaction
with Gi lead to activation of phosphoinositide-3-kinase (PI3K) via non-receptor proto-
oncogene tyrosine kinase Src [208, 224]. There are three classes of PI3K while class I is
most relevant for Rho kinase activation. Class I PI3K are heterodimers composed of a
regulatory subunit (p85) and a catalytic subunit (p110) [236]. When a ligand is sensed
by receptor tyrosine kinases (RTKs) or G protein-coupled receptors (GPCRs), PI3K
phosphorylates the 3-hydroxyl group of the inositol ring of membrane bound
phosphatidylinositol 4,5-biphosphate (PIP2), generating phosphatidylinositol-3,4,5-
trisphosphates (PIP3) [236] (Figure 6B). PIP3 serves as docking stations for proteins that
harbor lipid binding pleckstrin homology domains (PH). One such protein that interacts
with PIP3 via PH domain is Rho-GEF [237] (Figure 6B) which allow Rho-GTPases to
convert from inactive GDP-bound state to active GTP-bound state. Active Rho-GTP
stimulates activity RhoA downstream effector protein Rho-associated kinases (ROCKs).
ROCK activates LIMK that in turn phosphorylate and inactivate an actin de-
polymerization factor cofilin, leading to maintenance of contractile F—actin stress fibers in
the cytoskeleton [158] (Figure 6B). These stress fibers can retract cells from their margins
making them hyper-permeable [155, 159, 160]. Also, SMO mediates Racl activation by
allowing interaction with Rac guanine nucleotide exchange factor (GEF) T-lymphoma

invasion and metastasis-1 (Tiam1) [224, 238]. Racl in turn can activate RhoA and mediate
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migration in fibroblast by a mechanism that is still not clearly understood [238] (Figure

6B). Apart from actin cytoskeleton modulation in ECs, SHH also promotes capillary

morphogenesis, EC angiogenic activity via non-classical RhoA/ROCK pathway [229,

234]. Thus, SHH is a good candidate to induce RhoA/ROCK pathway SHH ligands acting

as paracrine or autocrine mediators can potentially modify phenotypes of endothelial cells

during sepsis and cause blood flow dysregulation in the liver. This is because, biologically

active SHH were demonstrated to be released in sub-micron sized vesicles called

microparticles (MPs) generated from blebbing plasma membrane of various cells after

stimulation with inflammatory mediators or apoptosis [239, 240].
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Inactive signaling occurs (left) in the absence of hedgehog (HH) ligand wherein patched-1

receptor (Ptchl) inhibits smoothened (SMO) transmembrane protein resulting in Glioma

(Gli) transcription factor being sequestered in cytoplasm by Suppressor of Fused (SUFU).
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In the presence of HH ligand, Ptchl suppression of SMO is abrogated resulting in nuclear
accumulation of Gli and activation of genes that includes targets involved in HH pathway
feedback (e.g.; Glil, Ptchl), proliferation (e.g.; Cyclin-D, MYC), inhibition of apoptosis
(e.g.; Bcl-2), angiogenesis (e.g.; ANG1/2), epithelial to mesenchymal transition (e.g.;
SNAIL) and stem cell self-renewal (e.g.;NANOG,SOX?2). 4-Benzyl-piperazin-1-yl-(3, 5-
dimethyl-1-phenyl-1H-pyrazol-4ylmethylene)-amine (SANT-1) is antagonist of SMO

while purmorphamine (Pur) acts as SMO agonist.
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Patched1 (Ptchl), exposing the pro-apoptotic domain. Cleaved-caspase Ptch1 with its pro-
apoptotic domain interacts with cyclin-B and a pro-apoptotic complex that includes adaptor
protein downregulated in rhabdomyosarcoma LIM-domain protein (DRAL), Caspase
recruitment (CARD)-domain containing protein TUCAN or NLR family pyrin domain
containing 1 (NALP1) and apical caspase-9. This pathway is SMO independent. The
interaction with cyclin-B inhibits proliferation by sequestering cyclin-B outside the
nucleus. C-terminal domain of Ptchl activates capase-9 that in turn speeds up the formation
of this complex by promoting activation of caspase-3, leading to apoptosis. HH binding
(right) disrupts the interaction of Ptchl and cyclin-B and pro-apoptotic complex, likely
through a conformational change in Ptchl that allows its cellular internalization, leading to
increased survival and proliferation. (B). In Type II non-canonical HH pathway, SMO
regulates the actin cytoskeleton through small GTPases RhoA and Racl. (1) HH ligand
binds to Ptchl leading to its inhibition via cellular internalization. (2) Relieve from Ptch-1
mediated inhibition allows SMO to re-localize on cell surface and interact with inhibitory
G protein; Gi to activate phosphoinositide 3-kinase (PI3K) via non-receptor proto-
oncogene tyrosine kinase Src. (3) When HH binds to SMO, PI3K phosphorylate the 3-
hydroxyl group of the inositol ring of membrane bound phosphatidylinositol-4,5-
bisphosphate (PIP2), generating phosphatidylinositol-3,4,5-triphosphate (PIP3). (4)
PIP3 serves as docking stations for proteins that harbor lipid binding pleckstrin
homology domains (PH) such as Rho-GEF. (5) Rho-GEF activates RhoA by facilitating
conversion of RhoA inactive-GDP bound form into RhoA active-GTP bound form.
GTPases-activating proteins (GAP) can convert them back into the inactive-GDP bound

form. (6) Active Rho-GTP stimulates activity of its downstream target Rho-associated
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kinases (ROCKs). (7) ROCKS mediate stress fiber formation by activating LIM-kinase
(LIMK) which in turn phosphorylate and inactivate actin de-polymerization factor cofilin,
leading to maintenance of contractile F—actin stress fibers in the cytoskeleton of endothelial
cells. (8) Activated SMO also mediate Racl activation by allowing interaction with Rac
guanine nucleotide exchange factor (GEF) T-lymphoma invasion and metastasis-1
(Tiaml). (9) Racl in turn can activate RhoA and mediate migration in fibroblast by a
mechanism that is still not clearly understood. This figure is a modified diagram in
reference [224]

1.6.Sonic Hedgehog is released in Apoptotic T-cell Derived Microparticles during Sepsis
SHH has been shown to be contained in sub-micron sized vesicles called microparticles
(MPs) [240-243] that are released from blebbing plasma membrane of various cells types
such as platelets, T and B lymphocytes, monocytes and endothelial cells when undergoing
apoptosis or stimulated with inflammatory mediators. In sepsis, there is massive apoptosis
of T-lymphocytes within first 24 hours of the insult [244] producing MPs from their cell
surface. This is relevant as numerous studies have demonstrated decrease in lymphocyte
numbers [245, 246] and increase in circulating MPs [247, 248] including T-cell derived
MPs in animal models and sepsis patients. Our hypothesis is that these apoptotic T-cell
derived MPs containing SHH induce endothelial dysfunction by activation of type-II non-
canonical SHH-SMO-ROCK pathway. This highly novel signaling pathway is likely be a
major contributor to the development of altered vascular regulation in liver during sepsis.
1.6.1. Apoptosis of T-Lymphocytes during Sepsis

In sepsis, systemic inflammatory response results from failure of initial pathogenic

clearance and / or susceptibility to secondary infections. The innate and adaptive immune
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response mediate the pathogen clearance and inflammation responses. Innate arm involves
an antigen non-specific response using majorly polymorphonuclear cells and macrophages
to control the infection whereas the adaptive arm involving T and B lymphocytes among
others bear antigen specific receptors [244]. Many studies in literature shows that aberrant
innate immune response early in sepsis leads to MOF [249-251]. Classically, the onset of
adaptive immune responses was thought to occur after the innate immune response has
subsided [252, 253]. The adaptive cell role was then to maintain surveillance and prevent
new infections from gaining a foothold in the already compromised host. However, there
is an emerging view that adaptive responses are engaged much earlier in sepsis than
previously thought. Interestingly, a large degree of lymphocyte apoptosis also occurs
within the first 24 hour of septic insult, suggesting an earlier role in immune response [244].
Therefore, we chose our treatment time with apoptotic T-cell derived MPs to be 24hrs or
less.

Lymphocyte apoptosis has been recognized as an important step in the
pathogenesis of sepsis [254, 255]. Several studies have demonstrated profound decrease in
peripheral and splenic lymphocyte number during sepsis in both animals and humans [246,
256]. Intraperitoneal injection of Gram-negative bacteria to mice was followed by
apoptosis of CD4" and CD8" lymphocytes in the thymus [257] while in CLP model,
lymphocyte apoptosis also involved lymphocytes from the spleen and other organs [256,
258]. Accelerated apoptosis in CD4*, CD8*, CD19 lymphocyte was demonstrated in sepsis
patients but not in non-septic, critically ill patients [255]. In sepsis, the immune response
follows a biphasic pattern with an initial hyperinflammatory state characterized by high

levels of pro-inflammatory cytokines and a second immunoparalysis phase characterized
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by decreased responses of immune cells to the inflammatory stimuli. Lymphocytes play
critical role in both the phases. On one hand, as the lymphocytes produce pro-inflammatory
cytokines activating macrophages, so loss of lymphocytes may seem beneficial to survival
as there will be down-regulation of the excessive inflammatory response during sepsis
[245, 259]. Alternatively, loss of lymphocytes may be detrimental as the ability of the
immune system to combat the pathogens is impaired [245, 259]. A number of studies show
that lymphocytes apoptosis is detrimental as sepsis patients develop immunological
impairment [256]. Sepsis patients have no response to skin testing with antigens derived
from microbes to which they have been previously exposed [260]. There is decrease in
circulating lymphocytes in trauma patients who developed infection or died [246].
Furthermore, ICU patients who develop decreased lymphocyte count for more than 3 days
are great risk for nosocomial sepsis [261]. The degree of circulating lymphocyte apoptosis
correlated with sepsis severity [262], with prevention of apoptosis improved host responses
to sepsis [245, 263]. T-cell sepsis induced apoptosis is subset specific. Spleen analyzed
from a mice subjected to CLP for 24 hours showed 47% reduction in CD4" T-cells and
66.7% reduction in CD8" T-cells [244].

Studies using loss-of-function approaches suggested that the mechanisms of
lymphocyte apoptosis in sepsis involve both receptor mediated and mitochondrial
pathways of apoptosis with latter playing the pre-dominant role [264]. The death receptor
pathway is mediated by number of death receptors including Fas, TNF receptor type I,
death receptor 3, TRAIL receptor type I etc. that results in activation of caspase-8. An
alternative to death receptor pathways involves release of pro-apoptotic factors from

mitochondrial such cyt ¢ resulting in activation of caspase-9. Both active caspase-8,
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caspase-9 induce activation of caspase-3 resulting in DNA fragmentation, degradation of
cytoskeletal and nuclear proteins, crosslinking of proteins, formation of apoptotic body,
expression of ligands for phagocytic cell receptors and finally uptake by phagocytic cells
such as macrophages [265]. Once T-cells undergo apoptosis, they can regulate immune
response in sepsis via different mechanisms. One proposed theory is modulation in
macrophage produced cytokine profile as the level of T-cell apoptosis occurs along
gradient during sepsis [262]. Initially with little to no phagocytosis of apoptotic T-cells,
macrophages in response to IFN-y continue produce pro-inflammatory cytokines TNF-a
and IL-12 as well as maintain MHC- II expression, resulting in increased inflammation and
decreased bacterial load clearance. As the number of apoptotic T-cells ingested by
macrophages increases, the macrophages phenotype shifts to production of transforming
growth factor beta-1(TGF-B) and IL-10 along with down regulation of MHC II. This
phenotypic change can result in decreased inflammation, increased bacterial load and
profound immune suppression as seen in later stages of sepsis. Also, when T-cells undergo
apoptosis, they produce MPs from their cell surface which are considered to be another
critical mediator of inflammation and ED in sepsis [266, 267] . Venous peripheral blood
isolated from septic patients showed 1.5-fold increase in T- lymphocyte derived MPs along
with MPs derived from platelets, neutrophils and monocytes as compared to healthy
subjects [268]. However, to date, little is known about the effects of these T-cell derived
MPs on the functions of endothelial cells and more importantly the mechanisms involved.
Therefore, we specifically chose to study T-cell derived MPs and elucidate the mechanisms
by which they mediate endothelial dysfunction and thereby contribute to liver failure in

sepsis.
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1.7. Microparticles

MPs were first reported in 1967, in association with platelets in human plasma and were
considered “platelet” dust with pro-coagulant activity [269]. MPs are sub-micron sized
(0.1-1 pm) vesicles shed from plasma membrane of cells undergoing activation by agonist,
shear stress or apoptosis [270, 271]. In vitro, the release of MPs has been shown from cells
such as platelets, T and B lymphocytes, leukocytes, monocytes and endothelial cells. In the
past decade, it has become evident that these MPs are just not dormant particles but are
actively involved in physiology and pathophysiology. MPs occur in blood of healthy
individual in low quantity while their number, cellular origin, composition significantly
changes in patients suffering from disease. Under normal physiological conditions, MPs
are involved in tightly controlled biological activities [272] including inflammation and
hemostasis [273], transfer of surface proteins [274] and angiogenesis [275]. While in
disease state, they are emerging as biomarkers of vascular injury and inflammation in
atherosclerosis, endothelial dysfunction, acute myocardial infarction, type 2 diabetes, acute
ischemic stroke, hyperglyceridemia, cancers and metabolic syndrome [276, 277]. The
severity of disease is often correlated with both concentration and relative activity of MPs
in circulation [278, 279].

MPs are just one type of extracellular vesicles (EV). The other major
vesicles are exosomes and apoptotic bodies (Figure 7). These EVs have been classified
based on their size and origin. Exosomes are very small sized vesicles ranging from 0.03
to 0.10um in diameter (Figure 7). They are secreted from endosomal compartments and
play role in carrying the information by delivering various effector or signaling molecules

between specific cells [280]. While, the apoptotic bodies are much larger with 1-5pum in
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diameter. Apoptotic bodies are released upon cell fragmentation during late phase of
apoptosis. They can be identified by detection of broken DNA and histones [281] (Figure
7). MPs are released into the external milieu after selective incorporation of proteins, nuclei
acids, lipids and miRNA. They are more heterogeneous than exosomes containing various
surface markers such as integrin, selectins and immunoglobulins whose expression level
reflects the properties of the parental cells [282] (Figure 7). These adhesion molecules
allow them to interact with their counter-receptors on the surface of the target cells. This
can activate intracellular signaling cascades and cause responses such as inflammation,
endothelial dysfunction, thrombosis, extracellular matrix degradation and vascular
remodeling. MPs can also transfer proteins, bioactive lipids, and genetic material: DNA,
RNA, miRNA to target cells by either fusion or internalization and bring about structural

and/ or functional change in target cell [283].

1.7.1 Microparticles Formation

MPs formation can take place via two well-known processes; cell activation and apoptosis.
At present, the difference in MPs produced by these methods in terms of size, lipid and
protein composition, (patho-) physiological effects are not clearly defined [284, 285].
However, they differ in mechanisms resulting in their formation. Many agonist such as
thrombin for platelets [286, 287], LPS, cytokines such as TNF-a, IL-1, complement,
hydroperoxide, hypoxia, oxidative damage and shear stress stimulation of monocytes,
endothelial cells, lymphocytes, arterial smooth muscle and hepatocytes can induce release
of MPs via cell activation or apoptosis [288-290]. In general, this release of MPs either by
activation or apoptosis is time and Ca*? dependent [290-292] and requires reorganization

of cytoskeleton. The shedding starts within minutes after addition of agonist [293-295].
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Although the exact mechanism governing the shedding of MPs is not yet fully understood,
but there are different mechanisms proposed. In cell activation, increase in cytosolic Ca*?
activates kinases, inhibits phosphatases and activate actin regulatory proteins such as
proteolytic calpain and lipid binding gelsolins. Also, it leads to conversion of membrane
lipid PIP2 into IP3 and DAG. PIP2 acts as binding sites for calpain and gelsolins. Calpain
is a Ca™ dependent, non-lysosomal cysteine proteolytic enzyme. Calpain breaks down
talin, a protein that is part of membrane skeleton along with actin and vinculin providing
membrane stability [296]. This leads to disruption of membrane skeleton stability [296].
Gelsolins sever and cap actin filaments to generate smaller fragments that are associated
with apoptosis, cell differentiation and cancer metastasis [297]. While upon induction of
apoptosis, rise in intracellular Ca™ leads to activation of caspase-3 that in turn promotes
activation of ROCK in a RhoA independent manner by cleaving the putative auto-
phosphorylation/ auto-inhibitory domain of ROCK. Cleaved ROCK-1 in turn activates
MLCK [298]. Thereafter, MLCKs phosphorylate MLC, [299] and triggers the interaction
of myosin head with actin and enable myosin ATPases to create movement between actin
and myosin [300, 301] and stimulate the contractile activity of myosin This movement
cause force on the plasma membrane to cause detachment of the cytoskeleton from the
membrane [299, 301]. Apart from activation of these signaling pathways, the rise of Ca*
also mediate rapid changes in the expression of phospholipids in the membrane layer to
disrupt the membrane cytoskeleton [302]. Normally, the aminophospholipids such as
phosphatidylserine (PS), and phosphatidylethanolamine (PE) are sequestered to the inner
membrane leaflet, whereas the choline-containing phosphatidylcholine, and

sphingomyelin are arranged on the outer membrane [303].The maintenance of this
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asymmetry is mediated through modulation of ATP dependent transporters flippase,
floppase and scramblase [304]. Flippase/floppase govern inward and outward movement
of phospholipids respectively while, scramblase does in both directions. Flippase and
scramblase are usually inactive [279, 304]. During activation/apoptosis, the sudden surge
of Ca*? decreases flippase activity while increasing the floppase and scramblase activation,
resulting in loss of normal phospholipid asymmetry [305-307]. This loss of phospholipid
asymmetry along with activation of signaling pathways leads to cytoskeleton disruption,
local bulges form, finally leading to release of MPs [304]. Generated MPs have increased

expression of PE on the external surface [308].

1.7.2. Role of Microparticles in Sepsis

MPs have a key role in the endothelial and hemostatic responses to sepsis. MPs can be
detected in circulation of healthy individual [276, 309] but their numbers are greatly
increased after sepsis [247, 310]. MPs have been implicated in multiple organ dysfunction
that characterizes sepsis since they circulate systemically and can acts as pathogenic
autocrine disseminators [309]. Injection of MPs isolated from septic rats into healthy rats
reproduces hemodynamic, septic inflammatory pattern associated with oxidative and
nitrosative stresses [310]. Similarly, MPs extracted from the whole blood of septic rat exert
pleiotropic and differential effects depending on the target tissue with regard to expression

of pro-inflammatory proteins related with nitrative and oxidative stresses [248]

1.7.2.1.MPs induce Inflammation in Sepsis
MPs induce deleterious effects on vascular function through increased synthesis of pro-
inflammatory cytokines and chemokines and increased expression of endothelial adhesion

molecules. Platelet derived MPs induce platelet aggregation through changes in the
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transcellular metabolism in endothelial cells [311]. MPs deliver concentrated bioactive
lipids such as arachidonic acid, cyclooxygenase-2 that induce interactions between
monocytes and endothelial cells and increase chemotaxis of the monocytes [312].
Leukocyte derived MPs are upregulated in inflammation [313]. They activate ECs to
stimulate to release of pro-inflammatory cytokines such as IL-6, IL-8 and upregulate
Intracellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1)
and E selectin [274]. Platelet derived MPs can also bind to neutrophils and increase
neutrophil aggregation and phagocytic activity [314]. Monocyte derived MPs can induce
Oz, cytokine release and NF-«kB activation in monocytes [315]. Taken together, these MPs
from various cells are elevated and amplify inflammation and vascular injury [316].
1.7.2.2.MPs Promote Thrombosis

MPs have been shown to contribute to the prothrombic state in sepsis by initiating
disseminated intravascular coagulopathy (DIC) [247, 317, 318], a known contributor to
MOF. DIC is a serious disorder in which proteins that control blood clotting become
overactive. The proteins that are usually over express include prothrombin, tissue factor
(TF) etc. that plays key role in initiating blood clotting. TF has been found on the surface
of MPs and its activity was shown to correspond with the clinical disease severity [319].
MPs contain other pro-coagulant molecules as well. A cohort study involving 100 patients
with septic shock demonstrated increased endothelial and leukocyte MPs was strongly
associated with DIC and might predict DIC occurrence and early vascular injury among
septic patients [320, 321]. Increase in calpain that is involved in MPs formation can also
cause platelet activation. Calpastatin is a specific endogenous inhibitor of calpain. In CLP

model of sepsis, transgenic mice over expressing calpastatin had better survival, less
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number of MPs, decreased inflammation and DIC. Furthermore, MPs transferred from
septic wild type mice worsened the survival and increased coagulopathy of septic
calpastatin overexpressing mice [247, 267].

1.7.2.3.MPs Induce Endothelial Dysfunction

MPs may play a paracrine role in promoting endothelial dysfunction. Elevated levels of
MPs have been associated with vascular dysfunction including decrease of endothelium
dependent vasodilation and / or alteration of responsiveness of vascular smooth muscle to
vasoconstriction stimuli. Elevated levels of endothelium derived MPs have been shown to
directly alter endothelial function by impairing acetylcholine (Ach) induced vasorelaxation
and NO production in aortic rings from rat. This effect was accompanied by increased Oz
production by aortic rings and endothelial cells [322]. These lymphocytic MPs have been
implicated in mediating endothelial dysfunction by reducing phosphatidylinsoitol-3 kinase
(PI3K) mediated eNOS activation and subsequent NO production and by increasing
reactive oxygen species (ROS) via pathway involving xanthine oxidase [266].
Furthermore, same MPs inhibit angiogenesis in-vitro and in-vivo by enhancing ROS
production which lead to suppression of endothelial cell survival, proliferation and
migration [323]. On the other hand, when SHH is associated with these activated/apoptotic
T-cell derived MPs, they induced cell differentiation [324]. Also, these SHH carrying
activated/ apoptotic T-lymphocyte derived MPs have been shown to correct angiotensin-II
mediated hypertension and endothelial dysfunction in mice aorta by increasing expression
of enzymes linked with NO production and by decreasing ROS production [325].
Moreover, these SHH containing MPs play role in regulating multiple pathway of

angiogenesis through production of pro-angiogenic factors and upregulation of cell
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adhesion proteins and NO pathways [243, 326]. Since SHH can activate RhoA/ROCK
pathway, which has been implicated in mediating endothelial dysfunction, potentially,
these SHH containing MPs may mediate endothelial dysfunction via RhoA/ROCK
pathway, which has not been explored yet. However, the role and mechanism of action of
these SHH containing apoptotic T-cell derived MPs in mediating endothelial dysfunction
via RhoA/ROCK pathway has not been explored. Contrasting effects of these apoptotic T-
cell derived MPs display their complex behavior, which are probably due to differences in
the signaling molecule they express for example presence and absence of SHH and

different stimulation for their formation.

Therefore, the aim of the study was to first isolate and determine if the SHH ligands are
expressed by MPs derived from apoptosis of human T-lymphoblastoid cell line (CEM-
CM3) and second to test if these apoptotic T-cell derived MPs containing SHH mediate
endothelial dysfunction by activating RhoA/ROCK pathway. This would help
underpinning a new molecular mechanism governing the MP-induced endothelial
dysfunction, which has been associated with many diseases that show vascular dysfunction

including liver failure in sepsis.
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Figure 7: Schematic comparison of different types of extracellular vesicles: microparticles,
exosomes and apoptotic bodies.

Microparticles (MPs) are 0.1-1um in size. They are released from the outer surface of
activated or apoptotic cell after selective incorporation of proteins, microRNA, lipids and
mRNA. They contain various surface markers such as integrin, selectins and
immunoglobulins whose expression level reflects the properties of the parental cells.
Exosomes are sized in the approximate range of 0.03-0.10um and are thus smaller than
MPs and express surface markers such as Lysosomal associated membrane protein-1
(LAMPI), Tumor susceptibility gene 101 protein (TSG101) that play role in sorting of
endocytic vesicles. Exosome can either be generated from direct pathway from the
membrane or mature in the cytosol into late endosome and collect in multivesicular bodies

(MVB) and become release via exocytosis. Apoptotic bodies are 1-5um in size and are
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released as cellular blebs as the cell undergoes apoptosis. Apoptotic bodies can be

differentiated according to the size and the presence of fragmented DNA and histones.
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Figure 8: Schematic representation of general mechanisms involved in microparticles

formation

Microparticles (MPs) formation requires increase in calcium (Ca*?), changes in membrane

lipid asymmetry and cytoskeletal protein reorganization. MPs are formed from plasma
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membrane blebbing of various cells during activation and /or apoptosis. In a quiescent cell,
only flippase is active, allowing phosphatidyl serine (PS) localization in the inner leaflet.
(A) During cell activation (1) the rise in intracellular Ca*? activate floppase and scramblase
and inactivate flippase. This leads to loss of phospholipids asymmetry and PS localization
on outer surface of membrane. Also, Ca*? inhibits phosphatases, activates kinases and
converts membrane lipid phosphoinositol 4, 5 bisphosphate (PIP2) into inositol 1, 4, 5-
triphosphate (IP3) and diacylglycerol (DAG). (2) PIP2 acts as binding sites for calpain and
gelsolins proteases such as calpain and gelsolins. (3) Calpain breakdowns talin, a
membrane protein that along with actin and vinculin providing membrane stability while
gelsolin sever actin into fragments (4) Loss in asymmetry and breakdown of membrane
stability proteins leads to disruption of membrane cytoskeleton. (5) This remodeling of
cytoskeleton leads to formation of membrane blebs and release of sub-micron MPs with
PS exposed on their outer membrane. (B) During apoptosis, the rise in intracellular Ca*?
activate floppase and scramblase and inactivate flippase. This leads to loss of phospholipids
asymmetry and PS localization on outer surface of membrane. Also, increased Ca*? during
apoptosis activates caspase-3 which in turn activate rho kinase 1 (ROCK-1) in a RhoA
independent manner by cleaving the putative auto-phosphorylation/ auto-inhibitory
domain of ROCK-1. (2) Cleaved ROCK-1 in turn activates myosin light chain kinase
(MLCK) by phosphorylation. (3) MLCKs phosphorylate myosin light-chains (MLC)
triggering interaction of myosin head with actin and enable myosin ATPases to generate
force and stimulate the contractile activity of myosin. (5) This movement of actin-myosin

and loss of phospholipid asymmetry causes detachment of the cytoskeleton from the
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membrane. (6) Reorganization of the cytoskeleton leads to formation of membrane blebs

and release of sub-micron MPs with PS exposed on their outer membrane.
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2.1.0verall Hypothesis.

Our overall hypothesis that early in development of the inflammatory response to infection,
both circulating immune cells (T-lymphocytes) and vascular endothelial cells are either
stimulated by inflammatory mediators or are subjected to programmed cell death
(apoptosis) to release SHH in sub-micron sized vesicles called microparticles. These MPs
bind to their respective receptor on the hepatic sinusoidal endothelial cells lining the blood
vessels of the liver and activate RhoA/ROCK pathway. Activation of ROCK pathway leads
to impairment of endothelial cells functions and disruption of blood flow regulation. Some
cells will get too much blood flow while others receive too little. The result is loss of liver

function and eventual liver failure.
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Figure 9: Overall rationale of the study.
Sepsis associated inflammation induces massive apoptosis of T-lymphocytes, a hallmark

of sepsis. When a cell undergoes apoptosis, it releases sub-micron MPs from their cell
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surface. These apoptotic T-cell derived MPs contain a protein called sonic hedgehog (SHH)
that can bind to receptor patched 1 (Ptchl) of the hedgehog pathway and relieve Ptchl
mediated inhibition of smoothened (SMO). SMO is a downstream protein in this pathway
that can activate rho kinase pathway non-canonically (RhoA/ROCK) to induce endothelial
dysfunction (ED). RhoA/ROCK pathway mediate endothelial dysfunction by inducing F-
actin stress fibers, mitochondrial depolarization, hypercontraction, increased production of

ROS and decreased NO mediated vasodilation.

2.2 Experimental Design

Human microvascular endothelial cells (HMECs) were used as a study model to assess the
effects and mechanism of action of apoptotic T-cell derived MPs on endothelial cell
function. HMECs are immortalized cells obtained from human foreskins. The cells were
maintained in MCDB-131 media without L-glutamine (Life technologies-Gibco; Grand
Island, NY) supplemented 10ng/mL epidermal growth factor (EGF), Iug/mL
hydrocortisone, 10mM Glutamax and 10% heat inactivated fetal bovine serum (FBS). All
the cultures were maintained at 37°C under an atmosphere of 5% CO02 and 95% air. They
were passaged and harvested using 0.25% Trypsin-0.53mM EDTA solution. The culture
medium was replaced every two days. Most of the experiment consists of five treatment
groups. (1) Untreated HMECs (negative control), (2) HMECs treated with 50pg
protein/mL SHH*MPs, (3) HMECs treated with 10uM Purmorphamine (Pur). Pur activates
the HH signaling pathway by directly binding to smoothened (SMO), a downstream protein
in this pathway. If we can duplicate the effect of MPs with Pur, this would suggest that
SHH pathway does contribute to the MPs mediated ED (positive control). (4) HMECs

treated with 10uM SANT-1. SANT-1 is potent SHH pathway antagonist that directly
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inhibits by binding to SMO. If the effect of Pur on endothelial cells is abated by SANT-1,
this would further ensure involvement of SHH pathway in mediating ED. (5) HMECs
treated with 10uM ROCK inhibitor Y-27632 one hour prior to addition of MPs. Y-27632
is cell permeable, highly potent and selective inhibitor of ROCK. Y-27632 inhibits both
ROCK-1 and ROCK-2 by competing with ATP for binding to the catalytic site. If inhibition
of RhoA/ROCK abrogates or reduces the effect of SHH*MPs on ECs, this would indicate
that indeed these SHH containing microparticles derived from apoptotic T-cell induce
endothelial dysfunction through activation of RhoA/ROCK pathway. The treatments were
done for a period of 24 hours to simulate acute inflammation during which large degree of

sepsis induced T-cell apoptosis is documented to occur.
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Figure 10: Schematic representation of experimental treatments
Human microvascular endothelial cells (HMECs) were used as study model. Overall
hypothesis is that MPs containing sonic hedgehog protein (SHH) bind to patched receptor

1 (Ptchl) and relieve Ptchl mediated inhibition of smoothened (SMO), a downstream
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protein in this pathway. SMO can transduce signals via canonical Gli pathway and non-
canonical RhoA/ROCK pathway. In this case, as RhoA/ROCK is known to induce
endothelial dysfunction (ED), we hypothesize that SHH contained in MPs activate non-
canonical RhoA/ROCK pathway to induce endothelial dysfunction. Most experiments
have five treatment groups. (1) HMECs alone is the negative control group that is expected
to show normal endothelial function (EF). (2) HMECs treated with MPs is expected to
display ED as these MPs contain SHH which can non-canonically activate RhoA/ROCK
pathway to induce ED. (3) HMECs treated with Pur will serve as positive control group
since Pur can activate SHH pathway by inducing SMO activity. Pur treatment is also
expected to induce ED as activated SMO can transduce signals via non-canonical
RhoA/ROCK similar to that of MPs. (4) HMECs treated with ROCK inhibitor Y-27632
one hour prior to treatment with MPs is expected to display normal EF as ROCK pathway
has already been inhibited in these cells so MPs containing SHH would unable to induce

ED via RhoA/ROCK pathway. The treatments were done for either 6 or 24hrs.

2.3.Preliminary data

Human T-lymphoblastoid cell line (CEM-CM3) (American Type Culture Collection,
Manassas, VA) were used for MPs isolation. After isolation, Morphological verification of
MPs, expression of SHH in MPs and the percentage of MPs that express SHH was

determined.
2.4 Methodology
2.4.1.Apoptotic T-cell derived Microparticles Isolation

MPs were isolated based on the protocol as described previously [323, 327]. T-cells were

seeded at density of 3X10° cells/mL and cultured in RPMI-1640 modified media
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(American type culture collection, Manassas, VA) till a minimum of 200mL culture was
obtained. Cells were then treated with phytohemagglutinin (PHA; 3pug/mL; Sigma-Aldrich,
St. Louis, MO) for 72 hours to allow proliferation followed by treatment with phorbol-12-
myristate-13-acetate (PMA; 20ng/mL; Sigma-Aldrich, St. Louis, MO) and actinomycin D
(act D; 0.5pug/mL; Sigma-Aldrich, St. Louis, MO) to induce apoptosis. After 24hrs, the
cells were centrifuged at 750g for 15 minutes at 4°C to remove cell debris. The supernatant
obtained was subjected to centrifugation at 1500g for 5 minutes at 4°C to remove large
debris. The latter supernatant was re-centrifuged at 14000g for 45 minutes at 4°C. The
pelleted MPs were re-suspended in 15mL phosphate buffer saline (PBS) and centrifuged
again at 14000g for 45 minutes at 4°C. The pellet was recovered in 2mL PBS. The nug
protein/mL of MPs was determined by measuring MPs associated proteins using the
Bradford assay (Micro BCA protein assay kit; Pierce Biotechnology; Rockford IL) with
bovine serum albumin (BSA) as standard.

2.4.2 Microparticles Visualization

Morphology of MPs was detected by staining them with fluorescent Vybrant® Dil Cell
labeling Solution (Molecular probes Inc; Eugene, OR). Dil is a lipophilic membrane stain
that diffuses laterally to stain entire cell. It is weakly fluorescent until incorporated into
membranes. Briefly, 1ul of Vybrant® Dil Cell-Labeling solution was added to 100ul of
MPs suspension. The mixture was incubated at 37°C for 10 minutes. Images were taken
using a 60X objective of Olympus IX70 microscope in phase contrast mode.
2.4.3.Western blotting

SHH expression in MPs was determined by western blotting. Protein concentration of MPs

was determined by Micro BCA protein assay kit (Pierce Biotechnology; Rockford IL) and
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the volume of protein loading in western blot was adjusted accordingly. Zero, seven point
five, fifteen, thirty and sixty micrograms of MPs protein sample were boiled for 7 minutes
at 95°C in a 1:1 mixture of 2-mercaptoethanol and Laemmli loading buffer (1:20 ratio
respectively) prior to separation on a 10% SDS PAGE gel. Standard western blotting
procedures were then followed as previously described. Increasing concentration of MPs
protein separated on SDS PAGE were transferred to PVDF membrane (Immubilon-FL
membrane, Millipore Sigma) by electro blotting. Blots were then probed with primary
mouse monoclonal antibodies for sonic hedgehog (Sigma-Aldrich St. Louis, MO)
overnight at 4°C followed by secondary goat anti-mouse IgG HRP (Thermo Fischer
Scientific; Rockford, IL) for one hour at room temperature (RT), at a dilution of 1:200 and
1:2000 respectively. A monoclonal mouse anti-human Pactin antibody (Sigma-Aldrich; St.
Louis, MO) was used at 1:5000 dilution for visualization of protein gel loading.

2.4.4 Flow cytometry

SHH expression in MPs was quantified by using BD fortessa flow cytometer. 1X 10°/mL
MPs were fixed in 2% formaldehyde solution followed by permeabilization using 0.1%
saponin. Permeabilized MPs were labelled with 100uL of 1:200 dilution of primary mouse
anti-SHH antibody (Sigma-Aldrich, St. Louis, MO) in 0.5% BSA for 1 hour at RT followed
by centrifugation at 400g for 5 minutes. The supernatant was replaced by 0.5% Bovine
serum albumin (BSA) and washed by centrifugation at 400g for 5 minutes. The pelleted
MPs were then labelled with 100uL of 1:5000 dilution of secondary fluorescein affnipure
Donkey-anti-mouse 1gG (Jackson Immune Research Laboratories; West grove, PA) in
0.5% BSA for 30 minutes at RT followed by wash with 0.5% BSA using centrifugation at

400g for 5 minutes. The labelled MPs were re-suspended in 0.5mL 1X DPBS for analysis
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on flow cytometer. To locate MPs, a gate was established by setting parameters of forward
and side scatter channels using size calibrated 0.2pm and 1pum yellow and red fluorescent
latex beads respectively (Figure 13A). The vesicles within this gate ranging from 0.2-1um
were identified as MPs (Figure 13B). Further, SHH expression was analyzed by measuring
FITC fluorescence. The data is represented as histogram that plots the intensity of FITC
expression on X-axis versus number of events on the Y-axis. 10,000 events were acquired

for each run with n=7.

2.4.5.Apoptotic T-cell derived Microparticles Dosage Determination

MP dose was determined using induction of nitric oxide production in RAW 264.7 cells.
Macrophages under unstressed conditions do not express nitric oxide synthase; however,
in response to inflammatory stresses upregulate iNOS/ NOS2 making them a sensitive
indicator of proinflammatory signals. Briefly, cells were grown to 80-90% confluence in
24-wells plates. Following addition of MP (1pg/ml-500ug/ml), cells were incubated for 24
hours at 37°C. A nitrite standard curve was produced using 0.1M sodium nitrite. Then,
100ul of standard curve samples and supernatant from each well of MP-treated cells was
pipetted into a 96-well plate in duplicate. Next, 100ul of Griess Reagent (0.5g
sulfanilamide + 0.05g N-ethyl-maleimide in 6% (v/v) phosphoric acid) was added to each
well followed by a 30-minute RT incubation period in the absence of light. The absorbance
at 540nm was read using a plate reader. The concentration of MP that provided a consistent
increase in nitrite production was marked as the optimal MP dose to use in all HH pathway

experiments. This dose was 50ug protein/mL (data not shown).
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2.5.Results

2.5.1.Detection of Apoptotic T-cell derived Microparticles
MP generated from apoptotic CEM T-lymphocytes are shown below in Figure 11. These
image shows many small, highly concentrated spots, each being either single MP/

multiple MPs.

Figure 11: Visualization of apoptotic T-cell derived MPs using Dil fluorescent stain
100uL. MPs purified from apoptotic T-cell supernatant were labelled with SuM Dil
fluorescent stain and observed by phase contrast microscope. Each dot in the picture
represent MPs.

2.5.2.Apoptotic T-Cell derived Microparticles express Sonic Hedgehog.

As a first step toward determining if SHH protein is expressed in apoptotic T-cell derived
MPs, we performed western blot. Increasing concentrations of MPs from 0 to 60ug
protein/mL (Fig.12) showed a consequent increase in 45kDa SHH protein, indicating these

MPs do express SHH. B-actin was used as a load control.
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Figure 12: Western blot depicting sonic hedgehog expression by apoptotic T-cell derived
microparticles.

MPs generated by PHA/PMA/act D induced apoptosis of CEM T-cells were loaded at
concentrations of 7.5ug protein/mL (lane 2), 15ug protein /mL (lane 3) 30ug protein /mL
(lane 4) 60pg protein /mL (lane 5). Human endothelial lysate was used as positive control
(lane 6). B-actin control was included. There was increase in 45kDa SHH protein with

increase in concentration MPs.

2.5.3. 80% Apoptotic T-cells derived Microparticles express Sonic Hedgehog.

FACS analysis using primary SHH antibody and secondary FITC antibody revealed that
80.8% MPs do express SHH (Figure 13D) as compared to control MPs (Figure 13C) that
accounted for 19.2 % of non-specific fluorescence. The optimal MP dose was determined

to be 50pg/mL protein.
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Figure 13: Flow cytometry analysis depicting percentage of apoptotic T-cell derived
microparticles that express sonic hedgehog protein.

(A)Sizing of MPs was based on fluorescent latex beads of 0.2um yellow and 1um Red.
(B). Representative forward scatter (FSC-A) vs side scatter (SSC-A) dot blot showing MPs
(blue) that were identified based on the gate ranging from 0.2um to lpm. (C)
Representative flow cytometry fluorescence histogram of control MPs labelled with only
secondary donkey anti-mouse FITC antibody. 19.2% MPs showed non-specific

fluorescence. (D) Representative flow cytometry fluorescence histogram of MPs labelled
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with primary mouse anti-SHH antibody and secondary donkey anti-mouse FITC antibody.
80.8% MPs showed SHH specific fluorescence.

2.6.Discussion

Our preliminary result confirm that MPs obtained from apoptosis of CEM T-cells do
contain SHH protein. Indeed 80% of these apoptotic T-cell derived MPs express SHH. This
confirmation allowed us to test the effect of SHH containing MPs on functions of

endothelial cells.
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CHAPTER 3: EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL
DERIVED MICROPARTICLES ON ENDOTHELIAL BARRIER FUNCTION
MEDIATED BY ACTIVATION OF RHO KINASE PATHWAY

3.1.Background
Endothelial cells lining the inner surface of the blood vessel partitions the underlying tissue
from blood components. In a healthy state, the close apposition and alignment of
endothelial cells allow it to function as a semi-permeable barrier that controls blood-tissue
exchange of plasma fluids, nutrients, proteins and metabolic byproducts while preventing
the pathogens or harmful materials in the circulation from entering into the tissues [328].
This restrictive barrier establishes the trans-endothelial oncotic pressure gradient that is
required to maintain tissue fluid homeostasis and host defense [329]. Appropriate
regulation of the microvascular fluid hydrodynamics and endothelial barrier function is
vital to support normal tissue viability and physiological functions of various organ [330].
Cell-cell junctional complexes play important role in preserving and
regulating endothelial barrier function. Endothelial cells have several types of junctions
including adherens junctions, gap junctions and tight junctions. Adherens junctions control
paracellular permeability to leukocytes and solutes, gap junctions allow passage of small
molecular weight solutes between neighboring cells while, the tight junctions provide
barrier within membranes by regulating paracellular permeability and cell polarity [331] .
But, these cell- cell junctional complexes do not work in isolation. They are linked to
cytoskeleton that ensures that the junctional forces and cell shape are coordinated.
Furthermore, remodeling of cytoskeleton itself leads to rapid changes in the cell shape

which in turn introduce gaps in the endothelial monolayer, causing microvascular leak
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[153]. Actin filaments are critical components of the cytoskeleton whose tethering to the
adhesion complexes is essential in maintaining a functional endothelial barrier [332]. In
quiescent endothelium, actin forms a cortical rim just underneath the membrane skeleton
that in association with several proteins regulate polymerization of actin filaments and
tethering of actin to membrane proteins. But, agents known to increase microvascular leak
such as thrombin, histamine, inflammatory cytokines disrupt the cortical actin and instigate
formation of contractile actin-containing stress fibers [153]. Stress fibers are short cross-
linked bundles of F-actin that are typically divided into ventral stress fibers, dorsal stress
fibers and transverse arc and play role in cell contraction. These actin stress fibers distribute
throughout the interior of cell creating a pulling centripetal tension which along with the
reorganization of the adhesion complex architecture, mediate retraction of cell-cell borders
into discernible gaps [333]. This actin reorganization from its cortical organization into
stress fibers is a principal component of endothelial response to inflammation [334]. But,
ongoing inflammation as in sepsis shifts the balance of actin dynamics from cortical actin
cytoskeleton to destabilizing contractile stress fibers, thus disrupting endothelial barrier
integrity and increased vascular permeability [335]. Aberrant actin dynamics also
contribute to excessive immune cell recruitment into the sites of inflamed tissue area [336].

The pathophysiology of endothelial barrier dysfunction is characterized by
hyperpermeability of blood vessels that is clinically manifested as protein rich edema into
tissues, a hallmark of inflammation [337]. This vascular leakage disturbs the fluid
homeostasis, increases migration of blood cells and impairs tissue oxygenation. Also, there
is large production of ROS, proteases, amines and lipid mediators, rendering an

exaggerated host defense that attacks normal cells and tissues [338]. The pathological
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consequence of these otherwise bona fide events is tissue injury and eventually organ
failure [338]. Endothelial barrier dysfunction and microvascular leak have been shown to
critically contribute to the pathogenesis of organ failure in sepsis and of sepsis related
complications including liver injury [339-341]. Sepsis patients show microvascular leak
that is manifested as tissue and organ edema and hypotension [342].

Increased vascular permeability is essential for inflammatory responses but
can also contribute to development of pathological conditions such as sepsis [343]. There
is strong evidence for involvement of RhoA/ROCK pathway in regulation of actin
dynamics and vascular hyperpermeability after cecal ligation and puncture (CLP) induced
sepsis and liposaccharide (LPS)-induced inflammation [344]. ROCK destabilizes the
endothelial barrier by inactivating actin depolymerization factor. This induces actin
remodeling in a way that it favors formation of contractile stress fibers over cortical actin
arrangement leading to compromise in endothelial barrier and microvascular leak. [151,
345]. However; which signaling molecule/s activate RhoA/ROCK to mediate endothelial
barrier dysfunction in sepsis is not known. In this study, we hypothesized that the apoptotic
T-cell derived MPs containing SHH activate RhoA/ROCK pathway to mediate endothelial
barrier dysfunction by inducing F-actin stress fibers in cytoskeleton and by making
endothelial monolayer leaky.
3.2.Materials and Methods
3.2.1.HMEC Cell Culture
Human microvascular endothelial cells (HMECs) were a kind gift from Dr. Vijay Kumar
Kalra (University of Southern California, Los Angeles, California). HMECs are

immortalized cells obtained from human foreskins. The cells were maintained in MCDB-
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131 growth media without L-glutamine (Thermo Fisher Scientific; Rockford, IL)
supplemented 10ng/mL endothelial growth factor (EGF), 1pg/mL hydrocortisone, 10mM
GlutaMAX (Life Technologies, Carlsbad, CA), 10% heat-inactivated fetal bovine serum
(FBS) (Serum Source, Charlotte, North Carolina) and 10% penicillin-streptomycin
(Thermo Fisher, Waltham, MA). Cells were maintained in T-75 flask at 37°C under an
atmosphere of 5% CO02 and 95% air. Cells were harvested using 0.25% Trypsin-0.53mM
EDTA solution and seeded on collagen-coated wells, allowing them to attach overnight.
Cells were quiesced the following day in 0.1% FBS medium overnight. The next day,
medium was refreshed with 1% FBS medium and treatments were added for either 6 or

24hrs.

3.2.2.Reagents

Texas Red ™-X Phalloidin, 4°, 6-Diamidino-2-Phenylindole dihydrochloride; DAPI were
obtained from Thermo Fisher Scientific (Rockford, IL). Purmorphamine (Pur),
Fluorescein-isothiocyanate (FITC) labelled dextran-70kDa and Dulbecco’s phosphate
buffered saline (DPBS) was obtained from Sigma-Aldrich (St. Louis, MO), Y-27632
(R)-(+)-trans-N-(4-Pyridyl)-4-(1-Aminoethyl) cyclohexanecarboxamide dihydrochloride
monohydrate was acquired from Cayman chemical (Ann harbor, MI).

3.2.3.Treatments

Each experiment consists of four treatment groups. (1) Untreated HMECs (negative
control), (2) HMECs treated with 50pg protein/mL SHH*MPs, (3) HMECs treated with
10uM Pur. Pur activates the hedgehog signaling pathway by directly binding to
smoothened (SMO), a downstream protein in this pathway. If we can duplicate the effect

of MPs with Pur, this would suggest that SHH pathway does contribute to the MPs
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mediated endothelial dysfunction (positive control). (4) HMECs treated with 10uM Y-
27632 one hour prior to treatment addition of MPs. Y-27632 is cell permeable, highly
potent and selective inhibitor of ROCK. Y-27632 inhibits both ROCK-1 and ROCK-2 by
competing with ATP for binding to the catalytic site. If inhibition of ROCK abrogates or
reduces the effect of SHH*MPs on endothelial cells, this would indicate that indeed these
SHH containing microparticles derived from apoptotic T-cell induce endothelial
dysfunction through activation of RhoA/ROCK pathway. The treatments were done for a
period of 24 hours to simulate acute inflammation during which large degree of sepsis
induced T-cell apoptosis is documented to occur.

3.2.4 Determination of Changes in Cell Morphology.

HMECs were grown on collagen coated 12 well plate for a day. Then, cells were quiesced
overnight in 0.1% FBS MCBD-131 media. The next day, media was refreshed with 1%
FBS MCDB-131 media and the cells were treated with 50ug protein/mL MPs or 10uM Pur
and /or 10uM ROCK inhibitor Y-27632 one hour prior to addition of MPs. HMECs alone
was used as control. After 24hrs, the cells were imaged using 20X objective lens of an

inverted microscope (Olympus1X70) in a phase contrast mode for n=3 experiments.

3.2.5. Determination of Changes in Cytoskeleton Morphology

To detect the F-actin stress fibers, Texas Red-X phalloidin fluorescent staining was used.
Phalloidin is F-actin specific bicyclic peptide that belongs to family of toxins isolated form
deadly Amanita phalloides. HMEC monolayers were prepared on collagen coated covered
glass chamber slide (Lab-Tek). HMECs were treated with 50pg protein/mL MPs or 10uM
Pur and /or 10pM ROCK inhibitor Y-27632 one hour prior to addition of MPs for 24hrs.

HMEC:s alone was used as control. After treatments, the HMECs monolayer were fixed
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with 4% formaldehyde followed by permeabilization using 0.25% triton-X 100. Both
fixing and permeabilization were done for 10 minutes at room temperature. Cells were
washed three times with ice-cold Dulbecco’s phosphate-buffered saline 1X (DPBS 1X)
between fixing and permeabilizing steps. Cells were then loaded with 200uL of 1uM
solution per coverslip Texas red-X phalloidin and stained for 20 minutes at 37°C under an
atmosphere of 5% C02 and 95% air. Excess phalloidin was removed by washing with PBS
twice followed by treatment with DAPI (300nM for 1min) for nuclear counterstaining.
Excess DAPI was removed from slides by washing with 1X DPBS and air dried.
Microscopic slides were viewed by using the 40X UPlanApo 0.85 objective lens of
Olympus FV500 laser scanning confocal microscope. Laser excitation of 405nm and
610nm were used in rapid succession and F-actin in red (Texas-Red X Phalloidin staining)

and nucleus in blue (DAPI staining) were visualized.

3.2.6. Determination of Endothelial Monolayer Permeability with Transwell FITC-
Dextran Assay.

Increased permeability across the endothelial monolayer was measured using polyethylene
terephthalate (PET) track-etched transparent, low pore density transwell inserts (12mm
diameter, 0.4um pore size; Corning Costar; Pittston, PA). Subsequently, the lower chamber
of the 12 well transwell chambers was filled with 1.5mL MCDB-131 media. HMECs were
seeded in the upper chamber of the insert at density of 1X10° cells in 500pL MCDB-131
media per well. They were grown to confluence for 24-48 h. MCDB-131 media in upper
chamber was replaced with 500uL. Dulbecco’s Modified Eagle Medium (DMEM) media
containing FITC labelled dextran (70kDa, 1mg/mL; Sigma- Aldrich, St. Louis, MO). Cells

were treated as indicated with MPs, or Pur or Y-27632 with MPs in DMEM media with
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FITC labelled dextran. At 6 and 24hrs, 100uL samples were taken from lower compartment
for each treatment and control. The sample taken at 6hrs was replaced by 100uL DMEM
in the lower chamber. FITC-fluorescence was measured with multi-mode microplate reader
(Synergy™ HT x; BioTek instruments; Winooski, VT) equipped with excitation filter
485nm and emission filter at 535nm. The data is expressed FITC-dextran fluorescence

units.

3.2.7.Statistical Analysis

All data are presented as means + standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism software (San Diego, California). Statistical
significance was assessed by one-way analysis of variance (ANOVA) with independent
Dunnett’s post hoc test was used when statistical differences were detected. Statistical
significance was set at p < 0.05.

3.3.Results

3.3.1. Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Modulate
Morphology of Endothelial Cells via Rho Kinase Pathway.

HMEC:s alone (Figure 14 A) demonstrated the typical cobble stone appearance. Treatment
of HMECs with MPs (Figure 14 B) or Pur (Figure 14 C) altered cell shape from cobblestone
to round, causing cells to detach from surface. Rho kinase inhibition by Y-27632 before
addition of MPs (Figure 14 D) prevented rounding of the cells. Collectively, this result
shows the SHH containing apoptotic T-cell derived MPs alter shape of the endothelial cells

via activation of rho kinase pathway.
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HMEC’s alone MPs

Figure 14: Apoptotic T-cell derived MPs containing sonic hedgehog modulate morphology
of endothelial cells by rho kinase pathway

HMECs were treated with 50ug protein/mL MPs (B) or 10uM Pur (C) and or 10uM Y-
27632 one hour prior to addition of MPs (D) for 24hrs. HMECs alone were the control (A).
After 24hrs, the cells were imaged using 20X objective of Olympus 1X70 inverted
microscope with phase contrast. HMECs alone demonstrated the typical cobble stone
appearance of endothelial cells. While treatment with MPs or Pur, lead to rounding of cells.

Inhibition of rho kinase pathway before addition of MPs prevented the rounding of cells as
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indicated by cobble stone appearance. The white speckles in MPs and Y-27632 +MPs

groups are the MPs. The images are representative of n=3 experiments.

3.3.2. Apoptotic T-cell derived microparticles containing sonic hedgehog modulate
endothelial cytoskeleton by inducing contractile F-actin stress fibers via rho kinase
pathway.

Inflammatory stress, such as sepsis activate Rho and its associated kinase ROCK to induce
endothelial barrier dysfunction by increasing F-actin stress fiber related contractile tension
[151-153, 346]. Therefore, we assessed F-actin stress fiber formation in endothelial
cytoskeleton induced by SHH containing apoptotic T-cell derived MPs via activation of
RhoA/ROCK. To locate these stress fibers, we loaded the cells with F-actin specific
phalloidin Texas red stain (1uM) and DAPI (300nM). F-actin (red), nucleus (blue) was
imaged using 60X objective lens of Olympus FV500 laser scanning confocal microscope.
In untreated HMECs (Figure 15A), actin was mainly located at the periphery of the cells,
displaying the principal cortical rim arrangement indicated by white arrow. Treatment of
HMECs with MPs (Figure 15B) or Pur (Figure 15C) respectively for 24hrs caused the actin
network to reorganize into F-actin stress fibers as indicated by yellow arrows. Rho kinase
pathway activation was assessed by using ROCK inhibitor Y-27632 one hour prior to
addition of MPs (Figure 15D). Importantly, MPs-evoked stress fibers were prevented in
presence of Y-27632 as indicated by white arrow pointing the cortical rim arrangement.
Taken together, this data demonstrates that SHH containing MPs derived from apoptotic
T-cells induce F-actin stress fibers in endothelial cytoskeleton via activation of rho kinase

pathway.
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HMECs alone MPs

Pur Y-27632+MPs

Figure 15: Apoptotic T-cells derived microparticles containing sonic hedgehog induce
contractile f-actin stress fibers in endothelial cells via rho kinase pathway

HMECs were treated with 50ug protein/mL MPs (B) or 10uM Pur (C) and or 10uM Y-
27632 one hour prior to addition of MPs (D) for 24hrs. HMECs alone were the control (A).
Cells were then fixed, permeablized and loaded with F-actin specific Texas Red™-X
Phalloidin and DAPI. F-actin stress fibers and nucleus were localization by visualizing
fluorescence at red (Texas Red™.-X Phalloidin) and blue (DAPI) channels. HMECs alone

displayed typical cortical rim arrangement of actin (white arrow). Treatment of HMECs
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with MPs for 24hrs caused the actin network to reorganize into stress fibers (yellow arrow).
Treatment of HMECs with Pur for 24hrs also reorganized cortical actin network into F-
actin stress fibers (yellow arrow). Inhibition of ROCK with Y-27632 one hour prior to
addition of MPs restored the cortical rim arrangement of actin (white arrow). Images are

representative of three separate experiments.

3.3.3. Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Increase
Permeability across Endothelial Monolayer via Rho Kinase Pathway

Increased endothelial permeability is a hall mark of liver injury in sepsis [78]. To examine
if the SHH containing MPs increase permeability of endothelial cells via rho kinase
pathway, we assessed the flux of 70kDa FITC labelled dextran across the endothelial
monolayer. HMECs were cultured on upper chamber of transwell inserts for 2 days to form
a monolayer. The media in the upper chamber was replaced by DMEM media containing
Img/mL FITC-labelled dextran followed by addition of respective treatments. Thereafter,
the permeability was determined by measuring the fluorescence of FITC-dextran that
percolated into lower chamber after 24hrs, using a plate reader. HMEC monolayers treated
with MPs displayed a significantly higher fluorescence (flux) of FITC-dextran (+71.5%;
*#%=p<(0.001) as compared to control, indicating MPs increase permeability across
endothelial monolayers. Stimulation of SHH pathway by addition of Pur to HMEC
monolayer also significantly increased permeability (+86.81%; ***=p<0.001) similar to
that observed with STH*MPs. The MPs-induced hyperpermeability was almost abolished
when HMECs were incubated in presence of ROCK inhibitor Y-27632 one hour prior to
addition of MPs, as indicated by relative flux of FITC-dextran that was not significantly

different from control. Altogether, this result shows that SHH containing apoptotic T-cell
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derived MPs augment endothelial monolayer permeability via activation of rho kinase

pathway (Figure 16).
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Figure 16: Apoptotic T-cell derived MPs containing SHH increase permeability across
endothelial monolayer via activation of rho kinase pathway.

HMECs monolayer were grown on upper chamber of transwell insert for 2 days. MCDB-
131 media was replaced with DMEM media containing Img/mL FITC-dextran (70kDA)
followed by treatment with 50pug protein/mL MPs or 10uM Pur and or 10pM Y-27632 one
hour prior to addition of MPs for 24hrs. Thereafter, permeability was assessed based on
amount of FITC -dextran that percolated through endothelial monolayer into lower
chamber. After 24hrs, 100uL samples were drawn from lower chamber and FITC-dextran
fluorescence was detected using a plate reader. FITC-dextran fluorescence was
significantly higher in HMEC’s treated with MPs as compared to HMECs alone. Treatment

with Pur to HMECs duplicated the effect shown by MPs. Addition of MPs to HMEC:s after
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inhibition of rho kinase with Y-27632 displayed FITC dextran flux that is not significantly
different from control and therefore prevented MPs induced vascular leakage. Statistical
significance was obtained by performing one-way ANOVA with post hoc Dunnett’s test.
*#%=P<(0.001; MPs, Pur vs control. Control vs Y-27632+ MPs is not significantly different.
All data are mean + s.e.m. of three experiments.
3.4.Discussion
Appropriate regulation of the microvascular fluid hydrodynamics and endothelial barrier
function is vital to support normal tissue viability and physiological functions of various
organ as its establishes gradients between tissues [330]. A hallmark of impaired
homeostasis in sepsis is barrier incompetency. Sepsis is associated with decreased flow
velocity in the microcirculation and reduced density of perfused capillaries [340, 347]. One
of the key events that induces alteration in microcirculation is the breakdown of endothelial
barrier and its associated leakage that manifest as protein edema. Severe tissue edema
increases the diffusion distance for oxygen and compresses the post capillary venules
which further impairs the microcirculatory flow [153]. Alteration in microcirculation is
characterized by some capillaries being hypoperfused while other exhibit normal or even
abnormally high flow [348, 349]. This heterogeneous perfusion of microcirculatory units
disturbs the tissue oxygenation and leads to hypoxic areas even in the presence of preserved
total blood flow to organ [350]. Altered microvascular perfusion as a result of barrier
failure is seen in patients with sepsis and has been linked to organ failure and mortality
[53].

The endothelial cells are highly exposed to circulating MPs and are among first

cells to respond to MP-mediated signaling. Platelet derived MPs isolated from patients
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suffering from multiple sclerosis have been shown to strongly disrupt the endothelial
barrier of human umbilical vein endothelial cell (HUVEC) in vitro than those derived from
healthy controls [351]. Microvascular endothelial cells derived MPs produced under
glucose deprivation also contribute to blood brain barrier disruption in vitro and in vivo.
However; the potential role of apoptotic T-cell derived MPs in mediating endothelial
barrier dysfunction in sepsis or other diseases has not been explored yet. Since T-cell
undergo massive apoptosis in sepsis and produce MPs from their surface, we hypothesized
that these MPs containing SHH mediate endothelial barrier dysfunction by inducing F-
actin stress fibers and by increasing permeability across the endothelial monolayer. To
visualize F-actin stress fibers, we imaged phalloidin staining fluorescence using confocal
microscopy. We, for the first time demonstrate that apoptotic T-cell derived MPs
containing SHH induce F-actin stress fibers. So, F-actin specific phalloidin stained all the
polymerized actin filaments in the endothelial cells. The resulting image was bright red
phalloidin fluorescence staining the dorsal, transverse and ventral stress fibers filaments
throughout the interior of the endothelial cells along with the cortical actin around the rim.
To test if apoptotic T-cell derived MPs increased endothelial permeability, we measured
the flux of FITC labelled dextran across the endothelial monolayer using plate reader. Our
results show that apoptotic T-cell derived MPs induce endothelial hyperpermeability. So,
more FITC-dextran percolated into the lower chamber of the transwell insert. Therefore,
71.5% more fluorescence of FITC-dextran was measured in HMECs treated with MPs than
in control HMECs. We also elucidated the mechanism by which these SHH containing

apoptotic T-cell derived MPs induce endothelial barrier dysfunction.
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Imbalance between the adhesive force of intracellular junctions and
contractile force of actomyosin results in endothelial barrier dysfunction [352]. Actin is
dynamically regulated by the members of Rho family GTPase notably Rac, cell division
control protein 42 homolog (Cdc42) and RhoA. Signaling through Racl and cdc42
stabilizes cortical actin and enhances barrier stability. In contrast, over-activation of RhoA
by inflammatory stimuli induces F-actin stress fibers and enhance endothelial barrier
dysfunction. Activated ROCK indirectly initiates polymerization of actin cytoskeleton by
two mechanisms. First, ROCK inhibits myosin light chain phosphatase (MLCP). The
contractile machinery of endothelial cells is mainly driven by mechano-chemical
interaction between actin and myosin. Myosin being the primary force generator is
controlled by phosphorylation status of its regulatory light chain (MLC). Myosin light
chain kinase (MLCK) phosphorylates MLC and allows its sliding against actin. As a
counter regulator, myosin associated protein phosphatase (MLCP) dephosphorylates MLC
thereby terminating the contraction. RhoA/ ROCK pathway promotes actomyosin
contraction by inactivating MLCP, directly phosphorylating MLC and indirectly activating
MLCK. This increase in actomyosin contractility breaks down intercellular junction
leading to endothelial barrier dysfunction [353, 354]. Mice with genetic deletion of MLCK
subjected to IP injection of LPS had less effects on permeability than WT mice [355].
Second, RhoA/ROCK inhibit activity of cofilin, an actin-severing protein. Under
physiological conditions, the actin cytoskeleton maintains a dynamic equilibrium between
the polymerization of globular actin (G-actin) at the barbed end and de-polymerization of
F-actin at the pointed end [356]. These actin filaments are randomly distributed throughout

the cells as short, diffuse actin monomers and at cell periphery as cortical actin [357]. Upon
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activation of RhoA pathway, ROCK phosphorylates LIMK which in turn phosphorylate
and inactivate actin de-polymerization factor cofilin leading to organization of actin
filaments into linear, parallel bundles stress fibers all across the cell interior [160]. Stress
fiber formation is often accompanied by a contractile cell morphology and formation of
gaps between adjacent endothelial cells and therefore hyperpermeability [353]. LPS-
induced inflammation in LIMKI1-deficient animals results in less edema formation and
mortality compared to control mice [358]. On the other hand, over expression of LIMK1
in HUVEC leads to more intercellular gap formation due to LIMKI-dependent
phosphorylation of cofilin [358].

CLP induced sepsis and intravenous injection of LPS results in over-
activation of RhoA/ROCK followed by cytoskeletal rearrangements, contraction and
enhanced vascular permeability in murine models of sepsis [359-361]. Rats when pre-
treated with ROCK inhibitor Y-27632 prior to CLP show lower wet to dry ratio of septic
organs, lower histopathological scores as compared with non-treated CLP animals [362].
Also, thrombin-a serine protease that normally controls endothelial permeability is over
expressed in sepsis and mediates endothelial hyperpermeability by inducing RhoA
activation [363]. Clearly, RhoA/ROCK pathway is critical for early events during sepsis
progression leading to endothelial barrier dysfunction and organ damage. But, how does
this RhoA/ROCK pathway get activated to induce endothelial barrier dysfunction in sepsis
is still not elucidated. In this study, we demonstrate that apoptotic T-cell derived MPs
containing SHH induce endothelial cytoskeletal rearrangement and barrier

hyperpermeability by activating of RhoA/ROCK pathway.
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3.5.Summary and conclusions

In summary, we provide evidence that SHH containing apoptotic T-cell derived MPs
disrupt endothelial barrier function by remodeling cortical actin into F-actin stress fibers
and by increasing permeability across endothelial monolayer (+71.5%). Direct activation
of SHH by SMO agonist Pur also induced F-actin stress fibers and increased percolation
of FITC dextran across endothelial monolayer (+86.81%) similar to SHH containing MPs.
This indicates that SHH pathway mediates MPs induced endothelial barrier dysfunction.
Inhibition of rho kinase pathway in endothelial cells before addition of MPs prevented F-
actin stress fibers formation and allowed flux of FITC-dextran that is not significantly
different from control. This indicates that SHH in MPs activates rho kinase pathway to
induce endothelial barrier dysfunction. Overall, this result indicates that one potential
mediator that can activate ROCK to mediate endothelial barrier dysfunction via induction
of stress fiber formation and hyperpermeability is SHH containing MPs derived from

apoptotic T-cell.



83

CHAPTER 4: EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL
DERIVED MICROPARTICLES ON REACTIVE OXYGEN SPECIES PRODUCTION
IN ENDOTHELIAL CELLS VIA ACTIVATION OF RHO KINASE PATHWAY

4.1.Introduction

Reactive oxygen species (ROS) such as superoxide (O27), hydrogen peroxide (H202) and
hydroxyl radical (HO") are free radicals/reactive molecules formed by partial reduction of
oxygen [364]. ROS is endogenously produced as byproduct during mitochondrial oxidative
metabolism as well as in cellular response to xenobiotic, cytokines and bacterial invasion.
Enzymes contributing to increased ROS production includes protein complexes of
mitochondrial electron transport chain (ETC), Nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, xanthine oxidase, and uncoupled endothelial nitric oxide
synthase (eNOS) [365]. Major contribution of ROS takes place at ETC cycle located on
the inner mitochondrial membrane during the process of oxidative phosphorylation. In
ETC cycle, electrons are passed through series of proteins via oxidation-reduction, with
last acceptor molecule being oxygen (O2) molecule. Leakage of electron from this chain
leads to partially reduction of Oz to form Oz". Under physiological conditions, low levels
of ROS exert several vital and beneficial physiological cellular functions. ROS interacts
with critical signaling molecules to initiate signaling in broad variety of cellular processes
such as proliferation and survival, antioxidant regulation, mitochondrial oxidative stress,
apoptosis, aging, iron homeostasis and DNA damage response [364]. ROS and reactive
nitrogen species (RNS) act as an important defense system, are produced by activated
phagocytes neutrophils and monocytes/macrophages as antimicrobial agents to directly

destroy the microbial pathogens [366]. Several cytokines, growth factors, hormones and
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neurotransmitter use ROS as secondary messenger in intracellular signal transduction
[367]. These free radicals are neutralized by the cellular anti-oxidant defense system. In
healthy individuals, a delicate balance between free radicals and antioxidants exist [368].
Oxidative stress occurs when balance between production of ROS, reactive
RNS and antioxidant protection is disrupted. Oxidative stress results in direct or indirect
ROS mediated damages to nucleic acids, proteins and lipids. This injury mechanism
includes oxidation of polyunsaturated fatty acids of the phospholipids present in plasma
membrane, mitochondrial membrane damage, DNA damage and decrease in nitric oxide
(NO) availability [369]. Thus, oxidative stress has been associated with several
pathophysiological condition and diseases including sepsis. In sepsis, decreased O2
utilization in tissues is observed in both animal models and sepsis patients. The end result
is low levels of ATP being produced and more electron leak from the ETC cycle, leading
to over production of free radicals and oxidative stress [370]. Apart from ETC cycle,
xanthine oxidation activation as a result of ischemic reperfusion, respiratory burst by
neutrophils and macrophages and arachidonic acid metabolism can also produce ROS
[371]. Among various ROS, Oz ion plays key role in pathogenesis of sepsis [372]. The
pro-inflammatory effects of ROS include endothelial damage, increased microvascular
permeability, formation of chemotactic factors, neutrophil recruitment, mitochondrial
damage, lipid per oxidation, and DNA single strand damage [373]. In model of lethal
sepsis, excess free radical production and oxidative damage occurs within 12 hours in the
course of disease [374]. Many human studies have reported increased oxidative stress
markers, direct evidence of free radical production, xanthine oxidase activation and low

concentrations of antioxidants in septic patients as compared to healthy volunteer [375].
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Oxidative stress also plays critical role in mediating endothelial
dysfunction. ROS can directly attack endothelial cells, promoting deterioration of the
endothelium and enhancing vascular permeability and thereby aggravating hypotension
and decreasing colloid osmotic pressure of the plasma [376]. ROS are also important
modulators of vascular tone. Endothelial cells produce vasodilator such as ‘NO in balance
with vasoconstrictors to regulate vascular tone. Many studies have shown that ROS
increase the tone of arteries by reducing NO bioavailability and endothelium-dependent
relaxation [377]. NO is a highly reactive radical that can interact with O2™ and also with
other ROS and lipid radicals , forming peroxynitrite (ONOQO") [378]. Under physiological
conditions, ROS production is low and endogenous antioxidants systems make sure to
balance the production of O2" and elimination, thus preventing the formation of ONOO"
and ensuring availability of NO for relaxation of vessels. While, in diseases where ROS
production is increased or the antioxidant capacity is decreased, NO is transformed into
ONOO" resulting in inhibition of endothelial dependent relaxation and therefore
endothelial dysfunction [379]. ONOO" is also a potent oxidant that mediates lipid
peroxidation and eNOS uncoupling. This eNOS uncoupling contributes to further increase
in ROS production and decreased NO formation and consequent endothelial dysfunction
[380]. Increased ROS bioavailability and deregulated redox signaling (oxidative stress)
together with decreased NO due to reduced eNOS activity and increased NO consumption
by ROS contribute significantly to molecular events underlying endothelial injury [380].
Moreover, they affect oxygen consumption by cells, which accelerates endothelial

dysfunction causing multiple organ failure [376]
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ROS in addition to mediating decreased NO and increased ONOO"
production via modulation of intracellular Ca*? concentration, can significantly upregulate
Ca™ independent RhoA/ROCK pathway in animal models to mediate endothelial
dysfunction [354]. Studies in aortic endothelial cells show that high glucose or ONOO"
increases RhoA activity which in turn decrease NO production by suppressing eNOS
expression and hence cause endothelial dysfunction. While, NO production is largely
restored by blocking ONOO™ or RhoA/ROCK pathway [381]. Also, ROS can stimulate
Rho translocation and activate ROCK which in turn inhibits MLC phosphatase, resulting
in smooth muscle contraction in Ca*? independent mechanism [382]. Recently, ROCK-1
has been demonstrated to in turn induce ROS production, indicating there may be positive
feedback loop in play. This increase in ROS production may be one of the potential
mechanisms by which Rho/ROCK decrease NO levels to induce endothelial dysfunction.
However; which signaling molecule/s actuate RhoA/ROCK to induce oxidative stress in
sepsis is not known. In this study, we hypothesized that apoptotic T-cell derived MPs
containing SHH induce oxidative stress in endothelial cells by enhancing Oz production
via activation of RhoA/ROCK pathway.

4.2. Materials and Methods.

4.2.1. HMEC Cell Culture

Human microvascular endothelial cells (HMECs) were a kind gift from Dr. Vijay Kumar
Kalra (University of Southern California, Los Angeles, California). HMECs are
immortalized cells obtained from human foreskins. The cells were maintained in MCDB-
131 growth media without L-glutamine (Thermo Fisher Scientific; Rockford, IL)

supplemented 10ng/mL endothelial growth factor (EGF), 1pg/mL hydrocortisone, 10mM
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GlutaMAX (Life Technologies, Carlsbad, CA), 10% heat-inactivated fetal bovine serum
(FBS) (Serum Source, Charlotte, North Carolina) and 10% penicillin-streptomycin
(Thermo Fisher, Waltham, MA). Cell were maintained in T-75 flask at 37°C under an
atmosphere of 5% C02 and 95% air. Cell were harvested using 0.25% Trypsin-0.53mM
EDTA solution and seeded on collage-coated wells, allowing them to attach overnight.
Cells were quiesced the following day in 0.1% FBS medium overnight. The next day,
medium was refreshed with 1% FBS medium and treatments were added for either 6 or

24hrs.

4.2.2 .Reagents

Dihydroethidium (DHE) was obtained from Thermo Fisher Scientific (Rockford, IL).
Purmorphamine (Pur), Hanks balanced salt solution (HBSS), Dulbecco’s phosphate
buffered saline (DPBS) was obtained from Sigma- Aldrich, (St. Louis, MO), Y-27632
(R)-(+)-trans-N-(4-Pyridyl)-4-(1-Aminoethyl) cyclohexanecarboxamide dihydrochloride
monohydrate was acquired from Cayman chemical (Ann harbor, MI).

4.2.3. Treatments

Each experiment consists five treatment groups. (1) Untreated HMECs (negative control),
(2) HMECs treated with 50ug protein/mL SHH*MPs, (3) HMECs treated with 10uM
Purmorphamine (Pur). Purmorphamine activates the hedgehog signaling pathway by
directly binding to smoothened (SMO), a downstream protein in this pathway. If we can
duplicate the effect of MPs with Pur, this would suggest that SHH pathway does contribute
to the MPs mediated endothelial dysfunction (positive control). (4) HMECs treated with
10uM SANT-1, an antagonist of SMO. If the effect of Pur on endothelial cells is abated by

SANT-1, this would further ensure involvement of SHH pathway in mediating endothelial
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dysfunction. (5) HMECs treated with 10uM Y-27632 one hour prior to treatment addition
of MPs. Y-27632 is cell permeable, highly potent and selective inhibitor of ROCK. Y-
27632 inhibits both ROCK-1 and ROCK-2 by competing with ATP for binding to the
catalytic site. If inhibition of ROCK abrogates or reduces the effect of SHH*MPs on
endothelial cells, this would indicate that indeed these SHH containing microparticles
derived from apoptotic T-cell induce endothelial dysfunction through activation of
RhoA/ROCK pathway. The treatments were done for a period of 24 hours to simulate acute
inflammation during which large degree of sepsis induced T-cell apoptosis is documented

to occur.

4.2.4.Dihydroethidium Staining to Detect Superoxide Production

To evaluate if apoptotic T-cell derived MPs containing SHH induce oxidative stress in
endothelial cells via rho kinase pathway, we used redox indicator dihydroethidium (DHE).
DHE is cell permeable dye that exhibits blue fluorescence in cytosol until oxidized by Oz
to 2-hydroxy ethidium (2-OH-E), which intercalates with DNA, staining its nucleus a bright
fluorescent red. HMECs were plated on 25mm glass coverslip in a 6-well plate at a density
of 1.5X10°cells /mL in MCDB-131 media supplemented with 10% FBS at 37°C under an
atmosphere of 5% CO02. After indicated treatments for either 6 or 24hrs, coverslips were
washed with PBS twice followed by staining with DHE prepared in HBSS (5uM; Thermo
Fischer Scientific; Rockford, IL) for 20 minutes at 37°C. Excess stain was removed by
washing with PBS twice. Coverslip was mounted on a chamber with ImL warm Hank’s
balanced salt solution (HBSS) and imaged using 60X objective of laser reflected confocal

scanning fluorescence microscope (Olympus FV 500) with a Fluoview operating software.
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DHE fluorescence was examined by laser excitation at 535nm and emission at 595nm with

rapid succession.

4.2.5.0ffline Image Analysis

Offline image analysis was performed by using FIJI software. 60X images recorded with
Texas red filters were used. Ten areas of interest were randomly selected per image with
total of n=3 per group. To quantify the extent of superoxide production, the mean of red
fluorescence intensity was measured. Greater is the ROS production, brighter is the red

color and hence higher is the mean of fluorescence intensity.

4.2.6.Statistical Analysis

All data are presented as means + standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism software (San Diego, California). Statistical
significance was assessed by one-way analysis of variance (ANOVA) with independent
Dunnett’s post hoc test was used when statistical differences were detected. Statistical

significance was set at p < 0.05.
4.3 .Results

4.3.1.Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Induce
Superoxide Production In Endothelial Cell Via Rho Kinase Pathway.

Marked oxidative stress as a result of inflammatory responses is a characteristic of
endothelial dysfunction [168, 383-385]. To test whether SHH containing MPs induce
oxidative stress in HMECs via RhoA/ROCK, we assessed Oz formation by measuring the
DHE fluorescence. At 6hrs, HMECs alone (Figure 17A) showed very little O2" production

while significantly enhanced DHE fluorescence was observed with MPs (Figure 17B;
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*#%%=pP<(.0001vs control). Extensive O2” production was also observed in HMECs treated
with SHH agonist Pur (Figure 17C; ****= P<(0.0001vs control) while, inhibition of SHH
by SANT-1 (Figure 19D) resulted in very little O2™ production. Treatment with ROCK
inhibitor Y-27632, one hour prior to MPs (Figure 17E) prevented excess Oz production
(not different from control). Similar results were obtained at 24hrs (Figure 19). SANT-1
treatment was not included at 6hrs. Collectively, this result suggests that SHH containing
apoptotic T-cell derived MPs induce oxidative stress in endothelial cell by enhancing Oz
production via rho kinase pathway. To quantify the extent of Oz production, we determined
the mean of red DHE fluorescence displayed by the confocal images taken after 6 (Figure

18) and 24hrs (Figure 20) treatment respectively using FIJI software.
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HMEC’s alone

Y-27632+MPs

Figure 17: Apoptotic T-cell derived microparticles containing sonic hedgehog induce

superoxide production in endothelial cells via rho kinase pathway.

HMECs grown on 25mm glass coverslips were incubated with 50ug protein/mL MPs (B)
or with 10uM Pur (C) or or with 10uM Y-27632 one hour prior to addition of MPs (D) for
6hrs. Control was HMEC’s alone (A). Cells were stained with 2.5uM DHE in HBSS for
20 minutes. Oz production was localized by visualizing fluorescence of DHE (red) on a
confocal microscope at 60x magnification and scale bar =20pm. HMECs alone showed

very little DHE staining while, extensive DHE staining was observed with addition of MPs.
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Treatment of HMECs with SHH agonist Pur displayed extensive Oz production. Inhibition
of ROCK with Y-27632 one hour prior to addition of MPs prevented excess Oz production
as indicated by less DHE staining that is not significantly different from control.

Representative images from three experiments are shown.
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Figure 18: Quantification of Dihydroethidium fluorescence in confocal images taken after
6hrs of treatment

HMECs were treated with MPs (B) or with Pur (C) and or with Y-27632 one hour prior to
addition of MPs (D) for 6hrs. Cell were loaded with 2.5uM DHE in HBSS and confocal
images were taken 20 minutes later with 60x magnification and scale bar 20um. To
quantify the degree of O2™ production, average mean intensities of DHE fluorescence was
measured for 10 spots per picture using FIJI software. Statistical significance was analyzed
by one-way ANOVA with post hoc Dunnett’s test. ****P<(0.0001 for MPs, Pur compared

to control. All data are represented as the mean + s.e.m. of three experiments.
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HMEC’s alone MPs Pur

SANT-1 Y-27632+MPs

Figure 19: Apoptotic T-cell derived microparticles containing sonic hedgehog induce
superoxide production in endothelial cells via rho kinase pathway.

HMECs grown on 25mm glass coverslips were incubated with 50ug protein/mL MPs (B)
or with 10uM Pur (C) or with 10uM SANT-1 (D) and or with 10uM Y-27632 one hour
prior to addition of MPs (E) for 24hrs. Control was HMEC’s alone (A). Cells were stained
with 2.5uM DHE in HBSS for 20 minutes. O2" production was localization by visualizing
fluorescence of DHE (red) on a confocal microscope at 60x magnification and scale bar
=20pm. HMECs alone showed very little DHE staining while, extensive DHE staining was
observed with addition of MPs. Treatment of HMECs with SHH agonist Pur displayed
extensive O2" production while, the SHH antagonist SANT-1 abrogated it. Inhibition of

ROCK with Y-27632 one hour prior to addition of MPs prevented excess O2" production
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as indicated by less DHE staining that is not significantly different from control.

Representative images from three experiments are shown.
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Figure 20: Quantification of Dihydroethidium fluorescence in confocal images taken after

24hrs of treatment.

HMECs were treated with MPs (B) or with Pur (C) or and or with Y-27632 (D) one hour

prior to addition of MPs for 24hrs. Cell were loaded with 2.5uM DHE in HBSS and

confocal images were taken 20 minutes later with 60x magnification and scale bar 20um.

The extent of O2” production was quantified by analyzing average mean intensities of DHE

fluorescence for 10 spots per picture using FIJI software. Statistical significance was

analyzed by one-way ANOVA with post hoc Dunnett’s test. ****=P<(0.0001 for MPs, Pur

compared to control. All data are represented as the mean + s.e.m. of three experiments.
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4.4. Discussion

The pathological conditions in sepsis caused by extensive inflammatory response is
characterized by massive production of ROS, RNS and inflammatory cytokines [166].
Sepsis patients show overwhelming production of ROS and/ or deficit in antioxidant
system which correlates with the mortality [385]. Increase of ROS after LPS challenge has
been demonstrated in different models of sepsis [386]. LPS is capable of inducing ROS by
interacting with myriad of immune cells, can be beneficial or detrimental to the host. Early
in sepsis, phagocytic cells macrophages and neutrophils get activated to engulf and destroy
the bacteria through LPS recognition by producing antimicrobial ROS and RNS, a
mechanism that is certainly required and advantageous to the host [387]. Mice deficient in
producing Oz, is associated with decreased bacterial clearance [388]. However; a
continued exposure of high doses of LPS triggers prolonged production of ROS which can
be detriment, including significant cytotoxicity to organs and contribution to sepsis
associated MOF. Among various ROS, Oz plays a key role in pathogenesis of
hemodynamic instability and organ dysfunction during sepsis. LPS also increases
expression of iNOS and NF-«xB, and consequently promote production of large amounts of
NO for longer periods, leading to hypotension. This is evidenced by increased levels of
nitrite and nitrate; stable metabolites of NO measured in the plasma of septic patients [389]
and by the ability of iNOS selective inhibitors to restore blood pressure in experimental
models of sepsis and reverse hypotension in human endotoxemia [390]. Excessive NO can
react with O2" to form ONOO™ a strong oxidant [391] that inhibit mitochondrial respiration,
resulting in increased lactate and decreased ATP production [392]. This leads to opening

of potassium (K*) channels, allowing K* to move out the cells, causing a decrease in
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membrane potential and hyperpolarization, closing voltage gated calcium channels in the
cell membranes and vascular muscle relaxation. Dysfunction of these K channels closure
has been seen in vascular diseases including sepsis leading to abnormal vasodilation and
hypotension, a hall mark of sepsis, which also contributes to MOF [393].

MPs are potent autocrine/paracrine signals for oxidative stress. Endothelial
derived microparticles (EMPs) have been shown to induce ROS in microvascular
endothelial cells and in ex-vivo aortic rings [322]. In addition, ROS produced by EMPs
promotes anti-angiogenic effect in endothelial cells [394]. Similarly, ROS production is
also induced in HUVECs exposed to EMPs. This exogenous ROS production is mediated
by both mitochondrial and NADPH oxidase mediated [395]. MPs derived from apoptotic
T-cell derived have also been reported to induce endothelial dysfunction by increasing
ROS by a mechanism sensitive to xanthine oxidase [396]. However, role and mechanism
of action of SHH containing apoptotic T-cell derived MPs in mediating oxidative stress in
sepsis has not been investigated yet. Since T-cell undergoes massive apoptosis in sepsis
producing MPs, we hypothesized that these MPs mediate oxidative stress in endothelial
cells by inducing production of excess O27, a potent mediator of sepsis pathophysiology
that can injure liver. To visualize and quantify O2", we imaged DHE fluorescence using
confocal laser scanning microscopy. Apoptotic T-cell derived MPs induced significantly
high amount of Oz in endothelial cells. So, DHE was oxidized by Oz to 2-hydroxy
ethidium (2-OH-E), which intercalated with DNA. The resulting image was bright red
fluorescence staining the nucleus of the endothelial cells and the measured mean of

fluorescence intensity for the area of interest was very high in numerical value (+242%).
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We also elucidated the mechanism by which these apoptotic T-cell derived MPs mediate
oxidative stress in endothelial cells.

Impaired vascular regulation in sepsis rats is mediated by increased
oxidative stress and RhoA/ROCK pathway [152]. ROS has been shown to activate ROCK
mediated endothelial dysfunction [382]. Recently, ROCK in turn has been shown to
increase mitochondrial ROS production by modulating the interaction between Raclb and
cytochrome ¢ (cyt ¢) [170]. Rac1b is an alternatively spliced variant of G-protein Racl that
comprises of a self-activated GTPase unit [171] and plays role in cytoskeletal
reorganization and ROS production [172]. Cyt c is a mitochondrial redox carrier that is part
of complex III in electron transport chain (ETC) of mitochondria. Cyt ¢ have heme as
prosthetic group that accepts electrons from complex III and transfers them to complex IV
cytochrome c oxidase ; COX of ETC cycle [173]. In turn, reduced COX conducts the final
electron transfer to Oz allowing its complete reduction into H20, which ultimately drives
proton pump across the inner mitochondrial membrane for ATP production [174].
RhoA/ROCK activation induces phosphorylation of Raclb at ser71 and facilitate its
interaction with cyt c. This interaction results in electron transfer from cyt ¢ to Racl at Cys-
178 instead of their transfer to COX [175]. Therefore, COX is unable to completely reduce
O2 to H20 leading to production of ROS [170]. However, which signaling molecule/s
activate RhoA/ROCK to induce oxidative stress in sepsis is not known. In our study, we
demonstrate that apoptotic T-cell derived MPs containing SHH increase Oz production in

endothelial cells by activation of RhoA/ROCK pathway.
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4.5.Summary and Conclusions

In summary, we demonstrate that SHH containing apoptotic T-cell derived MPs induce
oxidative stress in endothelial cells by increasing Oz production as indicated by extensive
DHE fluorescence and high mean value (+242%). Stimulation of SHH pathway by SMO
agonist also induces excessive production of Ozas indicated by high mean value of DHE
fluorescence (+270%) While inhibition of SHH pathway by SANT-1 abrogates it, as
evident by low DHE fluorescence. This suggest that MPs induced oxidative stress is
mediated by SHH pathway. Inhibition of ROCK by Y-27632 one hour prior to addition of
MPs prevented excessive Oz as indicated by low DHE fluorescence and low mean value
that is not significantly different from control. Therefore, SHH in MPs activate rho kinase
pathway to induce excessive O2" production in endothelial cells. Overall, this results
indicates that SHH containing MPs derived from apoptotic T-cell derived MPs are one
potential agonist that can activate rho kinase pathway to induce endothelial cell

dysfunction.
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CHAPTER 5: EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL
DERIVED MICROPARTICLES ON MITOCHONDRIA OF ENDOTHELIAL CELLS
MEDIATED BY ACTIVATION OF RHO KINASE PATHWAY

5.1.Introduction

A growing body of evidence suggests that inability of cells to consume oxygen (O2) may
play crucial role in pathophysiology of sepsis [166]. For example, studies where
supranormal level of O2 was available failed to decrease the morbidity and mortality of
critically ill patients [397]. Since mitochondrial respiratory chain utilizes 90% of the total
body Oz consumed, impaired O2 utilization and dysfunctional mitochondria are implicated
in pathogenesis of sepsis. Mitochondrial respiratory chain is located in the inner
mitochondrial membrane and is composed of five individual complexes I to V that bring
about oxidative phosphorylation. These complexes transfer electrons from NADH, and
succinate produced by the Krebs cycle down a redox gradient, finally reducing Oz to water.
The transfer of electrons allows the complexes I, III and I'V to translocate protons from the
mitochondrial matrix to the intermembrane space, generating a mitochondrial membrane
potential (MMP). MMP is a transmembrane potential of hydrogen ions that serves an
intermediate source of energy generating an electric potential due of charge separation i.e.
negative on inside and positive on outside and a proton gradient. This proton gradient is
used by ATP synthase (complex V) to generate ATP from ADP and inorganic phosphate
[370]. Both ATP generation and MMP are essential for functioning of mitochondria and
host cell, where prolonged depolarization (loss of charge separation across the membrane)
leads to point of no return and mitochondrion as functional entity dies and has fatal

consequence for the cell due to bioenergetics failure [398]. Apart from ATP production,
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mitochondria are involved in heat generation, production of reactive oxygen species
(ROS), thermoregulation, maintenance of intracellular Ca* and intracellular redox
potential. Sepsis induces structural and functional damages to mitochondria, conversely
mitochondrial dysfunction aggravates sepsis as there is failure of ATP production [177].
Alterations in mitochondria have been described in skeletal muscle and liver obtained from
septic rats, pigs and primates [399, 400] where decreased mitochondrial respiratory rate
and swelling have been identified along with microcirculatory blood flow changes.

The pathogenesis of mitochondrial damage as a result of sepsis is a complex
series of events. Multiple stressors have been shown to influence mitochondrial functions
including oxidative phosphorylation, biosynthetic, regulatory and signaling function. In
order to carry out this complex array of activities, mitochondria must maintain a normal
global MMP [401]. In sepsis, there is uncoupling of O2 consumption from the oxidative
phosphorylation reflecting proton leak back into the inner mitochondrial matrix without
any ATP production [402] and therefore loss of MMP. Excessive amount of endogenous
gaseous mediator nitric oxide (NO), carbon monoxide (C0) and hydrogen sulphide (H2S)
produced during sepsis also plays pivotal role in mediating mitochondrial dysfunction by
inhibiting the function of complex IV in ETC cycle [403] and has been associated with
severity of sepsis [404]. Inhibition of complex IV prevents the electron transfer to Oz,
resulting in enhanced production of superoxide (O2") and decreased ATP production. Oz
is considered as most potent in inducing mitochondrial dysfunction, can directly inhibit
mitochondrial respiratory chain, and cause direct damage to the mitochondrial protein and
lipid membrane. When produced in huge amounts, O2™ coupled with increased NO favors

formation of peroxynitrite (ONOO") which further leads to respiratory inhibition,
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decreased cellular energy, and loss of cell function by inhibiting complex I , as observed
in heart and skeletal muscle of rodent model of sepsis [176]. ATP depletion, loss of MMP
i.e. mitochondrial depolarization, and oxidative stress can damage mitochondria releasing
cytochrome (cyt ¢), the mediator in electron flow between complex III and IV into the
cytosol. The next step is formation of apoptosome which reacts with caspases to induce
apoptosis [405].
Endothelial dysfunction is associated with mitochondrial alterations
[406]. Apart from regulating proliferation, ATP production, apoptosis as in any cells,
endothelial cell mitochondria play critical in regulating response to environmental cues
[407]. Endothelial mitochondria mainly regulate signaling by maintaining Ca*?
concentration in the cytosol, an important aspect for many endothelial functions. For
example acetylcholine (Ach) activate eNOS expression by increasing cytosolic Ca*? [408].
There is increasing evidence that mitochondrial morphological and functional changes is
implicated in vascular endothelial dysfunction. Enhanced mitochondrial fission or
attenuated fusion, disturbance in mitochondrial autophagy, morphological changes in
mitochondria, and increase in accumulation of irreversibly depolarized mitochondria have
been implicated in disrupting endothelial physiological function [409]. Extensive damage
of sustained mitochondrial depolarization facilitates the opening of mitochondrial
permeability transition pore (mPTP), increases mitochondrial membrane permeability and
releases pro-apoptotic molecules, resulting in endothelial cell apoptosis [410].
Mitochondrial alteration as a result of loss of MMP has been documented
in immune cells i.e. monocytes, platelets, T-lymphocytes of septic patients [411]. Loss of

MMP was only present in patients that died from sepsis and not in the patients that survived
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sepsis, suggesting loss of MMP is a characteristic of sepsis disease [411]. RhoA/ROCK
pathway have been implicated in mediating mitochondrial dysfunction by decreasing MMP
via inhibition of complex IV [170] and by increasing expression of pro-apoptotic proteins
[180] to induce mitochondrial death pathway. However, how is RhoA/ROCK stimulated
to induce mitochondrial alteration in endothelial cells during sepsis has not been elucidated.
In this study, we hypothesized that apoptotic T-cell derived MPs containing SHH mediate
mitochondrial dysfunction in endothelial cells by inducing mitochondrial depolarization
via activation of RhoA/ROCK pathway.

5.2.Materials and Methods

5.2.1.HMEC Cell Culture

Human microvascular endothelial cells (HMECs) were a kind gift from Dr. Vijay Kumar
Kalra (University of Southern California, Los Angeles, California). HMECs are
immortalized cells obtained from human foreskins. The cells were maintained in MCDB-
131 growth media without L-glutamine (Thermo Fisher Scientific; Rockford, IL)
supplemented 10ng/mL endothelial growth factor (EGF), 1pg/mL hydrocortisone, 10mM
GlutaMAX (Life Technologies, Carlsbad, CA), 10% heat-inactivated fetal bovine serum
(FBS) (Serum Source, Charlotte, North Carolina) and 10% penicillin-streptomycin
(Thermo Fisher, Waltham, MA). Cell were maintained in T-75 flask at 37°C under an
atmosphere of 5% C02 and 95% air. Cell were harvested using 0.25% Trypsin-0.53mM
EDTA solution and seeded on collagen-coated wells, allowing them to attach overnight.
Cells were quiesced the following day in 0.1% FBS medium overnight. The next day,
medium was refreshed with 1% FBS medium and treatments were added for either 6 or

24hrs.
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5.2.2.Reagents

Rhodamine 123 (Rh123) was obtained from Thermo Fisher Scientific (Rockford, IL). 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), Purmorphamine
(Pur), Hanks balanced salt solution (HBSS), Dulbecco’s phosphate buffered saline (DPBS)
was obtained from Sigma-Aldrich (St. Louis; MO), Y-27632 (R)-(+)-trans-N-(4-Pyridyl)-
4-(1-Aminoethyl) cyclohexanecarboxamide dihydrochloride monohydrate was acquired
from Cayman chemical (Ann harbor, MI).

5.2.3.Treatments

Each experiment consists of five treatment groups. (1) Untreated HMECs (negative
control), (2) HMECs treated with 50ug protein/mL SHH*MPs, (3) HMECs treated with
10uM Purmorphamine (Pur). Purmorphamine activates the hedgehog signaling pathway
by directly binding to smoothened (SMO), a downstream protein in this pathway. If we
can duplicate the effect of MPs with Pur, this would suggest that SHH pathway does
contribute to the MPs mediated endothelial dysfunction (positive control). (4) HMECs
treated with 10uM SANT-1, an antagonist of SMO. If the effect of Pur on endothelial cells
is abated by SANT-1, this would further ensure involvement of SHH pathway in mediating
endothelial dysfunction. (5) HMECs treated with 10uM Y-27632 one hour prior to
treatment addition of MPs. Y-27632 is cell permeable, highly potent and selective inhibitor
of ROCK. Y-27632 inhibits both ROCK-1 and ROCK-2 by competing with ATP for
binding to the catalytic site. If inhibition of ROCK abrogates or reduces the effect of
SHH*MPs on endothelial cells, this would indicate that indeed these SHH containing
microparticles derived from apoptotic T-cell induce endothelial dysfunction through

activation of RhoA/ROCK pathway. The treatments were done for a period of 24 hours to
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simulate acute inflammation during which large degree of sepsis induced T-cell apoptosis
is documented to occur.

5.2.4.Rhodamine 123 Staining to Determine Intact Mitochondrial Membrane Potential

To test if apoptotic T-cell derived MPs containing induce mitochondrial depolarization in
HMECs via RhoA/ROCK pathway, we used cationic green fluorescent Rhodamine 123
dye (Rh123). Rh123 preferentially enters mitochondria by distributing according to the
high negative membrane potential across the mitochondrial inner membrane. Imbalance in
mitochondrial membrane potential results in loss of dye into the cytoplasm and greater
overall bright green fluorescence. Propidium iodide (PI) was utilized to check cell death.
The red fluorescence from PI and green fluorescence from Rh123 appears yellow if there
is concomitant mitochondrial depolarization and cell death. HMECs were seeded at density
of 1.5X10°cells /mL on 25mm glass coverslip in MCDB-131 media supplemented with
10% FBS at 37°C under an atmosphere of 5% C02 and 95% air. After indicated treatments
for either 6 or 24hrs, coverslips were washed with PBS twice followed by staining with
Rh123 (100nM; Thermo Fischer Scientific; Rockford, IL) and PI (10uM; Thermo Fischer
Scientific; Rockford, IL) for 20 minutes at 37°C. The coverslips were washed with PBS
twice to remove excess stain. Confocal images were acquired at excitation/emission
wavelengths of 488/610nmusing 60X objective of laser reflected confocal scanning
fluorescence microscope (Olympus FV 500) with a Fluoview operating software. HMECs
with polarized or depolarized mitochondria were identified based on punctuate or diffused

bright green fluorescent staining respectively.
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5.2.5.0ffline Image Analysis

Offline image analysis was performed by using FIJI software. 60X images recorded with
FITC green filters were used. Ten areas of interest were randomly selected per image with
total of n=3 per group. To quantify the degree of mitochondrial depolarization, we
measured the standard deviation (SD) of Rh123 fluorescence intensity. A polarized
mitochondrion shows high SD as most of the Rh123 remains inside mitochondria,
providing sharp contrast between mitochondria and cytoplasm. Following depolarization
Rh123 equilibrates between mitochondria and cytoplasm yielding a more homogeneous

intensity, i.e. low SD.

5.2.6.Cell Proliferation by MTT Assay

MTT assay measures the reduction of yellow tetrazolium salt MTT by succinate
dehydrogenase found mainly in respiring mitochondria into dark purple formazan. HMECs
were seeded in a 96 well plate (tissue culture grade, flat bottom) at concentration of 12000
cells per well in 200uL MCDB-131 media along with indicated treatments (except SANT-
1) and incubated at 37°C under an atmosphere of 5% COz. After 24hrs, 20ul. of MTT
reagent (final concentration 3mg/mL) was added to each well and the microplate was
incubated for 3hrs (37°C; 5% CO2). The formazan crystal formed were solubilized by
adding 150uL of MTT solvent (4mM HCL, 0.1% Nonidet P-40 in isopropanol) after the
media was carefully aspirated. The optical density of purple color of solubilized formazan
was read at 590nm with a reference filter of 620nm in pQuant spectrophotometer

microplate reader (BioTek instruments; Winooski, VT).
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5.2.7.Cell Viability by MTT Assay

HMECs were cultured in 96 well plates at concentration of 3000 cells per well in 200uL
MCDB-131 media containing 10% FBS for 24hrs at 37°C under an atmosphere of 5% COx.
HMECs were then starved overnight in 0.1% FBS MCDB-131 media. The media was
replaced with 1% FBS and indicated treatments (except SANT-1) were added. After 24hrs,
20ul of MTT reagent (final concentration 3mg/mL) was added to each well and the
microplate was incubated for 3hrs (37°C; 5% CO2). The formazan crystal formed were
solubilized by adding 150uL of MTT solvent (4mM HCL, 0.1% Nonidet P-40 in
isopropanol) after the media was carefully aspirated. The optical density of purple color of
solubilized formazan was read at 590nm with a reference filter of 620nm in a pQuant
spectrophotometer microplate reader (BioTek instruments; Winooski, VT). Higher the
absorbance, more is MTT was converted into formazan by respiring mitochondria and

therefore more are the viable cells.

5.2.8.Statistical Analysis

All data are presented as means + standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism software (San Diego, California). Statistical
significance was assessed by one-way analysis of variance (ANOVA) with independent
Dunnett’s post hoc test was used when statistical differences were detected. Statistical

significance was set at p < 0.05.
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5.3.Results

5.3.1.Apoptotic T-Cell Derived Microparticles Carrying Sonic Hedgehog Induce
Mitochondrial Depolarization in Endothelial Cells via Rho Kinase Pathway.

Decreased MMP leads to energy depletion, release of cytochrome C and apoptosis [176,
177, 412-414]. To assess if MPs containing SHH alter MMP and induce cell death of
endothelial cells via activation of RhoA/ROCK pathway, we visualized fluorescence of
Rh123 (green) and PI (red), using confocal microscope. Under control conditions, HMECs
alone (6hrs: Figure 21A, 24hrs: Figure 23A) demonstrate punctate staining indicative of
well-polarized mitochondria. Treatment with MPs (6hrs: Figure 21B; ****=pP<(0.0001,
24hrs: Figure 23B; ****=P<(.0001) induced mitochondrial depolarization and cell death
as indicated by diffuse cytoplasmic fluorescence due to loss of Rh123 from mitochondria
into cytoplasm and yellow patches in nucleus (green and red mixed) respectively.
Activation of SHH pathway with SMO agonist Pur (6hrs: Figure 21C; ****=P<0.0001,
24hrs: Figure 23C; ****=P<(.0001) also induced mitochondrial depolarization and cell
death as seen with MPs. While, addition of SHH antagonist SANT-1 (Fig.23D) impeded
depolarization as indicated by punctuate staining of Rh123. Inhibition of Rho kinase
pathway by ROCK inhibitor Y-27632 one hour prior to MPs (6hrs: Figure 21D, 24hrs:
Figure 23F; not significantly different from control) prevented MPs induced mitochondrial
depolarization as indicated by punctate staining of Rh123 like HMECs alone. Collectively,
this indicates that SHH containing apoptotic T-cell derived MPs induce depolarization of
mitochondria in endothelial cells and injure them via activation of rho kinase pathway. To

quantify extent of mitochondrial depolarization, we determined the average standard
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deviation of Rh123 fluorescence intensity displayed by the confocal images taken after 6

(Figure 22) and 24hrs (Figure 24) treatment respectively using image master software.

HMECs alone

Figure 21: Apoptotic T-cell derived microparticles containing sonic hedgehog promote
depolarization of mitochondria in endothelial cells via rho kinase pathway.

HMECs were grown on 25mm glass coverslips. Following 24hrs, HMECs were treated
with MPs (B) or with Pur (C) or and or with Y-27632 one hour prior to addition of MPs
(D) for 6hrs respectively. Control was HMEC’s alone. Media was replaced by 100nM of

Rh123 and 10uM PI in HBSS and imaged on confocal microscope after 20 minutes with
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60x magnification and scale bar 50um. HMECs alone showed punctuate staining of Rh123
while, treatment with MPs or Pur displayed loss of Rh123 into the cytoplasm and cell death
as indicated by bright green color and yellow patches in nucleus respectively. Inhibition of
ROCK with Y-27632 and then addition of MPs prevented the loss of Rh123 as seen with
MPs alone treatment and displayed punctate staining. The images are representative of

three separate experiments.
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Figure 22: Quantification of Rhodamine 123 fluorescence in confocal images taken after
6hrs of treatment

HMECs were treated with MPs (B) or with Pur (C) and or with Y-27632 one hour prior to
addition of MPs (D) for 6hrs. Cell were loaded with 100nM Rh123 and 10uM PI in HBSS
and confocal images were taken 20 minutes later with 60x magnification and scale bar
50um. To quantify the degree of mitochondrial depolarization, average standard deviation

of Rh123 fluorescence was quantified for 10 spots per picture using FIJI software.
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Statistical significance was analyzed by one-way ANOVA with post hoc Dunnett’s test.
*#%%P<0.0001 for MPs, Pur compared to control. All data are represented as the mean +
s.e.m. of three experiments. A polarized mitochondrion shows high SD as most of the
Rh123 remains inside mitochondria, providing sharp contrast between mitochondria and
cytoplasm. Following depolarization, Rh123 equilibrates between mitochondria and
cytoplasm yielding a more homogeneous intensity, i.e. low SD.

HMECs alone

Figure 23: Apoptotic T-cell derived microparticles containing sonic hedgehog induce
mitochondrial depolarization in endothelial cells via rho kinase pathway.

HMECs were grown on 25mm glass coverslips were treated with MPs (B) or with Pur (C)
or SANT-1 (D) and or with Y-27632 one hour prior to addition of MPs (E) for 24hrs

respectively. Control was HMEC’s alone. After 24hrs, media was replaced by 100nM of
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Rh123 in HBSS and 10uM PI and cells were imaged on confocal microscope after 20
minutes with 60x magnification and scale bar 50um. HMECs alone showed punctuate
staining of Rh123 while, treatment with MPs or Pur displayed loss of Rh123 into the
cytoplasm and cell death as indicated by bright green color and yellow patches localized at
nucleus respectively. Inhibition of SHH pathway by SANT-1 displayed punctuate staining
as opposed to treatment with SHH agonist Pur. Inhibition of ROCK with Y-27632 and
then addition of MPs prevented MPs induced mitochondrial depolarization as displayed

punctate staining of mitochondria. The images are representative of three separate

experiments.
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Figure 24: Quantification of Rhodamine 123 fluorescence in confocal images taken after
24hrs of treatment
HMECs were treated with MPs (B) or with Pur (C) and or with Y-27632 one hour prior to

addition of MPs (D) for 24hrs. Cell were loaded with 100nM Rh123 and 10uM PI in HBSS
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and confocal images were taken 20 minutes later with 60x magnification and scale bar
50um. Degree of mitochondrial depolarization was quantified by analyzing average
standard deviation of Rh123 fluorescence for 10 spots per picture using FIJI software.
Statistical significance was analyzed by one-way ANOVA with post hoc Dunnett’s test.
*#%%P<0.0001 for MPs, Pur compared to control. All data are represented as the mean +
s.e.m. of three experiments. A polarized mitochondrion shows high SD as most of the
rh123 remains inside mitochondria, providing sharp contrast between mitochondria and
cytoplasm. Following depolarization, Rh123 equilibrates between mitochondria and

cytoplasm yielding a more homogeneous intensity, i.e. low SD.

5.3.2.Apoptotic T-Cell Derived Microparticles Carrying Sonic Hedgehog Impair
Proliferation of Endothelial Cells by A Mechanism that is Independent of Rho Kinase
Pathway.

Cell proliferation and migration of endothelial cells is required for endothelial barrier
maintenance to prevent loss of its integrity [415]. To assess if MPs containing SHH impair
endothelial cell proliferation by rho kinase pathway, MTT assay was performed. Addition
of MPs to HMEC:s resulted in 1.5 folds reduction (-35.5%) in absorbance of MTT and thus
caused significant reduction in proliferation of HMECs as compared to control
(**=P<0.01). In contrast, Pur produced no significant effect on proliferation compared to
control implying SHH is not involved in reducing proliferation as seen with MPs alone.
Inhibition of ROCK with Y-27632 followed by addition of MPs also resulted in 1.4 folds
reduction (-30%) in absorbance of MTT and therefore did not prevent MPs mediated

impairment of endothelial proliferation (*=P<0.05). Together, this indicates reduced
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endothelial proliferation induced by SHH containing MPs derived from apoptosis of T-

cells is not RhoA/ROCK dependent (Figure 25).
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Figure 25: Apoptotic T-cell derived microparticles containing sonic hedgehog reduce
proliferation of endothelial cells in a rho kinase independent manner.

Cell proliferation was performed with HMECs seeded in 96 well plate alone or treated with
MPs or with Pur and or with Y-27632 one hour prior to addition of MPs. After 24hrs, MTT
assay was performed. Treatment with MPs reduced proliferation of endothelial cells 1.5
folds as compared to control. Addition of Pur produced no significant (ns) effect on
proliferation of endothelial cells. Inhibition of ROCK one hour prior to addition of MPs
also reduced the proliferation 1.4 folds and therefore did not prevent MPs mediated
reduction in endothelial cell proliferation. Statistical significance was analyzed by one-way

ANOVA with post hoc Dunnett’s test. **P<0.01; for MPs and *P<0.05 Y-27632+MPs
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compared to control. All data are represented as the mean + s.e.m. with n=9 (each
performed in triplicates). MTT; 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide.

5.3.3 Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Significantly
Decrease Endothelial Cell Viability by A Mechanism that is Not Dependent on Rho Kinase
Pathway.

Endothelial cells undergo apoptosis in sepsis [416, 417]. MTT assay was performed to
assess the effect of MPs containing SHH decreased viability of endothelial cells via rho
kinase pathway. As shown in Figure 26, compared to HMECs alone, addition of MPs
resulted in 1.8 folds reduction (-45%) in absorbance of MTT and thus caused significant
reduction in viability of endothelial cells (***=P<.001vs control). In contrast, SHH agonist
Pur did not show any significant effect on viability of endothelial cells implying SHH is
not involved in reducing proliferation as seen with MPs alone. Inhibition of ROCK with
Y-27632 one hour prior to addition of MPs also resulted in 1.8 folds reduction (-45%) in
the absorbance of MTT and therefore did not rescue cell death in endothelial cells caused
by MPs (***=P<0.001 compared to control). This suggests that SHH containing apoptotic
T-cell derived MPs mediated reduction in survival of endothelial cell is not RhoA/ROCK

dependent.
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Figure 26: Apoptotic T-cell derived microparticles containing sonic hedgehog reduce
viability of endothelial cells in a rho kinase independent manner.

HMECs were seeded on 96 well plates in MCDB-131 media and maintained for 24hrs. The
cells were then subjected to treatment with MPs, or with Pur and or with Y-27632 one hour
prior to addition of MPs. Control was HMECs alone. After 24hrs, MTT assay was
performed. Treatment with MPs reduced endothelial cell viability 1.8 folds as compared to
control. Addition of Pur produced no significant effect (ns) on viability of endothelial cells.
Inhibition of ROCK by Y-27632 one hour prior to addition of MPs also reduced the
viability 1.8 folds and therefore did not prevent MPs mediated reduction in endothelial cell
viability. Statistical significance was analyzed by one-way ANOVA with post hoc
Dunnett’s test. ***P<0.001; for MPs and Y-27632+MPs compared to control. All data are
represented as the mean + s.e.m. with n=9 (each performed in triplicates). MTT; 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide.
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5.4.Discussion
Organ dysfunction is a hallmark of severe sepsis despite normal or high systemic oxygen
[418]. Hepatosplanchnic organs are susceptible to impaired perfusion as a result of intrinsic
and extrinsic fluid losses and decreased intake, endothelial dysfunction leading to
microcirculatory redistribution of blood flow, loss of vascular tone, plugging of capillaries
by sequestered platelets and leukocytes, deformability of erythrocytes and
hyperpermeability, all of which leads to tissue hypoxia [412] . Vascular hyporeactivity and
microcirculation flow abnormities with tissue hypoperfusion have been well-recognized as
a contributor of experimental and human sepsis. But, improved Oz perfusion and delivery
were ineffective in improving survival/ organ dysfunction [397] or at worst deleterious
[419] and patients in early sepsis exhibit hyperdynamic state [420]. This lead to the theory
that organ dysfunction in sepsis not only because of inadequate oxygen delivery but
perhaps a concomitant inefficiency of cells to utilize O2-cytopathic hypoxia [421]. Because
mitochondria utilize more than 90% of total body oxygen consumption for generation of
ATP via oxidative phosphorylation, dysfunction of mitochondria and decreased ATP is
implicated in pathogenesis of sepsis. Microcirculatory and mitochondrial dysfunction
likely co-exist in sepsis. Both the mechanisms impair oxygen delivery and utilization, but
the relative contribution of either mechanism is difficult to discern and may vary
considerably.

Several studies have reported alterations in oxygen utilization at the
mitochondrial level during experimental sepsis. LPS has been shown to inhibit
mitochondrial respiratory chain enzymes complexes [422]. Furthermore, LPS induce

mitochondrial structural alterations, leading to oxygen waste through inner mitochondrial
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membrane [423]. In cultured hepatocytes, the maximum oxygen consumption increased
markedly following 6 hours of LPS stimulus but decreased significantly by 24hrs [424]. In
humans, skeletal muscle mitochondrial dysfunction with progressive decreased oxygen
consumption has been related to severity of sepsis and poor outcome [404]. Apart from
compromised bioenergetics capacity, mitochondrial damage has also been deemed to
contribute to mitochondrial pathology during sepsis [425]. Ultra-damage was seen in
mitochondria of liver obtained from patients who died from sepsis [426]. A key feature of
mitochondria that allows that to participate in cell survival is proton pumping across the
impermeable inner membrane. This generates an electrochemical gradient, composed of
MMP and pH, which is used for generation of ATP, transport of anions and cations to
regulate volume and regulation of protons to control heat production [427]. Also,
mitochondrial protects cells from death by buffering cells against high concentration of
Ca*? and sequestering pro-apoptotic agents such as cyt C. But in sepsis, excess ROS, NO,
CO and H2S production can lead to profound depolarization of mitochondrial membrane
resulting from inhibition of mitochondrial respiratory chain, alterations in intracellular
calcium dynamics and opening of mitochondrial permeability transition pore [403, 428].
Loss of depolarization may lead to apoptosis, but these bring large and possibly
catastrophic changes in the mitochondrial function.

Pathogenesis of mitochondrial dysfunction has been seen in different cells
during severe sepsis [429]. In patient with septic shock, human peripheral blood monocytes
show bioenergetics failure due to reduced activity of complex V ATP synthase.
Mitochondrial membrane potential alterations and subsequent cell death were observed ex

vivo in monocytes from septic patients [430]. In a pilot study consisting of 26 septic
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patients, platelets displayed mitochondrial depolarization that correlated significantly with
the simultaneously assessed clinical disease severity by Acute Physiological Assessment
and Chronic Health Evaluation (APACHE II) score during the disease. Alterations in MMP
were more pronounced in non-survivor septic patients that in survivor patients, indicating
change in MMP could be used as marker for the disease outcome [177]. Also, the number
of MPs released from endothelial cells decreases when their mitochondria is intact and
undergoes biogenesis [431]. The change in MMP of the mitochondria in endothelial cells
during sepsis and the effect of MPs on mitochondria of endothelial cells have not been
examined so far. Here in this study, we hypothesized that mitochondria of endothelial cells
would show alterations in MMP and this change would be mediated by apoptotic T-cell
derived MPs containing SHH. To visualize and quantify the changes in MMP, we imaged
Rh123 fluorescence using confocal laser scanning microscopy. Apoptotic T-cell derived
MPs caused mitochondria of endothelial cells to lose their electronegativity i.e.
depolarizing them. So, the Rh123 was no longer sequestered in the mitochondria and
diffused into the cytosol. The resulting image was diffuse green stain throughout the cell
and the measured standard deviation of the area of interest was low in numerical value (-
61.5%). Also, since change in MMP can lead to cell death, we also hypothesized that
apoptotic T-cell derived MPs will significantly reduce viability and proliferation of
endothelial cells. To assess cell viability and proliferation, we measured the absorbance of
MTT. Apoptotic T cell derived MPs significantly reduced the viability and proliferation of
endothelial cells. So, the reduction of MTT to purple insoluble formazan crystal was less.
The resulting absorbance of MTT at 590nm with a reference filter of 620nm was lower by

45% and 35% respectively as compared to control. We also elucidated the mechanism that
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drives apoptotic T-cell mediated mitochondrial dysfunction and decreased viability and
proliferation of endothelial cells.

RhoA/ROCK pathway has been implicated in mediating mitochondrial
dysfunction. Activation of RhoA/ROCK decreases activity of complex IV cytochrome C
oxidase (COX) [170]. COX plays a critical role in transferring electrons to Oz in the final
step of ETC cycle, allowing its complete reduction into water and contribute to generation
of MMP across inner mitochondrial membrane essential for ATP generation. Decreased
Cox activity by RhoA/ROCK leads to compromised MMP which in turn decreased the
efficiency of oxidative phosphorylation and therefore decreased ATP production and
increased ROS production [170, 179]. Also, Rho kinase up-regulates 3-4-fold increase in
pro-apoptotic Bcl-2 family protein BAX mRNA and its localization on the mitochondria
to activate mitochondrial death pathway. However, which signaling molecule/s activate
RhoA/ROCK to induce mitochondrial depolarization and cell death of endothelial cells in
sepsis is not known. Our results show that apoptotic T-cell derived MPs containing SHH
activate RhoA/ROCK pathway to mediate mitochondrial depolarization in endothelial
cells. However, the apoptotic T-cell derived MPs mediated decrease in viability and

proliferation was rho kinase independent.

5.5.Summary and Conclusions

In summary, the result of this study provide evidence that SHH containing apoptotic T-cell
derived MPs mediate endothelial mitochondrial dysfunction by depolarizing them, as
indicated by diffused bright green Rh123 fluorescence and low value of SD (-61.5%).These
apoptotic T-cell derived MPs also significantly decrease viability and proliferation of

endothelial cells as indicated by 45% and 35% decrease in MTT absorbance respectively.
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Direct stimulation of SHH pathway by Pur also induced endothelial mitochondrial
depolarization, as indicated by loss of Rh123 into cytoplasm and low value of SD (-59.5%).
While inhibition of SHH pathway prevented depolarization of endothelial mitochondria,
as indicated by high SD value of Rh123. This indicates that SHH pathway mediates MPs
induced endothelial mitochondrial depolarization. However, SHH pathway does not
contribute to reduced proliferation and viability of endothelial cells. Addition of ROCK
inhibitor one hour before addition of MPs prevented depolarization of endothelial cell
mitochondria, as indicated by punctuate staining of Rh123 and high SD value that is not
significantly different from control. This indicates that SHH in MPs activates rho kinase
pathway to induce endothelial mitochondrial depolarization. Therefore, one potential
molecule that can activate rho kinase pathway to induce endothelial mitochondrial

depolarization is SHH containing MPs derived from apoptotic T-cell derived MPs.
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CHAPTER 6: EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-
CELL DERIVED MICROPARTICLES ON NITRIC OXIDE PRODUCTION AND
ENDOTHELIUM-DEPENDENT VASODILATION IN ARTERIES VIA
ACTIVATION OF RHO KINASE PATHWAY

6.1.Introduction

In present study we tested if apoptotic T-cell derived microparticles (MPs) containing sonic
hedgehog (SHH) induce endothelial dysfunction by decreasing nitric oxide (NO)
production and ATP mediated endothelium dependent dilation in porcine mesenteric
arteries via activation of rho kinase pathway (RhoA/ROCK). NO is a highly diffusible,
labile and reactive free radical gas mediator. Endogenous NO is generated largely from
enzymatic pathways involving nitric oxide synthase (NOS) by oxidation of guanidine
nitrogen atoms in L-arginine to form NO and L-citrulline but a non-enzymatic pathway
also exist [432]. There are four different isoforms of NOS in mammals: Endothelial NOS
(eNOS) found in endothelial cells, epithelial cells and cardiac myocytes, Neuronal NOS
(nNOS) found in neuronal cells and skeletal muscle, inducible NOS (iNOS) that is induced
by inflammatory mediators in macrophages, hepatocytes, smooth muscle and other tissue
and mitochondrial NOS (mtNOS) whose expression is still under debate. eNOS and nNOS
are expressed constitutively producing low burst of NO and are activated by increase in
calcium (Ca™) to regulate vascular tone [433] and neurotransmission [434] respectively.
Diverse extracellular stimuli including vascular endothelial growth factor (VEGF), ATP,
acetylcholine (Ach), shear stress and other agents that increase intracellular Ca™ can
activate eNOS and nNOS to produce NO constitutively [435]. Whereas, iNOS is

functionally Ca*? independent and activated in immune cell following endotoxin or pro-
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inflammatory cytokine stimulation for sustained production of large quantities of NO to
allow NO-mediated cytotoxic destruction of microorganisms after phagocytosis [436].

Nitric oxide (NO) is a highly reactive molecule that is widely utilized as
signaling molecule in cells throughout the body. In vasculature, NO regulates vascular tone
and blood flow by mediating vasodilation of blood vessels. Constriction and dilation of
blood vessels in response to environmental stimuli depends on the changes in intracellular
Ca™. Vessels constrict by increase in Ca*? through influx of Ca* via ion channels or release
from sarcoplasmic reticulum (SR) Ca™ stores. Increased Ca™ along with calmodulin
(CaM) leads to phosphorylation of myosin and subsequent sliding of myosin over actin and
thereby contraction [437]. Dilation of vessels is initiated in endothelial cells by Ca™
mediated stimulation of eNOS that produces NO constitutively in low bursts. NO diffuses
into the SMC and stimulates SMC:s to relax by either direct or indirect removal of elevated
Ca* and/ or by decreasing sensitivity of the contractile apparatus to Ca*2. Direct effects
of NO include re-uptake of Ca*? into intercellular stores by stimulation of sarcoplasm
reticulum Ca*?> ATPase (SERCA) [438], inhibition of SMC Ca*? release by inositol 1,4,5,
triphosphate (IP3) [439] and opening of Ca*? activated potassium channels [440]. Indirect
effects of NO include activation of soluble guanylate cyclase (sGC) and guanosine 3’, 5°-
cyclic monophosphate (cGMP) which in turn effects Ca™ influx or efflux via stimulation
of myosin phosphatase and dephosphorylation of myosin [441], leading to relaxation of
SMC.

Apart from maintenance of vascular tone and permeability, NO keeps the
platelet adhesion and activation in check. In acute damage, platelet aggregation is essential

to initiate clotting and stop bleeding by forming a physical plug to heal the hemorrhaging
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vessel. But when the injury to the endothelium is mild, platelet aggregation initiates
inflammatory response leading to vascular complications including thrombosis, stroke
[442]. Low amount of NO produced in normal homeostasis by eNOS and nNOS inhibits
platelet inhibition mediated by activation of cGMP dependent protein kinases, a known
platelet inhibitor [443]. While, high concentrations of NO produced by activation of iNOS
mediate platelet aggregation as seen in many disease conditions including sepsis patients
[444].

Nanomolar concentrations of NO produced by eNOS inhibit cytochrome
oxidase (complex IV in electron transport chain of mitochondrial) in competition with Oz,
a means by which rate of cellular respiration in mitochondria is regulated and is completely
reversible when NO is removed [445]. However, high concentrations of NO can inhibit
other complexes of the mitochondrial respiratory chain by nitrosylating them or oxidizing
protein thiols and removing irons from the iron-sulphur centers [446]. Peroxynitrite
(ONOO") formed by reaction between high concentrations of NO with superoxide (O2’)
also causes irreversible inhibition of mitochondrial components via oxidizing reactions
[447].

Leukocyte recruitment is a dynamic cellular process in inflammation that
requires leukocyte tethering, rolling, adhesion and ultimately emigration from
microvasculature into the injury site [448]. NO produced by eNOS modulate the expression
of selectins which mediate tethering and rolling during leukocyte recruitment and therefore
prevent leukocyte adhesion and production of pro-inflammatory mediators [449]. While,
iNOS mediated prolonged periods of NO and ROS produced by cells of innate immunity

play dual role of an immunotoxin as well as an immunomodulatory. High amounts of NO
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and ROS not only intercept and kill pathogens but also activates downstream signaling
pathways that lead to full expression of immune response [450]. But, excess production of
NO and ROS due to over activation of immune cells can also lead to damage of body’s
own cells and has been implicated in diseases including sepsis [451].

Lack of constitutive low NO produced by eNOS and nNOS and
continuous production of excess NO by iNOS contribute significantly to pathophysiology
of sepsis [452]. Large amount of iNOS induced NO contributes to cardiac depression,
impaired vasoconstriction, hypotension and ONOO™ mediated tissue damage, all
characteristic of sepsis. But, selective inhibitors of iNOS does not improve rather increase
mortality, although, they were able to restore blood pressure in experimental models of
sepsis and reverse hypotension in human endotoxemia. However, non-selective inhibition
of NOSs is detrimental with patients showing increased systemic vascular resistance,
elevated pulmonary artery pressure, reduced cardiac output and oxygen delivery, increased
platelet accumulation and survival is not improved. Some of these detrimental effects were
due to inhibition of eNOS that play critical role in many physiological processes. Selective
inhibitors that can elevate the expression of down-regulated eNOS have been shown to
increase survival of rodent model of sepsis [434].

Endothelium dysfunction is characterized by reduction of the
bioavailability of vasodilators, in particular , nitric oxide (NO), whereas endothelium
derived contracting factors are increased [453]. This imbalance leads to impairment of
endothelium dependent vasodilation, which represent the functional characteristic of
endothelial dysfunction. This decreased NO production is mainly due to reduced

expression/activity of eNOS. Accumulating evidence suggest that RhoA/ROCK activation
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mediates endothelial dysfunction by preventing activation of eNOS. Also, T-cell derived
MPs have been shown to decrease NO by reducing eNOS expression. But, how RhoA/
ROCK pathway gets activated to decrease NO and mediated vasodilation in sepsis is
unknown. In present study, we hypothesized that apoptotic T-cell derived microparticles
containing SHH reduce NO production and NO-mediated vasodilation in porcine

mesenteric arteries by activating rho kinase pathway.
6.2.Materials and Methods

6.2.1.HMEC Cell Culture

Human microvascular endothelial cells (HMECs) were a kind gift from Dr. Vijay Kumar
Kalra (University of Southern California, Los Angeles, California). HMECs are
immortalized cells obtained from human foreskins. The cells were maintained in MCDB-
131 growth media without L-glutamine (Thermo Fisher Scientific; Rockford, IL)
supplemented 10ng/mL endothelial growth factor (EGF), 1pg/mL hydrocortisone, 10mM
GlutaMAX (Life Technologies, Carlsbad, CA), 10% heat-inactivated fetal bovine serum
(FBS) (Serum Source, Charlotte, North Carolina) and 10% penicillin-streptomycin
(Thermo Fisher, Waltham, MA). Cell were maintained in T-75 flask at 37°C under an
atmosphere of 5% C02 and 95% air. Cell were harvested using 0.25% Trypsin-0.53mM
EDTA solution and seeded on collage-coated wells, allowing them to attach overnight.
Cells were quiesced the following day in 0.1% FBS medium overnight. The next day,
medium was refreshed with 1% FBS medium and treatments were added for either 6 or

24hrs.
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6.2.2.Isolation of Porcine Second Order Mesenteric Arteries

Once all the internal organs were out of the pig abdominal cavity, the greater omentum was
incised. With the splenic artery as a landmark, the celiac trunk was located and dissected
to completely expose the upper part of the abdominal aorta. The dissection was continued
along the downside of abdomen, until the beginning of superior mesenteric artery was
found. At this point, 50mL of cold Krebs buffer was injected into the 1% order branch of
the superior mesenteric artery to remove blood. The second and third order branches of
superior mesenteric artery were then carefully excised with the lengths as long as possible.
6.2.3.Reagents

4-Amino-5-methylamino-2’7’-difluorofluorescein, Diaminofluorescein-FM (DAF-FM
Diacetate) was obtained from Thermo Fisher Scientific (Rockford, IL). Endothelin-1 was
obtained from American Peptide Company (Palo Alto, Calif). Adenosine 5’-triphosphate
disodium salt hydrate (ATP), Purmorphamine (Pur), Hanks balanced salt solution
(HBSS), Dulbecco’s phosphate buffered saline (DPBS) was obtained from Sigma-
Aldrich, (St. Louis, MO), Y-(R)-(+)-trans-N-(4-Pyridyl)-4-(1-Aminoethyl)
cyclohexanecarboxamide dihydrochloride monohydrate was acquired from Cayman

chemical (Ann harbor, MI).

6.2.4. Treatments

Each experiment consists of five treatment groups. (1) Untreated HMECs (negative
control), (2) HMECs treated with 50pg protein/mL SHH*MPs, (3) HMECs treated with
10uM Purmorphamine (Pur). Purmorphamine activates the HH signaling pathway by
directly binding to SMO, a downstream protein in this pathway. If we can duplicate the

effect of MPs with Pur, this would suggest that SHH pathway does contribute to the MPs
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mediated endothelial dysfunction (positive control). (4) HMECs treated with 10uM SANT-
1, an antagonist of SMO. If the effect of Pur on endothelial cells is abated by SANT-1, this
would further ensure involvement of SHH pathway in mediating ED. (5) HMECs treated
with 10uM Y-27632 one hour prior to treatment addition of MPs. Y-27632 is cell
permeable, highly potent and selective inhibitor of ROCK. Y-27632 inhibits both ROCK-
1 and ROCK-2 by competing with ATP for binding to the catalytic site. If inhibition of
ROCK abrogates or reduces the effect of SHH*MPs on endothelial cells this would indicate
that indeed these SHH containing microparticles derived from apoptotic T-cell induce
endothelial dysfunction through activation of RhoA/ROCK pathway. The treatments were
done for a period of 24 hours to simulate acute inflammation during which large degree of

sepsis induced T-cell apoptosis is documented to occur.

6.2.5. DAF-FM Staining to Detect Nitric Oxide Production

DAF-FM staining was done to determine if apoptotic T-cell derived MPs containing SHH
impair intracellular NO production in endothelial cells via RhoA/ROCK pathway. DAF-
FM diacetate (Molecular probes INC.) is a cell permeant dye that is essentially non-
fluorescent until it reacts with NO and other auto-oxidation derivatives of NO such as N203
to yield highly fluorescent benzotriazole. HMECs were plated on 25mm glass coverslip in
a 6 well plate at a density of 1.5X10°cells /mL in MCDB-131 media supplemented with
10% FBS at 37°C under an atmosphere of 5% C02. After indicated treatments for either 6
or 24hrs, cells were washed with PBS twice and then treated with DAF-FM diacetate
(2.5uM; Thermo Fischer Scientific; Rockford, IL) for 20 minutes at 37°C. After excess
probe was removed, cells were incubated for additional 20 minutes to allow complete de-

esterification of the intracellular diacetates. Coverslip was mounted on a chamber with
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ImL warm HBSS and imaged using 60x objective of laser reflected confocal scanning
fluorescence microscope (Olympus FV 500) with a Fluoview operating software. After
recording the unstimulated fluorescence, cells were stimulated with 10nM endothelin-1
(ET-1) to activate eNOS. The confocal images were captured every 30 secs for a period of
30 minutes using XYT function at emission/excitation wavelength of 495/515nm and

fluorescence in green channel (DAF-FM) fluorescence was visualized.

6.2.6. Offline Image Analysis

Offline image analysis was performed by using FIJI software. 60X images recorded with
FITC green filters were used. Ten areas of interest were randomly selected per image with
total of n=3 per group. Average mean fluorescence intensity of DAF-FM fluorescence was
measured, to quantify the extent of NO production. Greater is the NO production, brighter

is the green fluorescence and hence higher is the mean of fluorescence intensity.

6.2.7. Isolated Organ Chamber Experiments to Test Ex-Vivo Endothelium Dependent
Vasodilation

To test if apoptotic T-cell derived MPs containing impair ATP induced ex-vivo
endothelium dependent vasodilation via RhoA/ROCK pathway, second order mesenteric
arteries were excised from pigs. They were placed in ice cold Krebs buffered solution
(119mM Nacl, 7.97uM MgSQOs4, 7.95uM MgS04.7H20, 1.2mM KH2PO4, 4.7mM KCL,
25mM NaHCO03 0.1mM EDTA, 1.5mM CaClz, 5.5mM glucose, adjusted to pH 7.4, gassed
with 95% O2 and 5% CO02) after isolation. Then, the arteries were carefully cleaned of fat
and excess connective tissue and cut into Smm rings with a blade by using measuring scale
as a guide. The rings were then placed one per well in a 96 well plate containing 200uL of

MCBD-131 media with indicated treatments and incubated for 6hrs at 37°C under an
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atmosphere of 5% C02. One aortic ring per treatment group was mounted on two pins in
four respective modular tissue bath chambers (TISSUEBATH4; BIOPAC systems; Goleta,
CA) and attached with nylon ties. Each chamber was filled with Krebs buffer that was
continuously maintained at 37°C and gassed with 95% Oz and 5% CO: at pH 7.4. Arterial
rings were progressively stretched to 1g equivalent force passive tension in 0.1g steps and
allowed to equilibrate for 30 minutes. Cumulative ATP (10®* M to 10 M, 5 minutes
between each concentration) concentration- response curves were obtained after pre-
contraction of the rings with 40mM KCL (80% of the maximal contractile response). The
presence of functional endothelium was assessed by ability of ACH (10-M) to induce more
than 50% relaxation of vessels pre-contracted with KCL 40mM. Isometric tension was
collected by force transducers and recorded using BIOPAC MP-150A-CE AcqKnowledge

software.

6.2.8. Statistical Analysis

All data are presented as means + standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism software (San Diego, California). Statistical
significance was assessed by one-way analysis of variance (ANOVA) with independent
Dunnett’s post hoc test was used when statistical differences were detected. Statistical
significance was set at p < 0.05.

6.3.Results

6.3.1.Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Impair Nitric
Oxide Production in Endothelial Cell by Activation of Rho Kinase Pathway.
Decrease in vasodilator NO bioavailability is a key event resulting from endothelial

dysfunction [78, 454, 455]. We have previously shown that Y-27632 mediated ROCK
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inhibition restores ET-1 mediated NO production in liver sinusoidal endothelial cells after
LPS pre-treatment. To determine the molecule that activate rho kinase pathway, we tested
if MPs derived from apoptotic T-cell containing SHH decrease NO production via
activation of rho kinase pathway in endothelial cells. HMECs were loaded with DAF-FM
(5uM), a dye that specifically reacts with NO to yield highly fluorescent benzotriazole.
After recording the unstimulated fluorescence in confocal microscope, cells were
stimulated with 10nM endothelin-1 (ET-1) to activate eNOS mediated NO production. The
confocal pictures were captured every 30 secs for a period of 30 minutes. The images
shown here are for 15 minutes as the change in fluorescence was constant after this. Control
HMECs (6hrs: Figure 27A, 24hrs: Figure 29A) responded to ET-1 stimulation with robust
DAF-FM fluorescence indicative of significant NO production. Addition of MPs (6hrs:
Figure 27B, 24hrs: Figure 29B) to HMECs for 6 or 24hrs resulted in significantly lower
DAF-FM fluorescence (****=P<0.0001 vs control at 20 minutes), indicating reduced ET-
1 stimulated NO production. Direct activation of the SHH pathway via Pur (6hrs: Figure
27C, 24hrs: Figure 29C) also showed significantly reduced ET-1 stimulated NO production
similar to effect of MPs (****=P<(.0001 vs control at 20 minutes) while SHH antagonist
SANT-1 (24hrs: Fig.29D) impeded this decrease in NO production. Rho kinase pathway
activation was assessed by inhibiting ROCK using Y-27632 one hour before addition of
MPs. MPs mediated reduction in NO production was largely restored in presence of Y-
27632 (6hrs: Figure 27D, 24hrs: Figure 29E) as indicated by bright DAF-FM fluorescence
that is not significantly different from control. Collectively, these results demonstrate that
SHH containing apoptotic T-cell derived MPs significantly impair NO production via

activation of rho kinase pathway. To quantify NO production, we determined average mean
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fluorescence intensity of DAF-FM displayed by the confocal images taken after 6hrs

(Figure 28) and 24hrs (Figure 30) were measured using FIJI software.

HMEC’s alone MPs

Pur

Figure 27: Apoptotic T-cell derived microparticles containing sonic hedgehog significantly
diminish NO production in endothelial cells via rho kinase pathway.

HMECs were plated on 25mm glass coverslips were treated for 6hrs with either MPs (B)
or Pur (C) and or ROCK inhibitor Y-27632 (D) one hour prior to treatment with MPs.
HMECs alone are control (A). HMEC’s were loaded with DAF-FM (5uM) and then

imaged on a confocal microscope. NO production was localized by visualizing
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fluorescence in green channel (DAF-FM). After recording the unstimulated fluorescence,
cells were stimulated with 10nM endothelin-1 to activate eNOS mediated NO production.
The confocal pictures were captured every 30 secs for a period of 30 minutes with 60x
magnification and scale bar=50pum. The images shown here are for 15 minutes as the
change in fluorescence was constant after this. HMECs alone displayed robust production
of NO as indicated by bright green DAF-FM fluorescence. Treatment of HMECs with MPs
significantly reduced NO production as indicated by diminished fluorescence in
comparison with control. Addition of SHH agonist Pur also showed dim DAF-FM
fluorescence as SH"MPs. Inhibition of ROCK one hour before addition of MPs (D) mostly
abolished MPs induced impairment in the NO production as indicated by bright green
DAF-FM fluorescence that is like control. Representative images from three experiments

are shown.
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Figure 28: Quantification of DAF-FM fluorescence in confocal images taken after 6hrs of

treatment

HMECs were treated with MPs (B) or with Pur (C) and or with Y-27632 one hour prior to

addition of MPs (D) for 6hrs. Cell were loaded with 5uM DAF-FM in HBSS and confocal

images were taken 20 minutes later with 60x magnification and scale bar 50pm. To

quantify the degree of NO production, average mean of fluorescence intensity of DAF-FM

fluorescence was measured for 10 spots per picture using image master software. Statistical

significance was analyzed by one-way ANOVA with post hoc Dunnett’s test.

*#%%P<0.0001 for MPs, Pur compared to control. All data are represented as the mean +

s.e.m. of three experiments.
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HMEC's alone MPs ~ Pur

Figure 29: Apoptotic T-cell derived microparticles containing sonic hedgehog significantly

diminish NO production in endothelial cells via rho kinase pathway.

HMECs were plated on 25mm glass coverslips. After 24hrs, HMEC’s were treated for
24hrs with either MPs or Pur or SANT-1 and or Y-27632 rho kinase inhibitor one hour
prior to treatment with MPs. HMEC’s were loaded with DAF-FM (5uM) and then imaged
on a confocal microscope. NO production was localized by visualizing fluorescence in
green channel (DAF-FM). After recording the unstimulated fluorescence, cells were
stimulated with 10nM endothelin-1 to activate eNOS mediated NO production. The
confocal pictures were captured every 30 secs for a period of 30 minutes with 60x
magnification and scale bar=50pum. The images shown here are for 15 minutes as the

change in fluorescence was constant after this. HMECs alone displayed robust production
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of NO as indicated by bright green DAF-FM fluorescence. Treatment of HMECs with MPs
significantly reduced NO production as indicated by diminished fluorescence in
comparison with control. Addition of SHH agonist Pur also showed dim DAF-FM
fluorescence as S"*MPs. Inhibition of SHH pathway by SANT-1 (D) largely restored NO
production as opposed to decrease seen with SHH activator Pur. Inhibition of ROCK one
hour before addition of MPs (E) mostly abolished MPs induced impairment in the NO
production as indicated by bright green DAF-FM fluorescence that is similar to control.

Representative images from three experiments are shown.
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Figure 30: Quantification of DAF-FM fluorescence in confocal images taken after 24hrs
of treatment

HMECs were treated with MPs (B) or with Pur (C) and or with Y-27632 one hour prior to
addition of MPs (D) for 24hrs. Cell were loaded with 5uM DAF-FM in HBSS and confocal

images were taken 20 minutes later with 60x magnification and scale bar 50um. Average



136

mean of fluorescence intensity for 10 spots per was measured using FIJI software to
quantitate the extent of NO production. Statistical significance was analyzed by one-way
ANOVA with post hoc Dunnett’s test. ****P<0.0001 for MPs, Pur compared to control.

All data are represented as the mean + s.e.m. of three experiments.

6.3.2.Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Impair Ex-
Vivo Endothelium Dependent Relaxation in Porcine Second Order Mesenteric Arteries
via Rho Kinase Pathway

To establish pathophysiological relevance of MPs, we evaluated if MPs containing SHH
impair the ex-vivo endothelium-dependent relaxation in response to ATP via activation of
rho kinase pathway. Isolated Smm vessel rings were obtained from porcine second order
mesenteric artery. Vessel rings were treated for 6hrs with either vehicle or MPs or Pur and
or with ROCK inhibitor Y-27632 one hour prior to treatment with MPs, in a 96 well plate
with MCDB-131 media. Exposure of MPs or direct stimulation of SHH with Pur to porcine
mesenteric arteries significantly reduced the mean maximal ATP-evoked relaxation by
10.93 £ 1.1 and 4.48 + 3.11 percent respectively vs 27.16 £ 2.65 percent in control arteries.
Inhibition of ROCK with Y-27632 one hour prior to treatment with MPs showed an
average mean relaxation of 32.93+ 4.47 vs 27.16+ 2.65 that was not significantly different
than in control arteries and thereby prevented MPs mediated impairment in endothelium-
dependent relaxation response to ATP. Altogether, this data indicates that SHH containing
apoptotic T-cell derived MPs impair ex-vivo endothelium dependent vasodilation of

arteries via activation of rho kinase pathway (Fig. 31).
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Figure 31: Apoptotic T-cell derived MPs containing SHH impair endothelium-dependent
relaxation in porcine second order mesenteric arteries via rho kinase pathway.
Endothelium dependent relaxation to different concentration of ATP is shown in Smm
vessel rings exposed for 6hrs to vehicle (@; n=6), 50ug protein/mL MPs @ ; n=6), 10uM
Pur (A ; n=6) and 10uM ROCK inhibitor Y-27632 one hour prior to addition of MPs (V¥ ;
n=6) in 96 well plate with MCDB-131 media. Results are expressed as percentage of
relaxation to different concentrations of ATP after 40mM KCL induced pre-contraction.
Statistical significance was obtained by conducting two-way ANOVA with post hoc
Dunnett’s multiple comparison test. ****=P<(.0001; MPs, Pur at 10*M ATP, 10°M ATP
compared with control at 10*M ATP, 10>M ATP respectively. ***=P<0.001, Pur at 10"
M ATP compared with control at 10° M ATP. **=P<0.01, Pur at 10°M ATP compared to

control at 10°°M ATP. *=P<0.05, Pur at 10”’M, compared with control at 10”’M ATP.
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#=P<().05, MPs at 10°M ATP compared to control at 10°M ATP. All data are represented

as the mean = s.e.m. with 6 experimental repeats.

6.4.Discussion

The homeostatic balance between of iNOS and eNOS alters during progression of sepsis,
contributing to systemic hypotension resulting in impaired tissue perfusion and oxygen
extraction, multiple organ system failure and eventually mortality [456]. In sepsis, various
stimulators such as LPS, pro-inflammatory cytokines induce initial activation of eNOS
followed by induction of iNOS. Interestingly, during the late phase of sepsis, there is an
impairment in biosynthesis of constitutive NO production by downregulation of eNOS in
vascular endothelium, as the inducible form is expressed. NO overproduction for prolonged
period (up to 10hrs) due to activation of iINOS, despite presence of negative feedback
mechanism has been implicated in pathophysiology of microcirculatory failure and organ
dysfunction in sepsis. Induction of iNOS in various immune cells in necessary for
cytostatic and cytotoxic effects of the NO that facilitate host defense [457]. But, sustained
over production of NO is deleterious to host as it can induce platelet aggregation, impair
mitochondrial respiration, cell cycle arrest, apoptosis, and production of strong potent
oxidant peroxynitrite ONOO-, hypotension, decreased responsiveness to vasoconstrictors
[458, 459]. This is evident by the increased levels of nitrite and nitrate measured in plasma
of septic patients and inflammation induced iNOS expression [460]. Reducing the
overproduction of NO by inhibition of iNOS was postulated to be beneficial intervention
in the treatment of sepsis. Selective iNOS inhibitors were able to restore blood pressure in
experimental models of sepsis and reverse hypotension in human endotoxemia [461].

However, non-specific NOS inhibitor N®-methyl-L-arginine hydrochloride did not
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improve rather increased mortality in a multicenter, randomized, double-blind, placebo-
controlled trial of patients with septic shock although hypotension was improved [462].
Also, treatment with NOS inhibitor NV-methyl-L-arginine hydrochloride raised vascular
resistance but increased mortality in awake canines challenged with endotoxin [463]. This
suggests that a low basal NO synthesis is critical for organ perfusion and survival in
endotoxin shock and the deleterious effects of NOS inhibitors in endotoxin shock even
though improve hypotension might be related to blockade of eNOS.

A potential role of eNOS in the pathophysiology of sepsis is
unsubstantiated. Initial studies suggested that eNOS knock out mice still have high blood
pressure [464] and it has been shown recently that eNOS-derived NO is vital for
facilitating iNOS expression in sepsis [465]. However, chronic overexpression of eNOS
generated similar levels of plasma nitrite and nitrate levels but displayed resistance to LPS-
induced hypotension, lung injury and death [466]. Moreover, eNOS expression was
diminished in blood vessels from rabbits [467] and in lung tissue from mice [468]
following induction of sepsis with LPS. Also, 3-hydroxyl-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase inhibitor such as simvastatin and other statins have been shown to
upregulate GTP cyclohydrolase I, a key enzyme of tetrahydrobiopterin (BH4), a cofactor
for eNOS activation and thereby reverse down-regulation of eNOS expression and
profoundly increase survival in murine model of sepsis [469]. As the low concentration of
NO produced by eNOS under physiological conditions provides important regulations
including vascular tone, bronchial tone, neurotransmission or immune defense [434],
impairment and expression of activity of eNOS, if any may contribute to tissue injury in

sepsis by hindrance of physiological regulatory events with involvement of eNOS-derived
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NO [470]. Thus, we specifically chose to study if apoptotic T- cell derived MPs induce
endothelial dysfunction by decreasing eNOS mediated NO production in vitro and
endothelium dependent dilation in pig second order mesenteric arteries ex-vivo.

T-lymphocyte derived MPs have been shown to decrease protein
expression of eNOS, altered levels of NO and prostacyclin and impair endothelial mediated
dilation in response to agonist and flow in both conductance and resistance MP-treated
arteries [327]. But another study reported that the SHH carried by T-lymphocyte derived
microparticles corrects angiotensin Il mediated hypertension and endothelial injury by
inducing NO production [242]. In our study, we hypothesized that SHH carried by
apoptotic T-cell derived MPs will diminish NO production in endothelial cells. To visualize
and quantify the changes in NO production, we imaged DAF-FM diacetate fluorescence
using laser scanning confocal microscopy. Apoptotic T-cell derived MPs significantly
diminished NO production in endothelial cells. So, the conversion of DAF-FM into highly
fluorescent benzotriazole was low. The resulting image showed dim green fluorescence
throughout the cell and the measured mean of the area of interest was low in numerical
value.

We also tested if apoptotic T-cell derived MPs impair ATP mediated
endothelium dependent vasodilation in porcine mesenteric arteries. Extracellular ATP
levels function as autocrine or paracrine mediators via activation of purinergic P2 receptors
that facilitate release of Ca™ from intracellular stores [471]. Ca*? in turn activates eNOS
to produce NO, which mediates dilation of SMC via indirect and direct mechanisms. To
assess vasodilation, Smm aortic rings were placed in isolated organ bath equipped with an

isometric transducer to measure force/tension when tissue responds to stimuli by



141

contracting or relaxing. The aortic rings were pre-contracted with KCL and then
endothelium dependent relaxation response to different doses of ATP (10°M to 10°M)
was measured. The contraction and relaxation response were determined based on initial
increase in isometric tension (80% of the maximum contractile response) followed by
decrease in tension (more than 50% from initial pre-contracted tension for highest dose of
ATP) respectively. Decrease in tension i.e. vasodilation will only be seen if a functional
endothelium is present. Apoptotic T-cell derived MPs significantly impaired endothelium
dependent vasodilation in ex-vivo porcine mesenteric arteries. The ATP induced
concentration-dependent relaxation with a maximum of 60% at to 10°M was severely
limited by MPS to relaxation of about 13%.

A hall mark of endothelial dysfunction is reduced availability of NO, which
may be caused by reduced expression of eNOS, inactivation of eNOS or utilization of NO
for production of reactive oxygen species (ROS). Activation of RhoA/ROCK pathway
have been implicated in reducing the expression and activity of eNOS via different
mechanisms [132, 146, 147]. In the mesenteric arteries of hypertensive profilinl transgenic
mice, RhoA/ROCK pathway activation significantly reduced eNOS expression by
preventing stimulatory phosphorylation at ser1117 [149]. Thrombin is reported to decrease
eNOS mRNA level by shortening the half-life of eNOS mRNA via activation of RhoA and
ROCK in human endothelial cells [472]. RhoA and ROCK-2 also inhibits eNOS activity
by inhibiting increase in phosphorylation at its inhibitory site Thr495 [150], through
inhibition of protein kinase B [149] which mediates phosphorylation serl117.
Consequently, inhibition of RhoA geranylgeranylation by statins decreases ROCK activity

can increase eNOS mRNA half-life and upregulate eNOS expression in animal and human
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vascular disease. Similarly, direct activation of the Rho/ROCK signaling pathway by
ROCK inhibitors or dominant negative mutant of RhoA increase eNOS expression [147,
148]. and by decreasing eNOS mRNA half-life [132] . However, which molecule/s
stimulate rho kinase pathway to diminish NO production in endothelial cells during sepsis
is not known. In this study, we demonstrate that SHH containing apoptotic T-cell derived
MPs decreases NO production and impair endothelium dependent dilation in arteries ex
vivo via activation of RhoA/ROCK pathway.

6.5.Summary and Conclusions

In summary, the result of this study provide strong evidence that SHH containing apoptotic
T-cell derived MPs induce endothelial dysfunction by reducing ET-1 induced NO
production as indicated by dim DAF-FM fluorescence and low mean value (-46%). These
apoptotic T-cell derived MPs also significantly impair endothelium dependent dilation in
porcine mesenteric arteries, as indicated by attenuated ATP induced reduction in the
tension (-61.82%). Direct activation of SHH by SMO agonist Pur also significantly reduced
ET-1 induced NO production, as indicated by low average mean value of DAF-FM (-63%)).
While inhibition of SHH by SMO antagonist SANT-1 largely restored NO production, as
indicated by bright green fluorescence of DAF-FM. Treatment of porcine aortic rings with
Pur impaired endothelium dependent dilation similar to MPs (-65%). This indicates that
MPs induced decreased NO production in vitro and impaired ex vivo endothelium
dependent vasodilation is mediated by SHH pathway Therefore, demonstrating the
pathophysiological relevance of MPs in mediating endothelial dysfunction. Inhibition of
rho kinase pathway one hour before addition of MPs largely restored NO production as

indicated by high DAF-FM fluorescence and high mean value that is not significantly
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different from control. This indicates that SHH in MPs activates rho kinase pathway to
decrease ET-1mediated NO production. Also aortic rings in which ROCK was inhibited
before addition of MPS, showed maximum relaxation of 60% with to 10°M ATP like that
of control. Overall, this result indicates that one potential agonist that can activate rho
kinase pathway to mediate in vitro and ex vivo endothelial dysfunction is SHH containing

apoptotic-T cell derived MPs.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS

7.1. Conclusion and Future directions

The complex functions of the liver in biosynthesis, metabolism, clearance and host defense
are tightly dependent on adequate microcirculation. Deterioration of liver microcirculation
is a common event not only in sepsis but in other liver injuries and pathologies including,
ischemia and reperfusion injury [473], trauma mediated injury [474], cirrhosis [475],
hepatic steatosis and liver tumors [476]. To date, there are no effective treatments to restore
normal blood flow in severe injuries. A barrier to developing such therapies is our
incomplete understanding of the mechanisms leading to loss of normal regulation. In the
present study, we demonstrate that apoptotic T-cell derived MPs containing SHH induce
endothelial dysfunction through activation of RhoA/ROCK pathway and thereby can
contribute to disruption of blood flow regulation. Our overall rationale is that the
documented apoptosis of T-lymphocytes in sepsis leads to release of SHH containing MPs
from their cell surface. These SHH containing MPs bind to receptors of endothelial cells
and impact endothelial functions by activating ROCK. The end result is inadequate blood
supply to cells and liver injury. This study provides proof of concept for a highly novel
signaling pathway that is likely be a major contributor to the development of altered
vascular regulation in liver during sepsis.

In summary, these apoptotic T —cell derived MPs containing SHH seem to have
pleotropic effects in impairing endothelial functions ranging from modulation of their
cytoskeleton, depolarization of mitochondria, significant reduction in viability and
proliferation, diminished NO production and enhanced production of reactive oxygen

species. Pathophysiological relevance of these MPs in mediating endothelial dysfunction
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was evident by significantly impaired endothelium dependent vasodilation in porcine
mesenteric arteries after addition of MPs. Direct stimulation of SHH pathway by Pur also
caused endothelial dysfunction while inhibition of SHH pathway by SANT-1, abrogated
it. This indicates that SHH signaling pathway mediates MPs induced endothelial
dysfunction. Inhibition of ROCK before addition of SHH*MPs abolished endothelial
dysfunction. This indicates SHH in MPs activate rho kinase pathway to induce endothelial
dysfunction Together, this data strongly suggest that activation of rho kinase pathway by
SHH is required for MPs induced endothelial dysfunction. This study shed new light on a
novel mechanism by which MPs may be contribute to pathophysiology of various disease
characterized by impaired vascular regulation including liver failure in sepsis. Inhibition
of RhoA/ROCK pathway may therefore constitute a novel target for therapeutic

intervention to improve microcirculation and have beneficial effects after injuries.

Future directions: To establish clinical relevance of our hypothesis , we would like to test
if the blood of critically ill patient with varying degree of severity of sepsis also have
elevated levels of circulating MPs containing SHH. There is substantial support in the
literature showing that ICU patients do have increased numbers of circulating
microparticles; however, there is no information in the literature regarding SHH in these
microparticles. Once we have established if SHH is released in MPs in blood if ICU
patients, the effect of these MPs will be evaluated on the functions of human endothelial
cell in vitro. Also, endothelium function in mice after intravenous injection of MPs will be
assessed to establish pathophysiological relevance of these SHH containing MPs in

mediating endothelial dysfunction.



146

7.2. References

10.

Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann P,
Angus DC, Reinhart K, International Forum of Acute Care T: Assessment of
Global Incidence and Mortality of Hospital-treated Sepsis. Current Estimates and
Limitations. Am J Respir Crit Care Med 2016, 193(3):259-272.

Stoller J, Halpin L, Weis M, Aplin B, Qu W, Georgescu C, Nazzal M:
Epidemiology of severe sepsis: 2008-2012. J Crit Care 2016, 31(1):58-62.

Iwashyna TJ, Ely EW, Smith DM, Langa KM: Long-term cognitive impairment
and functional disability among survivors of severe sepsis. JAMA 2010,
304(16):1787-1794.

Aird WC: The role of the endothelium in severe sepsis and multiple organ
dysfunction syndrome. Blood 2003, 101(10):3765-3777.

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
Bellomo R, Bernard GR, Chiche JD, Coopersmith CM et al: The Third
International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3).
JAMA 2016, 315(8):801-810.

Woznica EA, Inglot M, Woznica RK, Lysenko L: Liver dysfunction in sepsis.
Adv Clin Exp Med 2018, 27(4):547-551.

Strnad P, Tacke F, Koch A, Trautwein C: Liver - guardian, modifier and target of
sepsis. Nat Rev Gastroenterol Hepatol 2017, 14(1):55-66.

Recknagel P, Gonnert FA, Westermann M, Lambeck S, Lupp A, Rudiger A,
Dyson A, Carre JE, Kortgen A, Krafft C et al: Liver dysfunction and
phosphatidylinositol-3-kinase signalling in early sepsis: experimental studies in
rodent models of peritonitis. PLoS Med 2012, 9(11):e1001338.

Kramer L, Jordan B, Druml W, Bauer P, Metnitz PG, Austrian Epidemiologic
Study on Intensive Care ASG: Incidence and prognosis of early hepatic
dysfunction in critically ill patients--a prospective multicenter study. Crit Care
Med 2007, 35(4):1099-1104.

Gustot T, Durand F, Lebrec D, Vincent JL, Moreau R: Severe sepsis in cirrhosis.
Hepatology 2009, 50(6):2022-2033.



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

147

Dizier S, Forel JM, Ayzac L, Richard JC, Hraiech S, Lehingue S, Loundou A,
Roch A, Guerin C, Papazian L et al: Early Hepatic Dysfunction Is Associated
with a Worse Outcome in Patients Presenting with Acute Respiratory Distress
Syndrome: A Post-Hoc Analysis of the ACURASYS and PROSEVA Studies.
Plos One 2015, 10(12).

Koch A, Horn A, Duckers H, Yagmur E, Sanson E, Bruensing J, Buendgens L,
Voigt S, Trautwein C, Tacke F: Increased liver stiffness denotes hepatic
dysfunction and mortality risk in critically ill non-cirrhotic patients at a medical
ICU. Critical Care 2011, 15(6).

Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H,
Reinhart CK, Suter PM, Thijs LG: The SOFA (Sepsis-related Organ Failure
Assessment) score to describe organ dysfunction/failure. On behalf of the
Working Group on Sepsis-Related Problems of the European Society of Intensive
Care Medicine. Intensive Care Med 1996, 22(7):707-710.

Chiang J: Liver Physiology: Metabolism and Detoxification. Pathobiology of
Human Disease: A Dynamic Encyclopedia of Disease Mechanisms 2014:1770-
1782.

Yan J, Li S, Li S: The role of the liver in sepsis. Int Rev Immunol 2014,
33(6):498-510.

Ramadori G, Moriconi F, Malik I, Dudas J: Physiology and pathophysiology of
liver inflammation, damage and repair. J Physiol Pharmacol 2008, 59 Suppl
1:107-117.

Bauer Mea: Endothelin-1 as regulator of hepatic microcircualtion : sublobular
distribution of effects and impact on hepatocellular secretory function. Shock
1994, 1(6):457-485.

Bauer M, Zhang JX, Bauer I, Clemens MG: ET-1 induced alterations of hepatic
microcirculation: sinusoidal and extrasinusoidal sites of action. Am J Physiol
1994, 267(1 Pt 1):G143-149.

Baveja R, Zhang JX, Clemens MG: In vivo assessment of endothelin-induced
heterogeneity of hepatic tissue perfusion. Shock 2001, 15(3):186-192.

Chun K, Zhang J, Biewer J, Ferguson D, Clemens MG: Microcirculatory failure
determines lethal hepatocyte injury in ischemic/reperfused rat livers. Shock 1994,
1(1):3-9.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

148

McCuskey RS, Reilly FD: Hepatic microvasculature: dynamic structure and its
regulation. Semin Liver Dis 1993, 13(1):1-12.

Schnabl B, Brenner DA: Interactions Between the Intestinal Microbiome and
Liver Diseases. Gastroenterology 2014, 146(6):1513-1524.

Marchesi JR, Adams DH, Fava F, Hermes GD, Hirschfield GM, Hold G, Quraishi
MN, Kinross J, Smidt H, Tuohy KM et al: The gut microbiota and host health: a
new clinical frontier. Gut 2016, 65(2):330-339.

Gonnert FA, Kunisch E, Gajda M, Lambeck S, Weber M, Claus RA, Bauer M,
Kinne RW: Hepatic Fibrosis in a Long-term Murine Model of Sepsis. Shock 2012,
37(4):399-407.

Brunt EM, Gouw AS, Hubscher SG, Tiniakos DG, Bedossa P, Burt AD, Callea F,
Clouston AD, Dienes HP, Goodman ZD et al: Pathology of the liver sinusoids.
Histopathology 2014, 64(7):907-920.

Jenne CN, Kubes P: Immune surveillance by the liver. Nature Immunology 2013,
14(10):996-1006.

Fox ES, Thomas P, Broitman SA: Comparative studies of endotoxin uptake by
isolated rat Kupffer and peritoneal cells. Infect Immun 1987, 55(12):2962-2966.

Saba TM, Di Luzio NR: Kupffer cell phagocytosis and metabolism of a variety of
particles as a function of opsonization. J Reticuloendothel Soc 1965, 2(5):437-
453.

Nguyen-Lefebvre AT, Horuzsko A: Kupffer Cell Metabolism and Function. J
Enzymol Metab 2015, 1(1).

Abdullah Z, Knolle PA: Scaling of immune responses against intracellular
bacterial infection. Embo J 2014, 33(20):2283-2294.

Williams MR, Azcutia V, Newton G, Alcaide P, Luscinskas FW: Emerging
mechanisms of neutrophil recruitment across endothelium. Trends Immunol 2011,
32(10):461-469.

Doi F, Goya T, Torisu M: Potential Role of Hepatic Macrophages in Neutrophil-
Mediated Liver-Injury in Rats with Sepsis. Hepatology 1993, 17(6):1086-1094.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

149

Heymann F, Tacke F: Immunology in the liver - from homeostasis to disease. Nat
Rev Gastro Hepat 2016, 13(2):88-110.

Protzer U, Maini MK, Knolle PA: Living in the liver: hepatic infections. Nature
Reviews Immunology 2012, 12(3):201-213.

Wong CH, Jenne CN, Petri B, Chrobok NL, Kubes P: Nucleation of platelets with
blood-borne pathogens on Kupffer cells precedes other innate immunity and
contributes to bacterial clearance. Nat Immunol 2013, 14(8):785-792.

Kolaczkowska E, Jenne CN, Surewaard BG, Thanabalasuriar A, Lee WY, Sanz
MJ, Mowen K, Opdenakker G, Kubes P: Molecular mechanisms of NET

formation and degradation revealed by intravital imaging in the liver vasculature.
Nat Commun 2015, 6:6673.

McDonald B, Urrutia R, Yipp BG, Jenne CN, Kubes P: Intravascular neutrophil
extracellular traps capture bacteria from the bloodstream during sepsis. Cell Host
Microbe 2012, 12(3):324-333.

Shao B, Munford RS, Kitchens R, Varley AW: Hepatic uptake and deacylation of
the LPS in bloodborne LPS-lipoprotein complexes. Innate Immun 2012,
18(6):825-833.

Dhainaut JF, Marin N, Mignon A, Vinsonneau C: Hepatic response to sepsis:
Interaction between coagulation and inflammatory processes. Critical Care
Medicine 2001, 29(7):S42-S47.

Bertoletti A, Maini M, Williams R: Role of hepatitis B virus specific cytotoxic T
cells in liver damage and viral control. Antiviral Res 2003, 60(2):61-66.

Kubes P, Jenne C: Immune Responses in the Liver. Annu Rev Immunol 2018,
36:247-277.

Heymann F, Peusquens J, Ludwig-Portugall I, Kohlhepp M, Ergen C, Niemietz P,
Martin C, van Rooijen N, Ochando JC, Randolph GJ et a/: Liver inflammation
abrogates immunological tolerance induced by Kupffer cells. Hepatology 2015,
62(1):279-291.

Norris EJ, Feilen N, Nguyen NH, Culberson CR, Shin MC, Fish M, Clemens MG:
Hydrogen sulfide modulates sinusoidal constriction and contributes to hepatic
microcirculatory dysfunction during endotoxemia. Am J Physiol Gastrointest
Liver Physiol 2013, 304(12):G1070-1078.



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

150

Keller SA, Moore CC, Clemens MG, McKillop IH, Huynh T: Activated protein C
restores hepatic microcirculation during sepsis by modulating vasoregulator
expression. Shock 2011, 36(4):361-369.

Kwok W, Lee SH, Culberson C, Korneszczuk K, Clemens MG: Caveolin-1
mediates endotoxin inhibition of endothelin-1-induced endothelial nitric oxide

synthase activity in liver sinusoidal endothelial cells. Am J Physiol Gastrointest
Liver Physiol 2009, 297(5):G930-939.

Ashburn. J: Remote trauma sensitizes hepatic microcirculation to endothelin via
caveolin inhibition of eNOS activity. SHOCK 2004, 22(2):120-130.

Baveja.R YY, Korneszczuk K, Zhang.J, Clemens.M.G: Endothelin 1 impairs
oxygen delivery in livers from LPS-primed animals. SHOCK 2002, 17(5):383-
388.

Yukihiro.Y: Endothelin receptor remodeling induces the portal venous hyper-
response to endothelin-1 following endotoxin pretreatment SHOCK 2002,
17(1):36-40.

Bauer M, Pannen BHJ, Bauer I, Herzog C, Wanner GA, Hanselmann R, Zhang
JX, Clemens MG, Larsen R: Evidence for a functional link between stress

response and vascular control in hepatic portal circulation. Am J Physiol-Gastr L
1996, 271(5):G929-G935.

Pannen BH, Bauer M, Zhang JX, Robotham JL, Clemens MG: Endotoxin
pretreatment enhances portal venous contractile response to endothelin-1. Am J
Physiol 1996, 270(1 Pt 2):H7-15.

Bauer M, Zhang JX, Bauer I, Clemens MG: Endothelin-1 as a Regulator of
Hepatic Microcirculation - Sublobular Distribution of Effects and Impact on
Hepatocellular Secretory Function. Shock 1994, 1(6):457-465.

Ricciardi R, Foley DP, Quarfordt SH, Kim RD, Donohue SE, Wheeler SM, Chari
RS, Callery MP, Meyers WC: Alterations in intrahepatic hemodynamics of the
harvested porcine liver. J Gastrointest Surg 2001, 5(5):490-498.

De Backer D, Creteur J, Preiser JC, Dubois MJ, Vincent JL: Microvascular blood
flow is altered in patients with sepsis. Am J Resp Crit Care 2002, 166(1):98-104.



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

151

William M, Vien J, Hamilton E, Garcia A, Bundgaard H, Clarke RJ, Rasmussen
HH: The nitric oxide donor sodium nitroprusside stimulates the Na+-K+ pump in
isolated rabbit cardiac myocytes. J Physiol-London 2005, 565(3):815-825.

Fink T, Heymann P, Melitz S, Rensing H, Mathes A: Dobutamine pretreatment
improves hepatic microcirculation after polymicrobial sepsis in rat. Eur J Anaesth
2010, 27(1):171-172.

La Mura V, Pasarin M, Meireles CZ, Miquel R, Rodriguez-Vilarrupla A, Hide D,
Gracia-Sancho J, Garcia-Pagan JC, Bosch J, Abraldes JG: Effects of simvastatin

administration on rodents with lipopolysaccharide-induced liver microvascular
dysfunction. Hepatology 2013, 57(3):1172-1181.

Bateman RM, Sharpe MD, Ellis CG: Bench-to-bedside review: Microvascular
dysfunction in sepsis - hemodynamics, oxygen transport, and nitric oxide. Critical
Care 2003, 7(5):359-373.

Soleimanpour H, Safari S, Rahmani F, Nejabatian A, Alavian SM: Hepatic Shock
Differential Diagnosis and Risk Factors: A Review Article. Hepat Mon 2015,
15(10).

Gupta TK, Toruner M, Chung MK, Groszmann RJ: Endothelial dysfunction and
decreased production of nitric oxide in the intrahepatic microcirculation of
cirrhotic rats. Hepatology 1998, 28(4):926-931.

Tamandl D, Jorgensen P, Gundersen Y, Fuegger R, Sautner T, Aasen AO,
Goetzinger P: Nitric oxide administration restores the hepatic artery buffer
response during porcine endotoxemia. J Invest Surg 2008, 21(4):183-194.

Parker JL, Adams HR: Selective inhibition of endothelium-dependent vasodilator
capacity by Escherichia coli endotoxemia. Circ Res 1993, 72(3):539-551.

Szabo C, Cuzzocrea S, Zingarelli B, O'Connor M, Salzman AL: Endothelial
dysfunction in a rat model of endotoxic shock. Importance of the activation of
poly (ADP-ribose) synthetase by peroxynitrite. J Clin Invest 1997, 100(3):723-
735.

Lehle K, Straub RH, Morawietz H, Kunz-Schughart LA: Relevance of disease-
and organ-specific endothelial cells for in vitro research. Cell Biol Int 2010,
34(12):1231-1238.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

152

Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA, McEver RP, Pober
JS, Wick TM, Konkle BA, Schwartz BS et al: Endothelial cells in physiology and
in the pathophysiology of vascular disorders. Blood 1998, 91(10):3527-3561.

Galley HF, Webster NR: Physiology of the endothelium. Brit J Anaesth 2004,
93(1):105-113.

Yau JW, Teoh H, Verma S: Endothelial cell control of thrombosis. BMC
Cardiovasc Disord 2015, 15:130.

Muller WA: Getting Leukocytes to the Site of Inflammation. Vet Pathol 2013,
50(1):7-22.

Shah V, Haddad FG, Garcia-Cardena G, Frangos JA, Mennone A, Groszmann RJ,
Sessa WC: Liver sinusoidal endothelial cells are responsible for nitric oxide
modulation of resistance in the hepatic sinusoids. J Clin Invest 1997,

100(11):2923-2930.

Vallet B: Bench-to-bedside review: endothelial cell dysfunction in severe sepsis: a
role in organ dysfunction? Crit Care 2003, 7(2):130-138.

Reidy MA, Bowyer DE: Scanning Electron-Microscopy - Morphology of Aortic
Endothelium Following Injury by Endotoxin and during Subsequent Repair.
Atherosclerosis 1977, 26(3):319-328.

Reidy MA, Schwartz SM: Endothelial injury and regeneration. IV. Endotoxin: a
nondenuding injury to aortic endothelium. Lab Invest 1983, 48(1):25-34.

Leclerc J, Pu Q, Corseaux D, Haddad E, Decoene C, Bordet R, Six I, Jude B,
Vallet B: A single endotoxin injection in the rabbit causes prolonged blood vessel
dysfunction and a procoagulant state. Critical Care Medicine 2000, 28(11):3672-
3678.

Lee MM, Schuessler GB, Chien S: Time-dependent effects of endotoxin on the
ultrastructure of aortic endothelium. Artery 1988, 15(2):71-89.

Wang P, Wood TJ, Zhou M, Ba ZF, Chaudry IH: Inhibition of the biologic
activity of tumor necrosis factor maintains vascular endothelial cell function
during hyperdynamic sepsis. J Trauma 1996, 40(5):694-700; discussion 701-691.

Bauer PR: Microvascular responses to sepsis: clinical significance.
Pathophysiology 2002, 8(3):141-148.



76.

77.

78.

79.

80.

81.

82.

&3.

84.

153

Mutunga M, Fulton B, Bullock R, Batchelor A, Gascoigne A, Gillespie JI,
Baudouin SV: Circulating endothelial cells in patients with septic shock. Am J
Respir Crit Care Med 2001, 163(1):195-200.

Taylor FB, Haddad PA, Hack E, Chang AC, Peer GT, Morrissey JH, Li AG,
Allen RC, Wada H, Kinasewitz GT: Two-stage response to endotoxin infusion
into normal human subjects: Correlation of blood phagocyte luminescence with

clinical and laboratory markers of the inflammatory, hemostatic response. Critical
Care Medicine 2001, 29(2):326-334.

Ince C, Mayeux PR, Nguyen T, Gomez H, Kellum JA, Ospina-Tascon GA,
Hernandez G, Murray P, De Backer D, Workgroup AX: The Endothelium in
Sepsis. Shock 2016, 45(3):259-270.

Paxian M, Keller SA, Baveja R, Korneszczuk K, Huynh TT, Clemens MG:
Functional link between ETB receptors and eNOS maintain tissue oxygenation in
the normal liver. Microcirculation 2004, 11(5):435-449.

Kamoun WS, Karaa A, Kresge N, Merkel SM, Korneszczuk K, Clemens MG:
LPS inhibits endothelin-1-induced endothelial NOS activation in hepatic

sinusoidal cells through a negative feedback involving caveolin-1. Hepatology
2006, 43(1):182-190.

Inoue A, Yanagisawa M, Kimura S, Kasuya Y, Miyauchi T, Goto K, Masaki T:
The human endothelin family: three structurally and pharmacologically distinct
isopeptides predicted by three separate genes. Proc Natl Acad Sci U S A 1989,
86(8):2863-2867.

Rieder H, Ramadori G, Meyer zum Buschenfelde KH: Sinusoidal endothelial
liver cells in vitro release endothelin--augmentation by transforming growth

factor beta and Kupffer cell-conditioned media. Klin Wochenschr 1991,
69(9):387-391.

Shao R, Yan W, Rockey DC: Regulation of endothelin-1 synthesis by endothelin-
converting enzyme-1 during wound healing. Journal of Biological Chemistry
1999, 274(5):3228-3234.

Harbrecht BG, Billiar TR, Stadler J, Demetris AJ, Ochoa J, Curran RD, Simmons
RL: Inhibition of nitric oxide synthesis during endotoxemia promotes intrahepatic
thrombosis and an oxygen radical-mediated hepatic injury. J Leukoc Biol 1992,
52(4):390-394.



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

154

Stephenson K, Harvey SA, Mustafa SB, Eakes AT, Olson MS: Endothelin
association with the cultured rat Kupffer cell: characterization and regulation.
Hepatology 1995, 22(3):896-905.

Herman WH, Holcomb JM, Hricik DE, Simonson MS: Interleukin-1 beta induces
endothelin-1 gene by multiple mechanisms. Transplant Proc 1999, 31(1-2):1412-
1413.

Maemura K, Kurihara H, Morita T, Ohhashi Y, Yazaki Y: Production of
Endothelin-1 in Vascular Endothelial-Cells Is Regulated by Factors Associated
with Vascular Injury. Gerontology 1992, 38:29-35.

Clemens MG, Zhang JX: Regulation of sinusoidal perfusion: in vivo methodology
and control by endothelins. Semin Liver Dis 1999, 19(4):383-396.

Zhang JX, Bauer M, Clemens MG: Vessel-Specific and Target Cell-Specific
Actions of Endothelin-1 and Endothelin-3 in Rat-Liver. Am J Physiol-Gastr L
1995, 269(2):G269-G277.

Zhang JX, Pegoli W, Jr., Clemens MG: Endothelin-1 induces direct constriction
of hepatic sinusoids. Am J Physiol 1994, 266(4 Pt 1):G624-632.

Sonin NV, Garcia-Pagan JC, Nakanishi K, Zhang JX, Clemens MG: Patterns of
vasoregulatory gene expression in the liver response to ischemia/reperfusion and
endotoxemia. Shock 1999, 11(3):175-179.

Karaa A, et.al: Chronic ethanol sensitizes the liver to endotoxin via effects on
endothelin nitric oxide synthase regulation. SHOCK 2005, 24(5):447-454.

Schubert W, Frank PG, Woodman SE, Hyogo H, Cohen DE, Chow CW, Lisanti
MP: Microvascular hyperpermeability in caveolin-1 (-/-) knock-out mice.
Treatment with a specific nitric-oxide synthase inhibitor, L-NAME, restores
normal microvascular permeability in Cav-1 null mice. J Biol Chem 2002,

277(42):40091-40098.

Aramori I, Nakanishi S: Coupling of two endothelin receptor subtypes to differing
signal transduction in transfected Chinese hamster ovary cells. J Biol Chem 1992,
267(18):12468-12474.

Rose PM, Krystek SR, Jr., Patel PS, Liu EC, Lynch JS, Lach DA, Fisher SM,
Webb ML: Aspartate mutation distinguishes ETA but not ETB receptor subtype-



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

155

selective ligand binding while abolishing phospholipase C activation in both
receptors. FEBS Lett 1995, 361(2-3):243-249.

Wang Y, Rose PM, Webb ML, Dunn MJ: Endothelins stimulate mitogen-
activated protein kinase cascade through either ETA or ETB. Am J Physiol 1994,
267(4 Pt 1):C1130-1135.

Elshourbagy NA, Korman DR, Wu HL, Sylvester DR, Lee JA, Nuthalaganti P,
Bergsma DJ, Kumar CS, Nambi P: Molecular Characterization and Regulation of

the Human Endothelin Receptors. Journal of Biological Chemistry 1993,
268(6):3873-3879.

Jouneaux C, Mallat A, Serradeil-Le Gal C, Goldsmith P, Hanoune J, Lotersztajn
S: Coupling of endothelin B receptors to the calcium pump and phospholipase C
via Gs and Gq in rat liver. J Biol Chem 1994, 269(3):1845-1851.

Liu S, Premont RT, Kontos CD, Zhu S, Rockey DC: A crucial role for GRK2 in
regulation of endothelial cell nitric oxide synthase function in portal hypertension.
Nat Med 2005, 11(9):952-958.

Haendler B, Hechler U, Schleuning WD: Molecular cloning of human endothelin
(ET) receptors ETA and ETB. J Cardiovasc Pharmacol 1992, 20 Suppl 12:S1-4.

Pinzani M, Failli P, Ruocco C, Casini A, Milani S, Giotti A, Gentilini P: Fat-
Storing Cells (Fsc) as Liver-Specific Pericytes - Spatial Dynamics of Agonist-
Stimulated Intracellular Calcium Transients. Hepatology 1991, 14(4):A114-A114.

Rockey DC: Vascular mediators in the injured liver. Hepatology 2003, 37(1):4-
12.

Hirata Y, Emori T, Eguchi S, Kanno K, Imai T, Ohta K, Marumo F: Endothelin
receptor subtype B mediates synthesis of nitric oxide by cultured bovine
endothelial cells. J Clin Invest 1993, 91(4):1367-1373.

Liu S, Premont RT, Kontos CD, Huang J, Rockey DC: Endothelin-1 activates
endothelial cell nitric-oxide synthase via heterotrimeric G-protein betagamma
subunit signaling to protein jinase B/Akt. J Biol Chem 2003, 278(50):49929-
49935.

Tsukahara H, Ende H, Magazine HI, Bahou WF, Goligorsky MS: Molecular and
Functional-Characterization of the Non-Isopeptide-Selective Et(B) Receptor in
Endothelial-Cells. Journal of Biological Chemistry 1994, 269(34):21778-21785.



106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

156

Higuchi H, Satoh T: Endothelin-1 induces vasoconstriction and nitric oxide
release via endothelin ETB receptors in isolated perfused rat liver. Eur J
Pharmacol 1997, 328(2-3):175-182.

Sumner MJ, Cannon TR, Mundin JW, White DG, Watts IS: Endothelin Eta and
Endothelin Etb Receptors Mediate Vascular Smooth-Muscle Contraction. Brit J
Pharmacol 1992, 107(3):858-860.

Zhang BM, Calmus Y, Wen LL, Sogni P, Lotersztajn S, Houssin D, Weill B:
Endothelin-1 induces liver vasoconstriction through both ETA and ETB receptors.
Journal of Hepatology 1997, 26(5):1104-1110.

Douglas SA, Meek TD, Ohlstein EH: Novel Receptor Antagonists Welcome a
New Era in Endothelin Biology. Trends Pharmacol Sci 1994, 15(9):313-316.

Brooks DP, DePalma PD, Pullen M, Gellai M, Nambi P: Identification and
function of putative ETB receptor subtypes in the dog kidney. J Cardiovasc
Pharmacol 1995, 26 Suppl 3:S322-325.

Furchgott RF, Zawadzki JV: The Obligatory Role of Endothelial-Cells in the
Relaxation of Arterial Smooth-Muscle by Acetylcholine. Nature 1980,
288(5789):373-376.

Ignarro LJ, Buga GM, Wood KS, Byrns RE, Chaudhuri G: Endothelium-Derived
Relaxing Factor Produced and Released from Artery and Vein Is Nitric-Oxide. P
Natl Acad Sci USA 1987, 84(24):9265-9269.

Vallance P, Chan N: Endothelial function and nitric oxide: clinical relevance.
Heart 2001, 85(3):342-350.

Coleman JW: Nitric oxide in immunity and inflammation. Int Immunopharmacol
2001, 1(8):1397-1406.

Spratt DE, Israel OK, Taiakina V, Guillemette JG: Regulation of mammalian
nitric oxide synthases by electrostatic interactions in the linker region of
calmodulin. Bba-Proteins Proteom 2008, 1784(12):2065-2070.

Stuehr DJ: Mammalian nitric oxide synthases. Bba-Bioenergetics 1999, 1411(2-
3):217-230.



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

157

Squadrito GL, Pryor WA: Oxidative chemistry of nitric oxide: the roles of
superoxide, peroxynitrite, and carbon dioxide. Free Radic Biol Med 1998, 25(4-
5):392-403.

Thiemermann C, Ruetten H, Wu CC, Vane JR: The Multiple Organ Dysfunction
Syndrome Caused by Endotoxin in the Rat - Attenuation of Liver Dysfunction by
Inhibitors of Nitric-Oxide Synthase. Brit J Pharmacol 1995, 116(7):2845-2851.

Zhang BM, Borderie D, Sogni P, Soubrane O, Houssin D, Calmus Y: NO-
mediated, vasodilation in the rat liver - Role of hepatocytes and liver endothelial
cells. Journal of Hepatology 1997, 26(6):1348-1355.

Pannen BHJ, Bauer M, Zhang JX, Robotham JL, Clemens MG: A time-dependent
balance between endothelins and nitric oxide regulating portal resistance after
endotoxin. Am J Physiol-Heart C 1996, 271(5):H1953-H1961.

Saetre T, Gundersen Y, Thiemermann C, Lilleaasen P, Aasen AO: Aminoethyl-
isothiourea, a selective inhibitor of inducible nitric oxide synthase activity,
improves liver circulation and oxygen metabolism in a porcine model of
endotoxemia. Shock 1998, 9(2):109-115.

Farghali H, Canova N, Gaier N, Lincova D, Kmonickova E, Strestikova P, Masek
K: Inhibition of endotoxemia-induced nitric oxide synthase expression by
cyclosporin A enhances hepatocyte injury in rats: amelioration by NO donors.
International Immunopharmacology 2002, 2(1):117-127.

Lee VG, Johnson ML, Baust J, Laubach VE, Watkins SC, Billiar TR: The roles of
iNOS in liver ischemia-reperfusion injury. Shock 2001, 16(5):355-360.

Hines IN, Harada H, Bharwani S, Pavlick KP, Hoffman JM, Grisham MB:
Enhanced post-ischemic liver injury in iNOS-deficient mice: a cautionary note.
Biochem Biophys Res Commun 2001, 284(4):972-976.

Rivera-Chavez FA, Toledo-Pereyra LH, Dean RE, Crouch L, Ward PA:
Exogenous and endogenous nitric oxide but not iNOS inhibition improves

function and survival of ischemically injured livers. Journal of Investigative
Surgery 2001, 14(5):267-273.

Mas M: A Close Look at the Endothelium: Its Role in the Regulation of
Vasomotor Tone. Eur Urol Suppl 2009, 8(2):48-57.



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

158

Kwok W, Clemens MG: Rho-kinase activation contributes to Lps-induced
impairment of endothelial nitric oxide synthase activation by endothelin-1 in
cultured hepatic sinusoidal endothelial cells. Shock 2014, 42(6):554-561.

Vogt S, Grosse R, Schultz G, Offermanns S: Receptor-dependent RhoA activation

in G12/G13-deficient cells: genetic evidence for an involvement of Gg/G11. J
Biol Chem 2003, 278(31):28743-28749.

Sagi SA, Seasholtz TM, Kobiashvili M, Wilson BA, Toksoz D, Brown JH:
Physical and functional interactions of Galphaq with Rho and its exchange
factors. J Biol Chem 2001, 276(18):15445-15452.

Bhattacharya M, Babwah AV, Ferguson SS: Small GTP-binding protein-coupled
receptors. Biochem Soc Trans 2004, 32(Pt 6):1040-1044.

Gonzalez E, Nagiel A, Lin AJ, Golan DE, Michel T: Small interfering RNA-
mediated down-regulation of caveolin-1 differentially modulates signaling
pathways in endothelial cells. J Biol Chem 2004, 279(39):40659-40669.

Laufs U, Liao JK: Post-transcriptional regulation of endothelial nitric oxide
synthase mRNA stability by tho GTPase. Journal of Biological Chemistry 1998,
273(37):24266-24271.

Lang P, Gesbert F, Delespine-Carmagnat M, Stancou R, Pouchelet M, Bertoglio
J: Protein kinase A phosphorylation of RhoA mediates the morphological and
functional effects of cyclic AMP in cytotoxic lymphocytes. Embo J 1996,
15(3):510-519.

Leung T, Manser E, Tan L, Lim L: A Novel Serine/Threonine Kinase Binding the
Ras-Related Rhoa Gtpase Which Translocates the Kinase to Peripheral
Membranes. Journal of Biological Chemistry 1995, 270(49):29051-29054.

Amano M, Chihara K, Nakamura N, Kaneko T, Matsuura Y, Kaibuchi K: The
COOH terminus of Rho-kinase negatively regulates Rho-kinase activity. Journal
of Biological Chemistry 1999, 274(45):32418-32424.

Barandier C, Ming XF, Rusconi S, Yang ZH: PKC is required for activation of
ROCK by RhoA in human endothelial cells. Biochem Bioph Res Co 2003,
304(4):714-719.



137.

138.

139.

140.

141.

142.

143.

144.

145.

159

Hyvelin JM, Howell K, Nichol A, Costello CM, Preston RJ, McLoughlin P:
Inhibition of rho-kinase attenuates hypoxia-induced angiogenesis in the
pulmonary circulation. Circulation Research 2005, 97(2):185-191.

Mallat Z, Gojova A, Sauzeau V, Brun V, Silvestre JS, Esposito B, Merval R,
Groux H, Loirand G, Tedgui A: Rho-associated protein kinase contributes to early
atherosclerotic lesion formation in mice. Circ Res 2003, 93(9):884-888.

Toshima Y, Satoh S, Ikegaki I, Asano T: A new model of cerebral
microthrombosis in rats and the neuroprotective effect of a rho-kinase inhibitor.
Stroke 2000, 31(9):2245-2249.

Bivalacqua TJ, Usta MF, Champion HC, Kadowitz PJ, Hellstrom WIJG:
Endothelial dysfunction in erectile dysfunction: Role of the endothelium in
erectile physiology and disease. J Androl 2003, 24(6):S17-S37.

Nishikimi T, Akimoto K, Wang X, Mori Y, Tadokoro K, Ishikawa Y, Shimokawa
H, Ono H, Matsuoka H: Fasudil, a Rho-kinase inhibitor, attenuates
glomerulosclerosis in Dahl salt-sensitive rats. J Hypertens 2004, 22(9):1787-
1796.

Uehata M, Ishizaki T, Satoh H, Ono T, Kawahara T, Morishita T, Tamakawa H,
Yamagami K, Inui J, Maekawa M et al: Calcium sensitization of smooth muscle

mediated by a Rho-associated protein kinase in hypertension. Nature 1997,
389(6654):990-994.

Bao WK, Hu E, Tao L, Boyce R, Mirabile R, Thudium DT, Ma XL, Willette RN,
Yue TL: Inhibition of Rho-kinase protects the heart against ischemia/reperfusion
injury. Cardiovascular Research 2004, 61(3):548-558.

Abe K, Shimokawa H, Morikawa K, Uwatoku T, Oi K, Matsumoto Y, Hattori T,
Nakashima Y, Kaibuchi K, Sueishi K et al: Long-term treatment with a Rho-

kinase inhibitor improves monocrotaline-induced fatal pulmonary hypertension in
rats. Circulation Research 2004, 94(3):385-393.

Miyata K, Shimokawa H, Kandabashi T, Higo T, Morishige K, Eto Y, Egashira
K, Kaibuchi K, Takeshita A: Rho-kinase is involved in macrophage-mediated
formation of coronary vascular lesions in pigs in vivo. Arterioscl Throm Vas
2000, 20(11):2351-2358.



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

160

Takemoto M, Sun JX, Hiroki J, Shimokawa H, Liao JK: Rho-kinase mediates
hypoxia-induced downregulation of endothelial nitric oxide synthase. Circulation
2002, 106(1):57-62.

Wolfrum S, Dendorfer A, Rikitake Y, Stalker TJ, Gong YL, Scalia R, Dominiak
P, Liao JK: Inhibition of Rho-kinase leads to rapid activation of

phosphatidylinositol 3-kinase protein kinase Akt and cardiovascular protection.
Arterioscl Throm Vas 2004, 24(10):1842-1847.

Rikitake Y, Kim HH, Huang ZH, Seto M, Yano K, Asano T, Moskowitz MA,
Liao JK: Inhibition of rho kinase (ROCK) leads to increased cerebral blood flow
and stroke protection. Stroke 2005, 36(10):2251-2257.

Ming XF, Viswambharan H, Barandier C, Ruffieux J, Kaibuchi K, Rusconi S,
Yang ZH: Rho GTPase/Rho kinase negatively regulates endothelial nitric oxide
synthase phosphorylation through the inhibition of protein kinase B/Akt in human
endothelial cells. Mol Cell Biol 2002, 22(24):8467-84717.

Sugimoto M, Nakayama M, Goto TM, Amano M, Komori K, Kaibuchi K: Rho-
kinase phosphorylates eNOS at threonine 495 in endothelial cells. Biochem Bioph
Res Co 2007, 361(2):462-467.

Miyazaki T, Honda K, Ohata H: m-Calpain antagonizes RhoA overactivation and
endothelial barrier dysfunction under disturbed shear conditions. Cardiovasc Res
2010, 85(3):530-541.

de Souza P, Guarido KL, Scheschowitsch K, da Silva LM, Werner MF, Assreuy
J, da Silva-Santos JE: Impaired vascular function in sepsis-surviving rats
mediated by oxidative stress and Rho-Kinase pathway. Redox Biol 2016, 10:140-
147.

Goldenberg NM, Steinberg BE, Slutsky AS, Lee WL: Broken barriers: a new take
on sepsis pathogenesis. Sci Transl Med 2011, 3(88):88ps25.

Noma K, Oyama N, Liao JK: Physiological role of ROCKs in the cardiovascular
system. Am J Physiol-Cell Ph 2006, 290(3):C661-C668.

Sumi T, Matsumoto K, Nakamura T: Specific activation of LIM kinase 2 via
phosphorylation of threonine 505 by ROCK, a rho-dependent protein kinase.
Journal of Biological Chemistry 2001, 276(1):670-676.



156.

157.

158.

159.

160.

161.

162.

163.

164.

161

Kawano Y, Fukata Y, Oshiro N, Amano M, Nakamura T, Ito M, Matsumura F,
Inagaki M, Kaibuchi K: Phosphorylation of myosin-binding subunit (MBS) of
myosin phosphatase by Rho-kinase in vivo. J Cell Biol 1999, 147(5):1023-1037.

Kitamura K, Tada S, Nakamoto N, Toda K, Horikawa H, Kurita S, Tsunematsu S,
Kumagai N, Ishii H, Saito H et a/: Rho/Rho kinase is a key enzyme system
involved in the angiotensin II signaling pathway of liver fibrosis and steatosis. J
Gastroen Hepatol 2007, 22(11):2022-2033.

Matsui T, Maeda M, Doi Y, Yonemura S, Amano M, Kaibuchi K, Tsukita S,
Tsukita S: Rho-kinase phosphorylates COOH-terminal threonines of

ezrin/radixin/moesin (ERM) proteins and regulates their head-to-tail association. J
Cell Biol 1998, 140(3):647-657.

Maekawa M, Ishizaki T, Boku S, Watanabe N, Fujita A, Iwamatsu A, Obinata T,
Ohashi K, Mizuno K, Narumiya S: Signaling from rho to the actin cytoskeleton
through protein kinases ROCK and LIM-kinase. Science 1999, 285(5429):895-
898.

Ohashi K, Nagata K, Maekawa M, Ishizaki T, Narumiya S, Mizuno K: Rho-
associated kinase ROCK activates LIM-kinase 1 by phosphorylation at threonine

508 within the activation loop. Journal of Biological Chemistry 2000,
275(5):3577-3582.

Kimura K, Fukata Y, Matsuoka Y, Bennett V, Matsuura Y, Okawa K, Iwamatsu
A, Kaibuchi K: Regulation of the association of adducin with actin filaments by
Rho-associated kinase (Rho-kinase) and myosin phosphatase. Journal of
Biological Chemistry 1998, 273(10):5542-5548.

Fukata Y, Oshiro N, Kinoshita N, Kawano Y, Matsuoka Y, Bennett V, Matsuura
Y, Kaibuchi K: Phosphorylation of adducin by rho-kinase plays a crucial role in
cell motility. J Cell Biol 1999, 145(2):347-361.

Su YC, Edwards-Bennett S, Bubb MR, Block ER: Regulation of endothelial nitric
oxide synthase by the actin cytoskeleton. Am J Physiol-Cell Ph 2003,
284(6):C1542-C1549.

Profirovic J, Gorovoy M, Niu JX, Pavlovic S, Voyno-Yasenetskaya T: A novel
mechanism of g protein-dependent phosphorylation of vasodilator-stimulated
phosphoprotein. Journal of Biological Chemistry 2005, 280(38):32866-32876.



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

162

Ozawa T, Araki N, Yunoue S, Tokuo H, Feng LP, Patrakitkomjorn S, Hara T,
Ichikawa Y, Matsumoto K, Fujii K ef al: The neurofibromatosis type 1 gene
product neurofibromin enhances cell motility by regulating actin filament
dynamics via the Rho-ROCK-LIMK2-cofilin pathway. Journal of Biological
Chemistry 2005, 280(47):39524-39533.

Mantzarlis K, Tsolaki V, Zakynthinos E: Role of Oxidative Stress and
Mitochondrial Dysfunction in Sepsis and Potential Therapies. Oxid Med Cell
Longev 2017, 2017:5985209.

Takeda K, Shimada Y, Amano M, Sakai T, Okada T, Yoshiya I: Plasma-Lipid
Peroxides and Alpha-Tocopherol in Critically 11l Patients. Critical Care Medicine
1984, 12(11):957-959.

Goode HF, Cowley HC, Walker BE, Howdle PD, Webster NR: Decreased
antioxidant status and increased lipid peroxidation in patients with septic shock
and secondary organ dysfunction. Crit Care Med 1995, 23(4):646-651.

Rubio-Gayosso I, Platts SH, Duling BR: Reactive oxygen species mediate
modification of glycocalyx during ischemia-reperfusion injury. Am J Physiol-
Heart C 2006, 290(6):H2247-H2256.

Hyun tae Kaea: Chemical screening identifies rock as target for recovering
mitochondrial function in Hutchinson-Gilford progeria syndrome. Aging cell
2017, 16:541-550.

Fiegen D, Haeusler LC, Blumenstein L, Herbrand U, Dvorsky R, Vetter IR,
Ahmadian MR: Alternative splicing of Racl generates Raclb, a self-activating
GTPase. Journal of Biological Chemistry 2004, 279(6):4743-4749.

Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM, Fata JE, Leake D,
Godden EL, Albertson DG, Nieto MA et al: Raclb and reactive oxygen species
mediate MMP-3-induced EMT and genomic instability. Nature 2005,
436(7047):123-127.

Zorov DB, Juhaszova M, Sollott SJ: Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol Rev 2014, 94(3):909-950.

Belevich I, Verkhovsky MI, Wikstrom M: Proton-coupled electron transfer drives
the proton pump of cytochrome c oxidase. Nature 2006, 440(7085):829-832.



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

163

Osborn-Heaford HL, Ryan AJ, Murthy S, Racila AM, He C, Sieren JC, Spitz DR,
Carter AB: Mitochondrial Racl GTPase Import and Electron Transfer from

Cytochrome ¢ Are Required for Pulmonary Fibrosis. Journal of Biological
Chemistry 2012, 287(5):3301-3312.

Breadley Dea: Mitochondrial dyfunction in long term rodent model of sepsis and
organ failure. Am J Physiol Regul Intergr Comp Physiol 2003, 286:R491-R497.

Adrie C: Mitochondrial membrane potential and apoptosis in peripheral blood
monocytes in severe human sepsis. Shock 2005, 23:67-69.

Gottlieb E, Armour SM, Harris MH, Thompson CB: Mitochondrial membrane
potential regulates matrix configuration and cytochrome c release during
apoptosis. Cell Death Differ 2003, 10(6):709-717.

Li YF, Park JS, Deng JH, Bai YD: Cytochrome c oxidase subunit [V is essential
for assembly and respiratory function of the enzyme complex. J Bioenerg
Biomembr 2006, 38(5-6):283-291.

Del Re DP, Miyamoto S, Brown JH: RhoA/Rho kinase up-regulate Bax to
activate a mitochondrial death pathway and induce cardiomyocyte apoptosis. J
Biol Chem 2007, 282(11):8069-8078.

Nussleinvolhard C, Wieschaus E: Mutations Affecting Segment Number and
Polarity in Drosophila. Nature 1980, 287(5785):795-801.

Lee JJ, Vonkessler DP, Parks S, Beachy PA: Secretion and Localized
Transcription Suggest a Role in Positional Signaling for Products of the
Segmentation Gene Hedgehog. Cell 1992, 71(1):33-50.

Tabata T, Eaton S, Kornberg TB: The Drosophila Hedgehog Gene Is Expressed
Specifically in Posterior Compartment Cells and Is a Target of Engrailed
Regulation. Gene Dev 1992, 6(12b):2635-2645.

Mohler J, Vani K: Molecular-Organization and Embryonic Expression of the
Hedgehog Gene Involved in Cell-Cell Communication in Segmental Patterning of
Drosophila. Development 1992, 115(4):957-971.

Tashiro S, Michiue T, Higashijima S, Zenno S, Ishimaru S, Takahashi F, Orihara
M, Kojima T, Saigo K: Structure and Expression of Hedgehog, a Drosophila

Segment-Polarity Gene Required for Cell-Cell Communication. Gene 1993,
124(2):183-189.



186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

164

Bumcrot DA, Takada R, McMahon AP: Proteolytic processing yields two
secreted forms of sonic hedgehog. Mol Cell Biol 1995, 15(4):2294-2303.

Porter JA, von Kessler DP, Ekker SC, Young KE, Lee JJ, Moses K, Beachy PA:
The product of hedgehog autoproteolytic cleavage active in local and long-range
signalling. Nature 1995, 374(6520):363-366.

Buglino JA, Resh MD: Hhat is a palmitoylacyltransferase with specificity for N-
palmitoylation of Sonic Hedgehog. Journal of Biological Chemistry 2008,
283(32):22076-22088.

Gallet A, Rodriguez R, Ruel L, Therond PP: Cholesterol modification of
hedgehog is required for trafficking and movement, revealing an asymmetric
cellular response to hedgehog. Dev Cell 2003, 4(2):191-204.

Burke R, Nellen D, Bellotto M, Hafen E, Senti KA, Dickson BJ, Basler K:
Dispatched, a novel sterol-sensing domain protein dedicated to the release of
cholesterol-modified hedgehog from signaling cells. Cel/ 1999, 99(7):803-815.

Echelard Y, Epstein DJ, Stjacques B, Shen L, Mohler J, Mcmahon JA, Mcmahon
AP: Sonic-Hedgehog, a Member of a Family of Putative Signaling Molecules, Is
Implicated in the Regulation of Cns Polarity. Cell 1993, 75(7):1417-1430.

McMahon AP, Ingham PW, Tabin CJ: Developmental roles and clinical
significance of hedgehog signaling. Curr Top Dev Biol 2003, 53:1-114.

Bitgood MJ, Shen LY, McMahon AP: Sertoli cell signaling by Desert hedgehog
regulates the male germline. Curr Biol 1996, 6(3):298-304.

Wijgerde M, Ooms M, Hoogerbrugge JW, Grootegoed JA: Hedgehog signaling in
mouse ovary: Indian hedgehog and desert hedgehog from granulosa cells induce
target gene expression in developing theca cells. Endocrinology 2005,
146(8):3558-3566.

Chang DT, Lopez A, Vonkessler DP, Chiang C, Simandl BK, Zhao RB, Seldin
MF, Fallon JF, Beachy PA: Products, Genetic-Linkage and Limb Patterning
Activity of a Murine Hedgehog Gene. Development 1994, 120(11):3339-3353.

Riddle RD, Johnson RL, Laufer E, Tabin C: Sonic hedgehog mediates the
polarizing activity of the ZPA. Cell 1993, 75(7):1401-1416.



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

165

Roelink H, Augsburger A, Heemskerk J, Korzh V, Norlin S, Altaba ARI, Tanabe
Y, Placzek M, Edlund T, Jessell TM et al: Floor Plate and Motor-Neuron
Induction by Vhh-1, a Vertebrate Homolog of Hedgehog Expressed by the
Notochord. Cell 1994, 76(4):761-775.

Chiang C, Ying LTT, Lee E, Young KE, Corden JL, Westphal H, Beachy PA:
Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene
function. Nature 1996, 383(6599):407-413.

Yuan Z, Goetz JA, Singh S, Ogden SK, Petty WJ, Black CC, Memoli VA,
Dmitrovsky E, Robbins DJ: Frequent requirement of hedgehog signaling in non-
small cell lung carcinoma. Oncogene 2007, 26(7):1046-1055.

Hooper JE, Scott MP: The Drosophila Patched Gene Encodes a Putative
Membrane-Protein Required for Segmental Patterning. Cell 1989, 59(4):751-765.

Nakano Y, Guerrero I, Hidalgo A, Taylor A, Whittle JRS, Ingham PW: A Protein
with Several Possible Membrane-Spanning Domains Encoded by the Drosophila
Segment Polarity Gene Patched. Nature 1989, 341(6242):508-513.

Alcedo J, Ayzenzon M, VonOhlen T, Noll M, Hooper JE: The Drosophila
smoothened gene encodes a seven-pass membrane protein, a putative receptor for
the hedgehog signal. Cell 1996, 86(2):221-232.

van den Heuvel M, Ingham PW: smoothened encodes a receptor-like serpentine
protein required for hedgehog signalling. Nature 1996, 382(6591):547-551.

Rahnama F, Toftgard R, Zaphiropoulos PG: Distinct roles of PTCH2 splice
variants in Hedgehog signalling. Biochemical Journal 2004, 378:325-334.

Denef N, Neubuser D, Perez L, Cohen SM: Hedgehog induces opposite changes
in turnover and subcellular localization of patched and smoothened. Cell 2000,
102(4):521-531.

Taipale J, Cooper MK, Maiti T, Beachy PA: Patched acts catalytically to suppress
the activity of Smoothened (vol 418, pg 892, 2002). Nature 2002, 420(6914):445-
445.

Blotta S, Jakubikova J, Calimeri T, Roccaro AM, Amodio N, Azab AK, Foresta
U, Mitsiades CS, Rossi M, Todoerti K et al: Canonical and noncanonical

Hedgehog pathway in the pathogenesis of multiple myeloma. Blood 2012,
120(25):5002-5013.



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

166

Carballo GB, Honorato JR, de Lopes GPF, Spohr TCLDE: A highlight on Sonic
hedgehog pathway. Cell Commun Signal 2018, 16.

Rimkus TK, Carpenter RL, Qasem S, Chan M, Lo HW: Targeting the Sonic
Hedgehog Signaling Pathway: Review of Smoothened and GLI Inhibitors.
Cancers 2016, 8(2).

Ingham PW, Taylor AM, Nakano Y: Role of the Drosophila patched gene in
positional signalling. Nature 1991, 353(6340):184-187.

Corbit KC, Aanstad P, Singla V, Norman AR, Stainier DYR, Reiter JF:
Vertebrate Smoothened functions at the primary cilium. Nature 2005,
437(7061):1018-1021.

Rohatgi R, Milenkovic L, Scott MP: Patched1 regulates Hedgehog signaling at
the primary cilium. Science 2007, 317(5836):372-376.

Ruppert JM, Kinzler KW, Wong AJ, Bigner SH, Kao FT, Law ML, Seuanez HN,
Obrien SJ, Vogelstein B: The Gli-Kruppel Family of Human Genes. Mo/ Cell Biol
1988, 8(8):3104-3113.

Lee J, Platt KA, Censullo P, Altaba ARI: Glil is a target of Sonic hedgehog that
induces ventral neural tube development. Development 1997, 124(13):2537-2552.

Sasaki H, Nishizaki Y, Hui CC, Nakafuku M, Kondoh H: Regulation of Gli2 and
Gli3 activities by an amino-terminal repression domain: implication of Gli2 and
Gli3 as primary mediators of Shh signaling. Development 1999, 126(17):3915-
3924.

Altaba ARI: Catching a Gli-mpse of Hedgehog. Cell 1997, 90(2):193-196.

Hui CC, Angers S: Gli Proteins in Development and Disease. Annu Rev Cell Dev
Bi2011,27:513-537.

Scales SJ, de Sauvage FJ: Mechanisms of Hedgehog pathway activation in cancer
and implications for therapy. Trends Pharmacol Sci 2009, 30(6):303-312.

Stecca B, Altaba Al: Context-dependent Regulation of the GLI Code in Cancer by
HEDGEHOG and Non-HEDGEHOG Signals. J Mol Cell Biol 2010, 2(2):84-95.



220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

167

Cheng SY, Bishop JM: Suppressor of Fused represses Gli-mediated transcription
by recruiting the SAP18-mSin3 corepressor complex. P Natl Acad Sci USA 2002,
99(8):5442-5447.

Paces-Fessy M, Boucher D, Petit E, Paute-Briand S, Blanchet-Tournier MF: The
negative regulator of Gli, Suppressor of fused (Sufu), interacts with SAP18,
Galectin3 and other nuclear proteins. Biochemical Journal 2004, 378:353-362.

Kaesler S, Luscher B, Ruther U: Transcriptional activity of GLII is negatively
regulated by protein kinase A. Biol Chem 2000, 381(7):545-551.

Mao JH, Maye P, Kogerman P, Tejedor FJ, Toftgard R, Xie W, Wu GQ, Wu DQ:
Regulation of Glil transcriptional activity in the nucleus by Dyrk1. Journal of
Biological Chemistry 2002, 277(38):35156-35161.

Robbins DJ, Fei DL, Riobo NA: The Hedgehog Signal Transduction Network.
Science Signaling 2012, 5(246).

Thibert C, Teillet MA, Lapointe F, Mazelin L, Le Douarin NM, Mehlen P:
Inhibition of neuroepithelial patched-induced apoptosis by Sonic hedgehog.
Science 2003, 301(5634):843-846.

Bredesen DE, Mehlen P, Rabizadeh S: Apoptosis and dependence receptors: A
molecular basis for cellular addiction. Physiological Reviews 2004, 84(2):411-
430.

Kagawa H, Shino Y, Kobayashi D, Demizu S, Shimada M, Ariga H, Kawahara H:
A novel signaling pathway mediated by the nuclear targeting of C-terminal
fragments of mammalian Patched 1. Plos One 2011, 6(4):e18638.

Mille F, Thibert C, Fombonne J, Rama N, Guix C, Hayashi H, Corset V, Reed JC,
Mehlen P: The Patched dependence receptor triggers apoptosis through a DRAL-
caspase-9 complex. Nat Cell Biol 2009, 11(6):739-U793.

Chinchilla P, Xiao L, Kazanietz MG, Riobo NA: Hedgehog proteins activate pro-
angiogenic responses in endothelial cells through non-canonical signaling
pathways. Cell Cycle 2010, 9(3):570-579.

Barnes EA, Kong M, Ollendorff V, Donoghue DJ: Patchedl interacts with cyclin
B1 to regulate cell cycle progression. Embo J 2001, 20(9):2214-2223.



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

168

Barnes EA, Kong M, Ollendorff V, Donoghue DJ: Patched] interacts with cyclin
B1 to regulate cell cycle progression. Embo J 2001, 20(9):2214-2223.

Fombonne J, Bissey PA, Guix C, Sadoul R, Thibert C, Mehlen P: Patched
dependence receptor triggers apoptosis through ubiquitination of caspase-9. P
Natl Acad Sci USA 2012, 109(26):10510-10515.

Jenkins D: Hedgehog signalling: Emerging evidence for non-canonical pathways.
Cellular signalling 2009, 21:1023-1034.

Renault MA, Roncalli J, Tongers J, Thorne T, Klyachko E, Misener S, Volpert
OV, Mehta S, Burg A, Luedemann C et al: Sonic hedgehog induces angiogenesis
via Rho kinase-dependent signaling in endothelial cells. J Mol Cell Cardiol 2010,
49(3):490-498.

Polizio AH, Chinchilla P, Chen X, Kim S, Manning DR, Riobo NA:
Heterotrimeric Gi proteins link Hedgehog signaling to activation of Rho small
GTPases to promote fibroblast migration. J Biol Chem 2011, 286(22):19589-
19596.

Vanhaesebroeck B, Waterfield MD: Signaling by distinct classes of
phosphoinositide 3-kinases. Experimental Cell Research 1999, 253(1):239-254.

Tolias KF, Cantley LC, Carpenter CL: Rho-Family Gtpases Bind to
Phosphoinositide Kinases. Journal of Biological Chemistry 1995, 270(30):17656-
17659.

Brennan D, Chen XL, Cheng L, Mahoney M, Riobo NA: Noncanonical
Hedgehog Signaling. Vitam Horm 2012, 88:55-72.

Giarretta I, Gatto I, Marcantoni M, Lupi G, Tonello D, Gaetani E, Pitocco D,
lezzi R, Truma A, Porfidia A et al: Microparticles Carrying Sonic Hedgehog Are
Increased in Humans with Peripheral Artery Disease. Int J Mol Sci 2018, 19(12).

Witek RP, Yang L, Liu R, Jung Y, Omenetti A, Syn WK, Choi SS, Cheong Y,
Fearing CM, Agboola KM et al: Liver cell-derived microparticles activate
hedgehog signaling and alter gene expression in hepatic endothelial cells.
Gastroenterology 2009, 136(1):320-330 e322.

Soleti R, Martinez MC: Microparticles harbouring Sonic Hedgehog: role in
angiogenesis regulation. Cell Adh Migr 2009, 3(3):293-295.



242.

243,

244.

245.

246.

247.

248.

249.

250.

251.

169

Marrachelli VG, Mastronardi ML, Sarr M, Soleti R, Leonetti D, Martinez MC,
Andriantsitohaina R: Sonic hedgehog carried by microparticles corrects

angiotensin II-induced hypertension and endothelial dysfunction in mice. Plos
One 2013, 8(8):e72861.

Martinez C, M ; Soleti ,R, et al: Microparticles harboring sonic hedgehog promote
angiogenis through upregulation of adhesion proteins and proangigenic factors.
Caricinogenesis 2009, 30(4):580-588.

Kasten KR, Tschop J, Adediran SG, Hildeman DA, Caldwell CC: T Cells Are
Potent Early Mediators of the Host Response to Sepsis. Shock 2010, 34(4):327-
336.

Hotchkiss RS, Swanson PE, Freeman BD, Tinsley KW, Cobb JP, Matuschak GM,
Buchman TG, Karl IE: Apoptotic cell death in patients with sepsis, shock, and
multiple organ dysfunction. Critical Care Medicine 1999, 27(7):1230-1251.

Cheadle WG, Pemberton RM, Robinson D, Livingston DH, Rodriguez JL, Polk
HC: Lymphocyte Subset Responses to Trauma and Sepsis. Journal of Trauma-
Injury Infection and Critical Care 1993, 35(6):844-849.

Zafrani L, Gerotziafas G, Byrnes C, Hu X, Perez J, Levi C, Placier S, Letavernier
E, Leelahavanichkul A, Haymann JP ef al: Calpastatin controls polymicrobial
sepsis by limiting procoagulant microparticle release. Am J Respir Crit Care Med
2012, 185(7):744-755.

Mastronardi ML, Mostefai HA, Meziani F, Martinez MC, Asfar P,
Andriantsitohaina R: Circulating microparticles from septic shock patients exert
differential tissue expression of enzymes related to inflammation and oxidative

stress. Crit Care Med 2011, 39(7):1739-1748.

Brooks HF, Osabutey CK, Moss RF, Andrews PLR, Davies DC: Caecal ligation
and puncture in the rat mimics the pathophysiological changes in human sepsis
and causes multi-organ dysfunction. Metab Brain Dis 2007, 22(3-4):353-373.

Cohen J: The immunopathogenesis of sepsis. Nature 2002, 420(6917):885-891.

Crouser E, Exline M, Knoell D, Wewers MD: Sepsis: Links between pathogen
sensing and organ damage. Curr Pharm Design 2008, 14(19):1840-1852.



252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

170

Faist E, Kim C: Therapeutic immunomodulatory approaches for the control of
systemic inflammatory response syndrome and the prevention of sepsis. New
Horiz-Sci Pract 1998, 6(2):S97-S102.

Baue AE, Durham R, Faist E: Systemic inflammatory response syndrome (SIRS),
multiple organ dysfunction syndrome (MODS), multiple organ failure (MOF):
Are we winning the battle? Shock 1998, 10(2):79-89.

Lang JD, Matute-Bello G: Lymphocytes, apoptosis and sepsis: making the jump
from mice to humans. Critical Care 2009, 13(1).

Weber SU, Schewe JC, Lehmann LE, Muller S, Book M, Klaschik S, Hoeft A,
Stuber F: Induction of Bim and Bid gene expression during accelerated apoptosis
in severe sepsis. Critical Care 2008, 12(5).

Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg RE, Hui JJ, Chang KC,
Osborne DF, Freeman BD, Cobb JP, Buchman TG et al: Sepsis-Induced
Apoptosis Causes Progressive Profound Depletion of B and CD4+ T
Lymphocytes in Humans. The Journal of Immunology 2001, 166(11):6952-6963.

Wang SD, Huang KJ, Lin YS, Lei HY: Sepsis-Induced Apoptosis of the
Thymocytes in Mice. Journal of Immunology 1994, 152(10):5014-5021.

Hotchkiss RS, Swanson PE, Cobb JP, Jacobson A, Buchman TG, Karl IE:
Apoptosis in lymphoid and parenchymal cells during sepsis: Findings in normal
and T- and B-cell-deficient mice. Critical Care Medicine 1997, 25(8):1298-1307.

Moldawer LL: Organ apoptosis in the septic patient: a potential therapeutic
target? Crit Care Med 1999, 27(7):1381-1382.

Meakins JL, Pietsch JB, Bubenick O, Kelly R, Rode H, Gordon J, MacLean LD:
Delayed hypersensitivity: indicator of acquired failure of host defenses in sepsis
and trauma. Ann Surg 1977, 186(3):241-250.

Rajan G, Sleigh JW: Lymphocyte counts and the development of nosocomial
sepsis. Intens Care Med 1997, 23(11):1187-1187.

Chang KC, Unsinger J, Davis CG, Schwulst SJ, Muenzer JT, Strasser A,
Hotchkiss RS: Multiple triggers of cell death in sepsis: death receptor and
mitochondrial-mediated apoptosis. Faseb J 2007, 21(3):708-719.



263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

171

Hotchkiss RS, Swanson PE, Knudson CM, Chang KC, Cobb JP, Osborne DF,
Zollner KM, Buchman TG, Korsmeyer SJ, Karl IE: Overexpression of Bcl-2 in

transgenic mice decreases apoptosis and improves survival in sepsis. Journal of
Immunology 1999, 162(7):4148-4156.

Hotchkiss RS, Nicholson DW: Apoptosis and caspases regulate death and
inflammation in sepsis. Nat Rev Immunol 2006, 6(11):813-822.

Hotchkiss RS, Osmon SB, Chang KC, Wagner TH, Coopersmith CM, Karl IE:
Accelerated Lymphocyte Death in Sepsis Occurs by both the Death Receptor and
Mitochondrial Pathways. The Journal of Immunology 2005, 174(8):5110-5118.

Mostefai HA, Agouni A, Carusio N, Mastronardi ML, Heymes C, Henrion D,
Andriantsitohaina R, Martinez MC: Phosphatidylinositol 3-kinase and xanthine
oxidase regulate nitiric oxide and reactive oxygen species productions by
apoptotic lymphocyte microparticles in endothelial cells. Journal of Immunology
2008, 180(7):5028-5035.

Souza ACP, Yuen PST, Star RA: Re: Microparticles: markers and mediators of
sepsis-induced microvascular dysfunction, immunosuppression, and AKI Reply.
Kidney International 2015, 88(4):915-917.

Zhang Y, Meng H, Ma RS, He ZX, Wu XM, Cao MH, Yao ZP, Zhao L, Li T,
Deng RJ et al: Circulating Microparticles, Blood Cells, and Endothelium Induce

Procoagulant Activity in Sepsis through Phosphatidylserine Exposure. Shock
2016, 45(3):299-307.

Wolf P: The nature and significance of platelet products in human plasma. Br J
Haematol 1967, 13(3):269-288.

Holme PA, Orvim U, Hamers MJAG, Solum NO, Brosstad FR, Barstad RM,
Sakariassen KS: Shear-induced platelet activation and platelet microparticle
formation at blood flow conditions as in arteries with a severe stenosis. Arterioscl
Throm Vas 1997, 17(4):646-653.

Mallat Z, Hugel B, Ohan J, Leseche G, Freyssinet JM, Tedgui A: Shed membrane
microparticles with procoagulant potential in human atherosclerotic plaques - A
role for apoptosis in plaque thrombogenicity. Circulation 1999, 99(3):348-353.

Simak J, Gelderman MP: Cell membrane microparticles in blood and blood
products: Potentially pathogenic agents and diagnostic markers. Transfus Med
Rev 2006, 20(1):1-26.



273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

172

Morel O, Toti F, Hugel B, Bakouboula B, Camoin-Jau L, Dignat-George F,
Freyssinet JM: Procoagulant microparticles - Disrupting the vascular homeostasis
equation? Arterioscl Throm Vas 2006, 26(12):2594-2604.

Mesri M, Altieri DC: Leukocyte microparticles stimulate endothelial cell cytokine
release and tissue factor induction in a JNK1 signaling pathway. Journal of
Biological Chemistry 1999, 274(33):23111-23118.

Brill A, Dashevsky O, Rivo J, Gozal Y, Varon D: Platelet-derived microparticles
induce angiogenesis and stimulate post-ischemic revascularization. Cardiovasc
Res 2005, 67(1):30-38.

Puddu P, Puddu GM, Cravero E, Muscari S, Muscari A: The involvement of
circulating microparticles in inflammation, coagulation and cardiovascular
diseases. Can J Cardiol 2010, 26(4):140-145.

Martinez MC, Andriantsitohaina R: Microparticles in Angiogenesis Therapeutic
Potential. Circulation Research 2011, 109(1):110-119.

Diamant M, Tushuizen ME, Sturk A, Nieuwland R: Cellular microparticles: new
players in the field of vascular disease? Eur J Clin Invest 2004, 34(6):392-401.

Nieuwland R: Microparticles in health and disease. Journal of Thrombosis and
Haemostasis 2015, 13:14-14.

Qin J, Xu Q: Functions and Applications of Exosomes. Acta Pol Pharm 2014,
71(4):537-543.

Gyorgy B, Szabo TG, Pasztoi M, Pal Z, Misjak P, Aradi B, Laszlo V, Pallinger E,
Pap E, Kittel A et al: Membrane vesicles, current state-of-the-art: emerging role
of extracellular vesicles. Cell Mol Life Sci 2011, 68(16):2667-2688.

Szatanek R, Baj-Krzyworzeka M, Zimoch J, Lekka M, Siedlar M, Baran J: The
Methods of Choice for Extracellular Vesicles (EVs) Characterization. Int J Mol
Sci 2017, 18(6).

Yanez-Mo M, Siljander PRM, Andreu Z, Zavec AB, Borras FE, Buzas EI, Buzas
K, Casal E, Cappello F, Carvalho J ef al: Biological properties of extracellular
vesicles and their physiological functions. J Extracell Vesicles 2015, 4.



284.

285.

286.

287.

288.

2809.

290.

291.

292.

173

Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL, Ahn YS: Endothelial
cells release phenotypically and quantitatively distinct microparticles in activation
and apoptosis. Thromb Res 2003, 109(4):175-180.

Distler JHW, Huber LC, Hueber AJ, Reich CF, Gay S, Distler O, Pisetsky DS:
The release of microparticles by apoptotic cells and their effects on macrophages.
Apoptosis 2005, 10(4):731-741.

Sims PJ, Wiedmer T, Esmon CT, Weiss HJ, Shattil SJ: Assembly of the Platelet
Prothrombinase Complex Is Linked to Vesiculation of the Platelet Plasma-
Membrane - Studies in Scott Syndrome - an Isolated Defect in Platelet
Procoagulant Activity. Journal of Biological Chemistry 1989, 264(29):17049-
17057.

Siljander P, Carpen O, Lassila R: Platelet-derived microparticles associate with
fibrin during thrombosis. Blood 1996, 87(11):4651-4663.

Satta N, Toti F, Feugeas O, Bohbot A, Dacharyprigent J, Eschwege V, Hedman
H, Freyssinet JM: Monocyte Vesiculation Is a Possible Mechanism for
Dissemination of Membrane-Associated Procoagulant Activities and Adhesion
Molecules after Stimulation by Lipopolysaccharide. Journal of Immunology 1994,
153(7):3245-3255.

Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, Sabatier F, Mutin M,
Sanmarco M, Sampol J, Dignat-George F: In vitro generation of endothelial
microparticles and possible prothrombotic activity in patients with lupus
anticoagulant. Journal of Clinical Investigation 1999, 104(1):93-102.

Miyoshi H, Umeshita K, Sakon M, Ohmi SI, Fujitani K, Gotoh M, Oiki E,
Kambayashi JI, Monden M: Calpain activation in plasma membrane bleb
formation during tert-butyl hydroperoxide-induced rat hepatocyte injury (vol 110,
pg 1897, 1996). Gastroenterology 1996, 111(5):1402-1402.

Nicotera P, Hartzell P, Davis G, Orrenius S: The Formation of Plasma-Membrane
Blebs in Hepatocytes Exposed to Agents That Increase Cytosolic Ca2+ Is
Mediated by the Activation of a Nonlysosomal Proteolytic System. Febs Letters
1986, 209(1):139-144.

Nieminen AL, Gores GJ, Wray BE, Tanaka Y, Herman B, Lemasters JJ: Calcium
Dependence of Bleb Formation and Cell-Death in Hepatocytes. Cell Calcium
1988, 9(5-6):237-246.



293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

174

Gilbert GE, Sims PJ, Wiedmer T, Furie B, Furie BC, Shattil SJ: Platelet-derived
microparticles express high affinity receptors for factor VIIIL. J Biol Chem 1991,
266(26):17261-17268.

Gemmell CH, Sefton MV, Yeo EL: Platelet-Derived Microparticle Formation
Involves Glycoprotein-lib-liia - Inhibition by Rgds and a Glanzmann
Thrombasthenia Defect. Journal of Biological Chemistry 1993, 268(20):14586-
14589.

Huber J, Vales A, Mitulovic G, Blumer M, Schmid R, Witztum JL, Binder BR,
Leitinger N: Oxidized membrane vesicles and blebs from apoptotic cells contain
biologically active oxidized phospholipids that induce monocyte-endothelial
interactions. Arterioscl Throm Vas 2002, 22(1):101-107.

Miyoshi H, Umeshita K, Sakon M, Imajoh-Ohmi S, Fujitani K, Gotoh M, Oiki E,
Kambayashi J, Monden M: Calpain activation in plasma membrane bleb

formation during tert-butyl hydroperoxide-induced rat hepatocyte injury.
Gastroenterology 1996, 110(6):1897-1904.

Liu ZM, Klaavuniemi T, Ono S: Distinct Roles of Four Gelsolin-like Domains of
Caenorhabditis elegans Gelsolin-like Protein-1 in Actin Filament Severing,
Barbed End Capping, and Phosphoinositide Binding. Biochemistry-Us 2010,
49(20):4349-4360.

Coleman ML, Sahai EA, Yeo M, Bosch M, Dewar A, Olson MF: Membrane
blebbing during apoptosis results from caspase-mediated activation of ROCK I.
Nat Cell Biol 2001, 3(4):339-345.

Mills JC, Stone NL, Erhardt J, Pittman RN: Apoptotic membrane blebbing is
regulated by myosin light chain phosphorylation. J Cell Biol 1998, 140(3):627-
636.

Kohama K, Ye LH, Hayakawa K, Okagaki T: Myosin light chain kinase: An
actin-binding protein that regulates an ATP-dependent interaction with myosin.
Trends Pharmacol Sci 1996, 17(8):284-287.

Distler JHW, Pisetsky DS, Huber LC, Kalden JR, Gay S, Distler O:
Microparticles as regulators of inflammation - Novel players of cellular crosstalk
in the rheumatic diseases. Arthritis Rheum 2005, 52(11):3337-3348.

Horstman LL, Jy W, Jimenez JJ, Bidot C, Ahn YS: New horizons in the analysis
of circulating cell-derived microparticles. Keio J Med 2004, 53(4):210-230.



303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

175

van Meer G, Voelker DR, Feigenson GW: Membrane lipids: where they are and
how they behave. Nat Rev Mol Cell Bio 2008, 9(2):112-124.

Yang H, Kim A, David T, Palmer D, Jin T, Tien J, Huang F, Cheng T, Coughlin
SR, Jan YN et al: TMEM16F forms a Ca2+-activated cation channel required for
lipid scrambling in platelets during blood coagulation. Cell 2012, 151(1):111-122.

Baron M, Boulanger CM, Staels B, Tailleux A: Cell-derived microparticles in
atherosclerosis: biomarkers and targets for pharmacological modulation? J Cell
Mol Med 2012, 16(7):1365-1376.

Martinez MC, Tual-Chalot S, Leonetti D, Andriantsitohaina R: Microparticles:
targets and tools in cardiovascular disease. Trends Pharmacol Sci 2011,
32(11):659-665.

Montoro-Garcia S, Shantsila E, Marin F, Blann A, Lip GYH: Circulating
microparticles: new insights into the biochemical basis of microparticle release
and activity. Basic Res Cardiol 2011, 106(6):911-923.

Docuvre L, Plawinski L, Toti F, Angles-Cano E: Cell-derived microparticles: a
new challenge in neuroscience. J Neurochem 2009, 110(2):457-468.

Meziani F, Delabranche X, Asfar P, Toti F: Bench-to-bedside review: Circulating
microparticles - a new player in sepsis? Critical Care 2010, 14(5).

Mortaza S, Martinez MC, Baron-Menguy C, Burban M, de la Bourdonnaye M,
Fizanne L, Pierrot M, Cales P, Henrion D, Andriantsitohaina R et al: Detrimental
hemodynamic and inflammatory effects of microparticles originating from septic
rats. Crit Care Med 2009, 37(6):2045-2050.

Barry OP, Pratico D, Lawson JA, FitzGerald GA: Transcellular activation of

platelets and endothelial cells by bioactive lipids in platelet microparticles.
Journal of Clinical Investigation 1997, 99(9):2118-2127.

Barry OP, Pratico D, Savani RC, FitzGerald GA: Modulation of monocyte-
endothelial cell interactions by platelet microparticles. J Clin Invest 1998,
102(1):136-144.

Mesri M, Altieri DC: Endothelial cell activation by leukocyte microparticles. J
Immunol 1998, 161(8):4382-4387.



314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

176

Jy WC, Mao WW, Horstman LL, Tao JG, Ahn YS: Platelet microparticles bind,
activate and aggregate neutrophils in vitro. Blood Cell Mol Dis 1995, 21(22):217-
231.

Bardelli C, Amoruso A, Canova DF, Fresu LG, Balbo P, Neri T, Celi A,
Brunelleschi S: Autocrine activation of human monocyte/macrophages by

monocyte-derived microparticles and modulation by PPAR? ligands. Brit J
Pharmacol 2012, 165(3):716-728.

Reid VL, Webster NR: Role of microparticles in sepsis. Br J Anaesth 2012,
109(4):503-513.

Wang JG, Manly D, Kirchhofer D, Pawlinski R, Mackman N: Levels of
microparticle tissue factor activity correlate with coagulation activation in
endotoxemic mice. J Thromb Haemost 2009, 7(7):1092-1098.

Nieuwland R, Berckmans RJ, McGregor S, Boing AN, Romijn FPHTM,
Westendorp RGJ, Hack CE, Sturk A: Cellular origin and procoagulant properties
of microparticles in meningococcal sepsis. Blood 2000, 95(3):930-935.

Woei-A-Jin FJSH, van der Starre WE, Tesselaar MET, Rodriguez PG, van
Nieuwkoop C, Bertina RM, van Dissel JT, Osanto S: Procoagulant tissue factor

activity on microparticles is associated with disease severity and bacteremia in
febrile urinary tract infections. Thromb Res 2014, 133(5):799-803.

Delabranche X, Boisrame-Helms J, Asfar P, Berger A, Mootien Y, Lavigne T,
Grunebaum L, Lanza F, Gachet C, Freyssinet JM et al: Microparticles are new
biomarkers of septic shock-induced disseminated intravascular coagulopathy.
Intens Care Med 2013, 39(10):1695-1703.

Zafrani L, Ince C, Yuen PS: Microparticles during sepsis: target, canary or cure?
Intensive Care Med 2013, 39(10):1854-1856.

Brodsky SV, Zhang F, Nasjletti A, Goligorsky MS: Endothelium-derived
microparticles impair endothelial function in vitro. Am J Physiol Heart Circ
Physiol 2004, 286(5):H1910-1915.

Yang C, Mwaikambo BR, Zhu T, Gagnon C, Lafleur J, Seshadri S, Lachapelle P,
Lavoie JC, Chemtob S, Hardy P: Lymphocytic microparticles inhibit angiogenesis
by stimulating oxidative stress and negatively regulating VEGF-induced
pathways. Am J Physiol Regul Integr Comp Physiol 2008, 294(2):R467-476.



324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

177

Martinez MC, Larbret F, Zobairi F, Coulombe J, Debili N, Vainchenker W, Ruat
M, Freyssinet JM: Transfer of differentiation signal by membrane microvesicles
harboring hedgehog morphogens. Blood 2006, 108(9):3012-3020.

Marrachelli VG, Mastronardi ML, Sarr M, Soleti R, Leonetti D, Martinez MC,
Andriantsitohaina R: Sonic Hedgehog Carried by Microparticles Corrects

Angiotensin [I-Induced Hypertension and Endothelial Dysfunction in Mice. Plos
One 2013, 8(8).

Benameur T, Soleti R, Porro C, Andriantsitohaina R, Martinez MC:
Microparticles Carrying Sonic Hedgehog Favor Neovascularization through the
Activation of Nitric Oxide Pathway in Mice. Plos One 2010, 5(9).

Martin S, Tesse A, Hugel B, Martinez MC, Morel O, Freyssinet JM,
Andriantsitohaina R: Shed membrane particles from T lymphocytes impair

endothelial function and regulate endothelial protein expression. Circulation
2004, 109(13):1653-1659.

Aman J, Weijers EM, Amerongen GPV, Malik AB, van Hinsbergh VWM: Using
cultured endothelial cells to study endothelial barrier dysfunction: Challenges and
opportunities. Am J Physiol-Lung C 2016, 311(2):L453-L466.

Sukriti S, Tauseef M, Yazbeck P, Mehta D: Mechanisms regulating endothelial
permeability. Pulm Circ 2014, 4(4):535-551.

Rodrigues SF, Granger DN: Blood cells and endothelial barrier function. Tissue
Barriers 2015, 3(1-2).

Bazzoni G, Dejana E: Endothelial cell-to-cell junctions: Molecular organization
and role in vascular homeostasis. Physiological Reviews 2004, 84(3):869-901.

Lee TYJ, Gotlieb Al: Microfilaments and Microtubules maintain endothelial
integrity. Microsc Res Technigq 2003, 60(1):115-125.

Shasby DM, Shasby SS, Sullivan JM, Peach MJ: Role of Endothelial-Cell
Cytoskeleton in Control of Endothelial Permeability. Circulation Research 1982,
51(5):657-661.

Dudek SM, Garcia JGN: Cytoskeletal regulation of pulmonary vascular
permeability. J Appl Physiol 2001, 91(4):1487-1500.



335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

178

Schnoor M, Garcia Ponce A, Vadillo E, Pelayo R, Rossaint J, Zarbock A: Actin
dynamics in the regulation of endothelial barrier functions and neutrophil
recruitment during endotoxemia and sepsis. Cell Mol Life Sci 2017, 74(11):1985-
1997.

Schnoor M: Endothelial Actin-Binding Proteins and Actin Dynamics in
Leukocyte Transendothelial Migration. Journal of Immunology 2015,
194(8):3535-3541.

Vandenbroucke E, Mehta D, Minshall R, Malik AB: Regulation of endothelial
junctional permeability. Ann N Y Acad Sci 2008, 1123:134-145.

Lum H, Malik AB: Regulation of vascular endothelial barrier function. Am J
Physiol 1994, 267(3 Pt 1):1.223-241.

Bannerman D, D ; et al Bacterial Lipopolysaccharide Disrupts Endothelial
Monolayer Integrity and Survival Signaling Events through Caspase Cleavage of
Adherens Junction Proteins. The Journal of Biological Chemistry 1998,
273(52):35371-35380.

Shapiro NI, Schuetz P, Yano K, Sorasaki M, Parikh SM, Jones AE, Trzeciak S,
Ngo L, Aird WC: The association of endothelial cell signaling, severity of illness,
and organ dysfunction in sepsis. Crit Care 2010, 14(5):R182.

Pickkers P, Sprong T, van Eijk L, van der Hoeven H, Smits P, van Deuren M:
Vascular endothelial growth factor is increased during the first 48 hours of human
septic shock and correlates with vascular permeability. Shock 2005, 24(6):508-
512.

Martensson J, Bellomo R: Sepsis-Induced Acute Kidney Injury. Crit Care Clin
2015, 31(4):649-660.

Li YC, Hadden C, Cooper A, Ahmed A, Wu H, Lupashin VV, Mayeux PR, Kilic
F: Sepsis-induced elevation in plasma serotonin facilitates endothelial
hyperpermeability. Sci Rep-Uk 2016, 6.

Cinel I, Ark M, Dellinger P, Karabacak T, Tamer L, Cinel L, Michael P, Hussein
S, Parrillo JE, Kumar A et al: Involvement of Rho kinase (ROCK) in sepsis-
induced acute lung injury. J Thorac Dis 2012, 4(1):30-39.

Wojciak-Stothard B, Ridley AJ: Rho GTPases and the regulation of endothelial
permeability. Vasc Pharmacol 2002, 39(4-5):187-199.



346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

179

Gorovoy M, Niu JX, Bernard O, Profirovic J, Minshall R, Neamu R, Voyno-
Yasenetskaya T: LIM kinase 1 coordinates microtubule stability and actin

polymerization in human endothelial cells. Journal of Biological Chemistry 2005,
280(28):26533-26542.

Lundy DJ, Trzeciak S: Microcirculatory dysfunction in sepsis. Crit Care Nurs
Clin North Am 2011, 23(1):67-717.

Ellis CG, Bateman RM, Sharpe MD, Sibbald WJ, Gill R: Effect of a
maldistribution of microvascular blood flow on capillary O-2 extraction in sepsis.
Am J Physiol-Heart C 2002, 282(1):H156-H164.

Unger LS, Cryer HM, Garrison RN: Differential Response of the
Microvasculature in the Liver during Bacteremia. Circulatory Shock 1989,
29(4):335-344.

Edul VSK, Enrico C, Laviolle B, Vazquez AR, Ince C, Dubin A: Quantitative
assessment of the microcirculation in healthy volunteers and in patients with
septic shock. Critical Care Medicine 2012, 40(5):1443-1448.

Marcos-Ramiro B, Nacarino PO, Serrano-Pertierra E, Blanco-Gelaz MA, Weksler
BB, Romero IA, Couraud PO, Tunon A, Lopez-Larrea C, Millan J et al:
Microparticles in multiple sclerosis and clinically isolated syndrome: effect on
endothelial barrier function. Bmc Neurosci 2014, 15.

Shen Q, Wu MH, Yuan SY: Endothelial contractile cytoskeleton and
microvascular permeability. Cell Health Cytoskelet 2009, 2009(1):43-50.

Amerongen GPV, Beckers CML, Achekar ID, Zeeman S, Musters RJP, van
Hinsbergh VWM: Involvement of Rho kinase in endothelial barrier maintenance.
Arterioscl Throm Vas 2007, 27(11):2332-2339.

Yao L, Romero MJ, Toque HA, Yang G, Caldwell RB, Caldwell RW: The role of
RhoA/Rho kinase pathway in endothelial dysfunction. J Cardiovasc Dis Res
2010, 1(4):165-170.

Wainwright MS, Rossi J, Schavocky J, Crawford S, Steinhorn D, Velentza AV,
Zasadzki M, Shirinsky V, Jia YZ, Haiech J et al: Protein kinase involved in lung
injury susceptibility: Evidence from enzyme isoform genetic knockout and in vivo
inhibitor treatment. P Natl Acad Sci USA 2003, 100(10):6233-6238.



356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

180

Carlier MF, Pantaloni D: Control of actin dynamics in cell motility. J Mol Biol
1997, 269(4):459-467.

Prasain N, Stevens T: The actin cytoskeleton in endothelial cell phenotypes.
Microvasc Res 2009, 77(1):53-63.

Gorovoy M, Han JY, Pan HY, Welch E, Neamu R, Jia ZP, Predescu D, Vogel S,
Minshall RD, Ye RD et al: LIM Kinase 1 Promotes Endothelial Barrier
Disruption and Neutrophil Infiltration in Mouse Lungs. Circulation Research
2009, 105(6):549-U599.

LiY, Wu YL, Wang Z, Zhang XH, Wu WK: Fasudil attenuates
lipopolysaccharide-induced acute lung injury in mice through the Rho/Rho kinase
pathway. Med Sci Monitor 2010, 16(4):Br112-Br118.

Suzuki K, Nemoto K, Ninomiya N, Kuno M, Kubota M, Yokota H: Fasudil, a
Rho-kinase inhibitor, attenuates lipopolysaccharide-induced vascular
hyperpermeability and colonic muscle relaxation in guinea pigs. Journal of

Surgical Research 2012, 178(1):352-357.

Joshi AD, Dimitropoulou C, Thangjam G, Snead C, Feldman S, Barabutis N,
Fulton D, Hou Y, Kumar S, Patel V et al: Heat Shock Protein 90 Inhibitors
Prevent LPS-Induced Endothelial Barrier Dysfunction by Disrupting RhoA
Signaling. Am J Resp Cell Mol 2014, 50(1):170-179.

Tasaka S, Koh H, Yamada W, Shimizu M, Ogawa Y, Hasegawa N, Yamaguchi
K, Ishii Y, Richer SE, Doerschuk CM et al: Attenuation of endotoxin-induced
acute lung injury by the Rho-associated kinase inhibitor, Y-27632. Am J Resp
Cell Mol 2005, 32(6):504-510.

Wang YZ, Braun OO, Zhang S, Norstrom E, Thorlacius H: Thrombin generation
in abdominal sepsis is Rho-kinase-dependent. Biochem Bioph Res Co 2015,
460(3):691-696.

Ray PD, Huang BW, Tsuji Y: Reactive oxygen species (ROS) homeostasis and
redox regulation in cellular signaling. Cellular Signalling 2012, 24(5):981-990.

Di Meo S, Reed TT, Venditti P, Victor VM: Role of ROS and RNS Sources in
Physiological and Pathological Conditions. Oxidative Medicine and Cellular
Longevity 2016.



366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

181

Yang YH, Bazhin AV, Werner J, Karakhanova S: Reactive Oxygen Species in the
Immune System. International Reviews of Immunology 2013, 32(3):249-270.

Zhang J, Wang X, Vikash V, Ye Q, Wu D, Liu Y, Dong W: ROS and ROS-
Mediated Cellular Signaling. Oxid Med Cell Longev 2016, 2016:4350965.

Kurutas EB: The importance of antioxidants which play the role in cellular
response against oxidative/nitrosative stress: current state. Nutr J 2016, 15.

von Dessauer B, Bongain J, Molina V, Quilodran J, Castillo R, Rodrigo R:
Oxidative stress as a novel target in pediatric sepsis management. Journal of
Critical Care 2011, 26(1).

Breadley Dea: Mitochondrial dysfunction in sepsis Current infectious disease
reports 2003(5):365-371.

Bar-Or D, Carrick MM, Mains CW, Rael LT, Slone D, Brody EN: Sepsis,
oxidative stress, and hypoxia: Are there clues to better treatment? Redox Rep
2015, 20(5):193-197.

Lamarque D, Whittle BJR: Involvement of Superoxide and Xanthine-Oxidase in
Neutrophil-Independent Rat Gastric Damage-Induced by No Donors. Brit J
Pharmacol 1995, 116(2):1843-1848.

Droylefaix MT, Drouet Y, Geraud G, Hosford D, Braquet P: Superoxide-
Dismutase (Sod) and the Paf-Antagonist (Bn-52021) Reduce Small Intestinal

Damage Induced by Ischemia-Reperfusion. Free Radical Res Com 1991, 12-
3:725-735.

Ritter C, Andrades M, Frota MLC, Bonatto F, Pinho RA, Polydoro M, Klamt F,
Pinheiro CTS, Menna-Barreto SS, Moreira JCF et al: Oxidative parameters and

mortality in sepsis induced by cecal ligation and perforation. Intens Care Med
2003, 29(10):1782-1789.

Macdonald J, Galley HF, Webster NR: Oxidative stress and gene expression in
sepsis. Brit J Anaesth 2003, 90(2):221-232.

Parihar A, Parihar MS, Milner S, Bhat S: Oxidative stress and anti-oxidative
mobilization in burn injury. Burns 2008, 34(1):6-17.



182

377. Channon KM, Guzik TJ: Mechanisms of superoxide production in human blood
vessels: Relationship to endothelial dysfunction, clinical and genetic risk factors.
J Physiol Pharmacol 2002, 53(4):515-524.

378. Craige SM, Kant S, Keaney JF: Reactive Oxygen Species in Endothelial Function
- From Disease to Adaptation -. Circ J 2015, 79(6):1145-1155.

379. Szocs K: Endothelial dysfunction and reactive oxygen species production in
ischemia/reperfusion and nitrate tolerance. Gen Physiol Biophys 2004, 23(3):265-
295.

380. Montezano AC, Touyz RM: Reactive Oxygen Species and Endothelial Function -
Role of Nitric Oxide Synthase Uncoupling and Nox Family Nicotinamide
Adenine Dinucleotide Phosphate Oxidases. Basic Clin Pharmacol 2012,
110(1):87-94.

381. El-Remessy AB, Tawfik HE, Matragoon S, Ali TK, Caldwell RB, Caldwell RW:
Peroxynitrite mediates diabetes-induced endothelial dysfunction by reducing

eNOS expression: Possible role of Rho kinase (ROCK) activation. Circulation
2006, 114(18):330-330.

382. JinL, Ying Z, Webb RC: Activation of Rho/Rho kinase signaling pathway by
reactive oxygen species in rat aorta. Am J Physiol Heart Circ Physiol 2004,
287(4):H1495-1500.

383.  Prauchner CA: Oxidative stress in sepsis: Pathophysiological implications
justifying antioxidant co-therapy. Burns 2017, 43(3):471-485.

384. Jacobi J, Kristal B, Chezar J, Shaul SM, Sela S: Exogenous superoxide mediates
pro-oxidative, proinflammatory, and procoagulatory changes in primary
endothelial cell cultures. Free Radical Bio Med 2005, 39(9):1238-1248.

385. Karapetsa M, Pitsika M, Goutzourelas N, Stagos D, Tousia Becker A,
Zakynthinos E: Oxidative status in ICU patients with septic shock. Food Chem
Toxicol 2013, 61:106-111.

386. Victor VM, De la Fuente M: Comparative study of peritoneal macrophage
functions in mice receiving lethal and non-lethal doses of LPS. J Endotoxin Res
2000, 6(3):235-241.

387. Libby P: Inflammatory mechanisms: The molecular basis of inflammation and
disease. Nutr Rev 2007, 65(12):S140-S146.



388.

3809.

390.

391.

392.

393.

394.

395.

396.

397.

183

Gao XP, Standiford TJ, Rahman A, Newstead M, Holland SM, Dinauer MC, Liu
QH, Malik AB: Role of NADPH oxidase in the mechanism of lung neutrophil
sequestration and microvessel injury induced by gram-negative sepsis: Studies in
p47(phox-/-) and gp91(phox-/-) mice. Journal of Immunology 2002, 168(8):3974-
3982.

Gomezjimenez J, Salgado A, Mourelle M, Martin MC, Segura RM, Peracaula R,
Moncada S: L-Arginine - Nitric-Oxide Pathway in Endotoxemia and Human
Septic Shock. Critical Care Medicine 1995, 23(2):253-258.

Wray GM, Millar CG, Hinds CJ, Thiemermann C: Selective inhibition of the
activity of inducible nitric oxide synthase prevents the circulatory failure, but not
the organ injury/dysfunction, caused by endotoxin. Shock 1998, 9(5):329-335.

Nin N, El-Assar M, Sanchez C, Ferruelo A, Sanchez-Ferrer A, Martinez-Caro L,
Rojas Y, de Paula M, Hurtado J, Esteban A ef al: VASCULAR DYSFUNCTION
IN SEPSIS: EFFECTS OF THE PEROXYNITRITE DECOMPOSITION
CATALYST MnTMPyP. Shock 2011, 36(2):156-161.

Brown GC: Nitric oxide and mitochondrial respiration. Bba-Bioenergetics 1999,
1411(2-3):351-369.

Buckley JF, Singer M, Clapp LH: Role of KATP channels in sepsis. Cardiovasc
Res 2006, 72(2):220-230.

Mezentsev A, Merks RMH, O'Riordan E, Chen J, Mendelev N, Goligorsky MS,
Brodsky SV: Endothelial microparticles affect angiogenesis in vitro: role of
oxidative stress. Am J Physiol-Heart C 2005, 289(3):H1106-H1114.

Burger D, Turner M, Munkonda MN, Touyz RM: Endothelial Microparticle-
Derived Reactive Oxygen Species: Role in Endothelial Signaling and Vascular
Function. Oxidative Medicine and Cellular Longevity 2016.

Martinez C, M ; et al: Phosphatidylinositol 3-Kinase and and xanthine oxidase
regulate nitric oxide and reactive oxygen species production by apoptotic
lymphocyte microparticles in endothelial cells. Journal of Immunology 2008,
180(7):5028-5035.

Gattinoni L, Brazzi L, Pelosi P, Latini R, Tognoni G, Pesenti A, Fumagalli R: A
trial of goal-oriented hemodynamic therapy in critically ill patients. SvO2
Collaborative Group. N Engl J Med 1995, 333(16):1025-1032.



398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

184

Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas SS,
Babenko VA, Zorov SD, Balakireva AV, Juhaszova M et al: Mitochondrial
membrane potential. Anal Biochem 2018, 552:50-59.

Simonson S, G ; et al: Altered mitochondrial redox responses in gram negative
septic shock in primates Circ Shock 1994, 43(1):34-43.

Porta F, Takala J, Weikert C, Bracht H, Kolarova A, Lauterburg BH, Borotto E,
Jakob SM: Effects of prolonged endotoxemia on liver, skeletal muscle and kidney
mitochondrial function. Crit Care 2006, 10(4):R118.

Arulkumaran N, Deutschman CS, Pinsky MR, Zuckerbraun B, Schumacker PT,
Gomez H, Gomez A, Murray P, Kellum JA, Workgrp AX: Mitochondrial
Function in Sepsis. Shock 2016, 45(3):271-281.

Crouser ED, Julian MW, Huff JE, Joshi MS, Bauer JA, Gadd ME, Wewers MD,
Pfeiffer DR: Abnormal permeability of inner and outer mitochondrial membranes

contributes independently to mitochondrial dysfunction in the liver during acute
endotoxemia. Critical Care Medicine 2004, 32(2):478-488.

Larsen FJ, Schiffer TA, Weitzberg E, Lundberg JO: Regulation of mitochondrial
function and energetics by reactive nitrogen oxides. Free Radic Biol Med 2012,
53(10):1919-1928.

Brealey D, Brand M, Hargreaves I, Heales S, Land J, Smolenski R, Davies NA,
Cooper CE, Singer M: Association between mitochondrial dysfunction and
severity and outcome of septic shock. Lancet 2002, 360(9328):219-223.

Orrenius S, Gogvadze A, Zhivotovsky B: Mitochondrial oxidative stress:
Implications for cell death. Annu Rev Pharmacol 2007, 47:143-183.

Makino A, Scott BT, Dillmann WH: Mitochondrial fragmentation and superoxide
anion production in coronary endothelial cells from a mouse model of type 1
diabetes. Diabetologia 2010, 53(8):1783-1794.

Tang XQ, Luo YX, Chen HZ, Liu DP: Mitochondria, endothelial cell function,
and vascular diseases. Frontiers in Physiology 2014, 5.

Fleming I, Busse R: Signal transduction of eNOS activation. Cardiovascular
Research 1999, 43(3):532-541.



4009.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

185

Pangare M, Makino A: Mitochondrial function in vascular endothelial cell in
diabetes. J Smooth Muscle Res 2012, 48(1):1-26.

van den Oever IAM, Raterman HG, Nurmohamed MT, Simsek S: Endothelial
Dysfunction, Inflammation, and Apoptosis in Diabetes Mellitus. Mediat Inflamm
2010.

Grundler K, Angstwurm M, Hilge R, Baumann P, Annecke T, Crispin A, Sohn
HY, Massberg S, Kraemer BF: Platelet mitochondrial membrane depolarization
reflects disease severity in patients with sepsis and correlates with clinical
outcome. Critical Care 2014, 18(1).

Singer M: The role of mitochondrial dysfunction in sepsis-induced multi-organ
failure. Virulence 2014, 5(1):66-72.

Quoilin C, Mouithys-Mickalad A, Lecart S, Fontaine-Aupart MP, Hoebeke M:
Evidence of oxidative stress and mitochondrial respiratory chain dysfunction in an

in vitro model of sepsis-induced kidney injury. Biochim Biophys Acta 2014,
1837(10):1790-1800.

Duvigneau JC, Piskernik C, Haindl S, Kloesch B, Hartl RT, Huttemann M, Lee I,
Ebel T, Moldzio R, Gemeiner M et al: A novel endotoxin-induced pathway:

upregulation of heme oxygenase 1, accumulation of free iron, and free iron-
mediated mitochondrial dysfunction. Lab Invest 2008, 88(1):70-77.

Eelen G, de Zeeuw P, Simons M, Carmeliet P: Endothelial cell metabolism in
normal and diseased vasculature. Circ Res 2015, 116(7):1231-1244.

Ganju K, R ; et al Lipopolysacchride-induced apoptosis of endothelial cells and
its inhibition by vascular growth factor. The Journal of Immunology 2002,
168:5860-5866.

Kyung-Bok Cea: Lipopolysacchride mediates endothelial cell apotosis by FADD-
dependent pathway. The Journal of Biological Chemistry 1998, 273(32):20185-
20188.

Carrico CJ, Meakins JL, Marshall JC, Fry D, Maier RV: Multiple-Organ-Failure
Syndrome. Arch Surg-Chicago 1986, 121(2):196-216.

Hayes MA, Timmins AC, Yau EHS, Palazzo M, Hinds CJ, Watson D: Elevation
of Systemic Oxygen Delivery in the Treatment of Critically Ill Patients. New Engl
J Med 1994, 330(24):1717-1722.



420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

430.

186

Boekstegers P, Weidenhofer S, Pilz G, Werdan K: Peripheral Oxygen Availability
within Skeletal-Muscle in Sepsis and Septic Shock - Comparison to Limited
Infection and Cardiogenic-Shock. Infection 1991, 19(5):317-323.

Fink MP: Bench-to-bedside review: Cytopathic hypoxia. Crit Care 2002,
6(6):491-499.

Mela L, Bacalzo LV, Miller LD: Defective Oxidative Metabolism of Rat Liver
Mitochondria in Hemorrhagic and Endotoxin Shock. American Journal of
Physiology 1971, 220(2):571-&.

Crouser Eea: Endotoxin-induced mitochondrial damage correlates with impaired
respiratory activity. Critcal Care Medicine 2002(2):276-284.

Rosser DM, Manji M, Cooksley H, Bellingan G: Endotoxin reduces maximal
oxygen consumption in hepatocytes independent of any hypoxic insult. /ntens
Care Med 1998, 24(7):725-729.

Galley HF: Oxidative stress and mitochondrial dysfunction in sepsis. Br J Anaesth
2011, 107(1):57-64.

Vanhorebeek I, De Vos R, Mesotten D, Wouters PJ, De Wolf-Peeters C, Van den
Berghe G: Protection of hepatocyte mitochondrial ultrastructure and function by

strict blood glucose control with insulin in critically ill patients. Lancet 2005,
365(9453):53-59.

Bernardi P: Mitochondrial transport of cations: Channels, exchangers, and
permeability transition. Physiological Reviews 1999, 79(4):1127-1155.

Wang R: Physiological Implications of Hydrogen Sulfide: A Whiff Exploration
That Blossomed. Physiological Reviews 2012, 92(2):791-896.

Exline MC, Crouser ED: Mitochondrial dysfunction during sepsis: Still more
questions than answers. Critical Care Medicine 2011, 39(5):1216-1217.

Japiassu AM, Santiago APSA, d'Avila JDP, Garcia-Souza LF, Galina A, Faria-
Neto HCC, Bozza FA, Oliveira MF: Bioenergetic failure of human peripheral
blood monocytes in patients with septic shock is mediated by reduced F1FO0
adenosine-5 '-triphosphate synthase activity. Critical Care Medicine 2011,
39(5):1056-1063.



431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

187

Kim JS, Kim B, Lee H, Thakkar S, Babbitt DM, Eguchi S, Brown MD, Park JY:
Shear stress-induced mitochondrial biogenesis decreases the release of
microparticles from endothelial cells. Am J Physiol-Heart C 2015, 309(3):H425-
H433.

Morris SM, Billiar TR: New Insights into the Regulation of Inducible Nitric-
Oxide Synthesis. American Journal of Physiology 1994, 266(6):E829-E839.

Knowles RG, Moncada S: Nitric-Oxide as a Signal in Blood-Vessels. Trends
Biochem Sci 1992, 17(10):399-402.

Moncada S, Palmer RMJ, Higgs EA: Nitric-Oxide - Physiology, Pathophysiology,
and Pharmacology. Pharmacol Rev 1991, 43(2):109-142.

Hecker M, Mulsch A, Bassenge E, Forstermann U, Busse R: Subcellular-
Localization and Characterization of Nitric-Oxide Synthase(S) in Endothelial-
Cells - Physiological Implications. Biochemical Journal 1994, 299:247-252.

Nathan C: Nitric-Oxide as a Secretory Product of Mammalian-Cells. Faseb J
1992, 6(12):3051-3064.

Van Hove CE, Van der Donckt C, Herman AG, Bult H, Fransen P: Vasodilator
efficacy of nitric oxide depends on mechanisms of intracellular calcium

mobilization in mouse aortic smooth muscle cells. Brit J Pharmacol 2009,
158(3):920-930.

Cohen RA, Weisbrod RM, Gericke M, Yaghoubi M, Bierl C, Bolotina VM:
Mechanism of nitric oxide-induced vasodilatation - Refilling of intracellular

stores by sarcoplasmic reticulum Ca2+ ATPase and inhibition of store-operated
Ca2+ influx. Circulation Research 1999, 84(2):210-219.

JiJZ, Benishin CG, Pang PKT: Nitric oxide selectively inhibits intracellular Ca++
release elicited by inositol trisphosphate but not caffeine in rat vascular smooth

muscle. Journal of Pharmacology and Experimental Therapeutics 1998,
285(1):16-21.

Bolotina VM, Najibi S, Palacino JJ, Pagano PJ, Cohen RA: Nitric-Oxide Directly
Activates Calcium-Dependent Potassium Channels in Vascular Smooth-Muscle.
Nature 1994, 368(6474):850-853.



441.

442.

443.

444,

445.

446.

447.

448.

449.

450.

451.

452.

188

Carvajal JA, Germain AM, Huidobro-Toro JP, Weiner CP: Molecular mechanism
of cGMP-mediated smooth muscle relaxation. Journal of Cellular Physiology
2000, 184(3):409-420.

Riddell DR, Owen JS: Nitric oxide and platelet aggregation. Vitamins and
Hormones - Advances in Research and Applications, Vol 57 1999, 57:25-48.

Du XP: A new mechanism for nitric oxide- and cGMP-mediated platelet
inhibition. Blood 2007, 109(2):392-393.

Dewitte A, Lepreux S, Villeneuve J, Rigothier C, Combe C, Ouattara A, Ripoche
J: Blood platelets and sepsis pathophysiology: A new therapeutic prospect in
critical ill patients? Ann Intensive Care 2017, 7(1):115.

Brown GC: Nitric-Oxide Regulates Mitochondrial Respiration and Cell Functions
by Inhibiting Cytochrome-Oxidase. Febs Letters 1995, 369(2-3):136-139.

Brown GC, Borutaite V: Nitric oxide inhibition of mitochondrial respiration and
its role in cell death. Free Radical Bio Med 2002, 33(11):1440-1450.

Radi R, Rodriguez M, Castro L, Telleri R: Inhibition of Mitochondrial Electron-
Transport by Peroxynitrite. Arch Biochem Biophys 1994, 308(1):89-95.

Petri B, Phillipson M, Kubes P: The physiology of leukocyte recruitment: An in
vivo perspective. Journal of Immunology 2008, 180(10):6439-6446.

Carreau A, Kieda C, Grillon C: Nitric oxide modulates the expression of
endothelial cell adhesion molecules involved in angiogenesis and leukocyte
recruitment. Experimental Cell Research 2011, 317(1):29-41.

Aaboud M, Aad G, Abbott B, Abdinov O, Abeloos B, Abhayasinghe DK, Abidi
SH, AbouZeid OS, Abraham NL, Abramowicz H et al: Combination of the
Searches for Pair-Produced Vectorlike Partners of the Third-Generation Quarks at
sqrt[s]=13 TeV with the ATLAS Detector. Phys Rev Lett 2018, 121(21):211801.

Singer G, Stokes KY, Neil Granger D: Reactive oxygen and nitrogen species in
sepsis-induced hepatic microvascular dysfunction. Inflamm Res 2013, 62(2):155-
164.

Titheradge MA: Nitric oxide in septic shock. Biochim Biophys Acta 1999,
1411(2-3):437-455.



453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

189

Lerman A, Burnett JC: Intact and Altered Endothelium in Regulation of
Vasomotion. Circulation 1992, 86(6):12-19.

Ait-Oufella H, Maury E, Lehoux S, Guidet B, Offenstadt G: The endothelium:
physiological functions and role in microcirculatory failure during severe sepsis.
Intensive Care Med 2010, 36(8):1286-1298.

Peters K, Unger RE, Brunner J, Kirkpatrick CJ: Molecular basis of endothelial
dysfunction in sepsis. Cardiovasc Res 2003, 60(1):49-57.

Ando H, Takamura T, Ota T, Nagai Y, Kobayashi K: Cerivastatin improves
survival of mice with lipopolysaccharide-induced sepsis. Journal of
Pharmacology and Experimental Therapeutics 2000, 294(3):1043-1046.

MacMicking J, Xie QW, Nathan C: Nitric oxide and macrophage function.
Annual Review of Immunology 1997, 15:323-350.

Palmer RMJ: The Discovery of Nitric-Oxide in the Vessel Wall - a Unifying
Concept in the Pathogenesis of Sepsis. Arch Surg-Chicago 1993, 128(4):396-401.

Brady AJ, Poole-Wilson PA: Circulatory failure in septic shock. Nitric oxide: too
much of a good thing? Br Heart J 1993, 70(2):103-105.

Evans T, Carpenter A, Kinderman H, Cohen J: Evidence of Increased Nitric-
Oxide Production in Patients with the Sepsis Syndrome. Circulatory Shock 1993,
41(2):77-81.

Petros A, Bennett D, Vallance P: Effect of Nitric-Oxide Synthase Inhibitors on
Hypotension in Patients with Septic Shock. Lancet 1991, 338(8782-3):1557-1558.

Lopez A, Lorente JA, Steingrub J, Bakker J, McLuckie A, Willatts S, Brockway
M, Anzueto A, Holzapfel L, Breen D et al: Multiple-center, randomized, placebo-
controlled, double-blind study of the nitric oxide synthase inhibitor 546C88:
Effect on survival in patients with septic shock. Critical Care Medicine 2004,

32(1):21-30.

Cobb JP, Natanson C, Hoffman WD, Lodato RF, Banks S, Koev CA, Solomon
MA, Elin RJ, Hosseini JM, Danner RL: N(Omega)-Amino-L-Arginine, an
Inhibitor of Nitric-Oxide Synthase, Raises Vascular-Resistance but Increases
Mortality-Rates in Awake Canines Challenged with Endotoxin. Journal of
Experimental Medicine 1992, 176(4):1175-1182.



464.

465.

466.

467.

468.

469.

470.

471.

472.

190

Shesely EG, Maeda N, Kim HS, Desai KM, Krege JH, Laubach VE, Sherman PA,
Sessa WC, Smithies O: Elevated blood pressures in mice lacking endothelial
nitric oxide synthase. Proc Natl Acad Sci U S A 1996, 93(23):13176-1318]1.

Connelly L, Madhani M, Hobbs AJ: Resistance to endotoxic shock in endothelial
nitric-oxide synthase (eNOS) knock-out mice - A pro-inflammatory role for
eNOS-derived no in vivo. Journal of Biological Chemistry 2005, 280(11):10040-
10046.

Yamashita T, Kawashima S, Ohashi Y, Ozaki M, Ueyama T, Ishida T, Inoue N,
Hirata K, Akita H, Yokoyama M: Resistance to endotoxin shock in transgenic

mice overexpressing endothelial nitric oxide synthase. Circulation 2000,
101(8):931-937.

Matsuda N, Hattori Y, Zhang XH, Fukui H, Kemmotsu O, Gando S: Contractions
to histamine in pulmonary and mesenteric arteries from endotoxemic rabbits:

modulation by vascular expressions of inducible nitric-oxide synthase and
histamine H1-receptors. J Pharmacol Exp Ther 2003, 307(1):175-181.

Matsuda N, Hattori Y, Takahashi Y, Nishihira J, Jesmin S, Kobayashi M, Gando
S: Therapeutic effect of in vivo transfection of transcription factor decoy to NF-
kappa B on septic lung in mice. Am J Physiol-Lung C 2004, 287(6):L1248-L1255.

Merx MW, Liehn EA, Janssens U, Lutticken R, Schrader J, Hanrath P, Weber C:
HMG-CoA reductase inhibitor simvastatin profoundly improves survival in a
murine model of sepsis. Circulation 2004, 109(21):2560-2565.

Matsuda N, Hayashi Y, Takahashi Y, Hattori Y: Phosphorylation of endothelial
nitric-oxide synthase is diminished in mesenteric arteries from septic rabbits
depending on the altered phosphatidylinositol 3-kinase/akt pathway: Reversal
effect of fluvastatin therapy. Journal of Pharmacology and Experimental

Therapeutics 2006, 319(3):1348-1354.

da Silva CG, Specht A, Wegiel B, Ferran C, Kaczmarek E: Mechanism of
purinergic activation of endothelial nitric oxide synthase in endothelial cells.
Circulation 2009, 119(6):871-879.

Eto M, Barandier C, Rathgeb L, Kozai T, Joch H, Yang ZH, Luscher TF:
Thrombin suppresses endothelial nitric oxide synthase and upregulates
endothelin-converting enzyme-1 expression by distinct pathways - Role of
Rho/ROCK and mitogen-activated protein kinase. Circulation Research 2001,
89(7):583-590.



473.

474.

475.

476.

191

Kamoun WS, Shin MC, Karaa A, Clemens MG: Quantification of hepatic
microcirculation heterogeneity of perfusion: Effects of endothelin-1. Microvasc
Res 2005, 69(3):180-186.

Ashburn JH, Baveja R, Kresge N, Korneszczuk K, Keller S, Karaa A, Yokoyama
Y, Zhang JX, Huynh T, Clemens MG: Remote trauma sensitizes hepatic

microcirculation to endothelin via caveolin inhibition of eNOS activity. Shock
2004, 22(2):120-130.

Chen ML, Zeng QY, Huo JW, Yin XM, Li BP, Liu JX: Assessment of the hepatic
microvascular changes in liver cirrhosis by perfusion computed tomography.
World J Gastroentero 2009, 15(28):3532-3537.

Liebig M, Hassanzada A, Kammerling M, Genz B, Vollmar B, Abshagen K:
Microcirculatory disturbances and cellular changes during progression of hepatic
steatosis to liver tumors. Exp Biol Med 2018, 243(1):1-12.



	ABSTRACT
	DEDICATION
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	CHAPTER 3:   EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL DERIVED   MICROPARTICLES ON ENDOTHELIAL BARRIER FUNCTION MEDIATED BY ACTIVATION OF RHO KINASE PATHWAY
	                            6.3.2.   Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Impair Ex-Vivo Endothelium Dependent Relaxation in Porcine Second Order Mesenteric Arteries via Rho Kinase Pathway
	Quantification of DAF-FM fluorescence in confocal images taken after 6hrs of treatment
	133

	LIST OF FIGURES
	ABBREVIATIONS
	Acetylcholine
	Ach
	Actinomycin D
	act D
	Protein Kinase B
	Akt
	Antigen presenting cells
	APCs
	Adenosine triphosphate
	ATP
	Bile ductule
	BD
	Tetrahydrobiopterin
	BH4
	Bovine serum albumin
	BSA
	Calcium
	Ca+2
	Calmodulin
	CaM
	Caspase recruitment domain containing protein
	CARD
	Cysteine-dependent-aspartate directed proteases
	Caspase
	Caveolin-1
	Cav-1
	Helper T-lymphocytes
	CD4+
	Cytotoxic T-lymphocytes
	CD8+/CTL
	Human T-lymphoblastoid cell line
	CEM-T cells
	3’, 5’-cyclic guanosine monophosphate 
	cGMP
	Cecal ligation and puncture
	CLP
	Constitutive nitric oxide synthase
	cNOS
	Cytochrome C oxidase
	COX
	Carboxyl-terminal cysteine rich domain
	CRD
	Central venule
	CV
	Cytochrome C
	Cyt c
	4-Amino-5-methylamino-2’7’-difluorofluorescein, Diaminofluorescein-FM
	DAF-FM
	Diacylglycerol
	DAG
	4’,6-Diamidino-2 Phenylindole, Dihydrochloride
	DAPI
	4’, 6-Diamidino-2-Phenylindole dihydrochloride
	DAPI
	Dihydroethidium
	DHE
	Desert hedgehog
	DHH
	Disseminated intravascular coagulopathy
	DIC
	Dulbecco’s Modified Eagle Medium
	DMEM
	Dulbecco’s Phosphate Buffered Saline
	DPBS
	Adaptor protein downregulated in rhabdomyosarcoma domain protein
	DRAL
	Dual specificity Yak-1 related kinase
	DYRK1
	Endothelin converting enzymes
	ECE
	Endothelium derived relaxing factor
	EDRF
	Endothelial derived microparticles
	EMPs
	Endothelial nitric oxide synthase
	eNOS
	Endoplasmic reticulum
	ER
	Ezrin-radixin-moesin
	ERM
	Endothelin
	ET
	Endothelin-A receptor
	ETAR
	Endothelin-B receptor
	ETBR
	Electron transport chain
	ETC
	Endothelin receptors
	ETRs
	Extracellular vesicles
	EV
	Flavin adenine dinucleotide
	FAD
	Fluorescein isothiocyanate
	FITC
	Flavin mononucleotide
	FMN
	GTPase activating protein
	GAP
	Guanosine diphosphate
	GDP
	Guanine nucleotide exchange factor
	GEF
	Glioma transcription factor
	Gli
	Guanine nucleotide binding protein (G-protein) coupled receptors
	GPCR
	Guanine nucleotide binding protein coupled receptors (GPCR)-kinase 2
	GRK2
	Guanosine triphosphate
	GTP
	Water
	H20
	Hydrogen peroxide
	H202
	Hepatic arteriole
	HA
	Hanks balanced salt solution
	HBSS
	Hedgehog
	HH
	C-terminal fragment
	HHC
	N-terminal fragment
	HHN
	Human microvascular endothelial cells
	HMECs
	Hydroxyl radical
	HO-
	Heterogeneity of perfusion
	Hop
	Hepatic stellate cells
	HSCs
	Human umbilical vein endothelial cells
	HUVEC
	Intercellular adhesion molecule-1
	ICAM-1
	Intensive care unit
	ICU
	Indian hedgehog
	IHH
	Interleukin-12
	IL-12
	Interleukin-1β
	IL-1β
	Interleukin-4
	IL-4
	Interleukin-6
	IL-6
	Interferon gamma
	INF-γ
	Inducible nitric oxide synthase
	iNOS
	Inositol 1, 4, 5,-triphosphate
	IP3
	Kupffer cells
	KCs
	Lysosomal associated membrane protein-1
	LAMP1
	Lim-kinase
	LIMK
	Lipopolysaccharide
	LPS
	Liver sinusoidal endothelial cells
	LSECs
	Leukotriene B4
	LTB4
	Myosin-binding subunit
	MBS
	Mitogen activated protein kinase kinase
	MeK1
	Major histocompatibility I and II
	MHC I and II
	Myosin light chain
	MLC
	Myosin light chain kinase
	MLCK
	Myosin light chain phosphatase
	MLCP
	Mitochondrial membrane potential
	MMP
	Mitochondrial nitric oxide synthase
	mNOS
	Multiple organ failure
	MOF
	Microparticles
	MPs
	Multivesicular bodies
	MVB
	Nicotinamide adenine dinucleotide phosphate
	NADPH
	NLR family pyrin domain containing 1
	NALP1
	Neutrophil extracellular traps
	NETs
	Nuclear factor kappa B
	NF-κB
	Natural killer cells
	NKT
	Nitric oxide synthase
	nNOS
	Nitric oxide
	NO
	Oxygen
	O2
	Superoxide
	O2-
	Peroxynitrite
	ONOO-
	Pathogen associated molecular pattern
	PAMPS
	Phosphatidyl ethanolamine
	PE
	Pleckstrin homology domain
	PH
	Phytohemagglutinin
	PHA
	Propidium Iodide
	PI 
	Phosphoinositide 3-kinase
	PI3K
	Phosphatidylinositol 4, 5,-bisphosphate
	PIP2
	Phosphatidylinositol 3, 4, 5,-trisphosphate
	PIP3
	Protein kinase C
	PKC
	Protein kinase G
	PKG
	Phospholipase C
	PLC
	Phorbol-12-myristate-13-acetate
	PMA
	Pathogen recognition receptors
	PRR
	Phosphatidyl serine
	PS
	Patched-1 receptor
	Ptch1
	Patched-2 receptor
	Ptch2
	Pertussis toxin
	PTX
	Purmorphamine
	Pur
	Portal venule
	PV
	Rho binding domain
	RBD
	Rhodamine 123
	Rh123
	Rho associated kinase
	ROCK
	Reactive oxygen species
	ROS 
	Room temperature
	RT
	Receptor tyrosine kinase
	RTKs
	4-Benzyl-piperazin-1-yl-(3, 5-dimethyl-1phenyl-1H-pyrazol-4ylmethylene)-amine
	SANT-1
	Soluble guanylate cyclase
	sGC
	Sonic hedgehog
	SHH
	Terminal sub-lobular hepatic venule
	SLV
	Smoothened
	SMO
	Superoxide dismutase
	SOD
	Sepsis-related Organ Failure Assessment
	SOFA
	Suppressor of Fused
	SUFU
	T-lymphocytes
	T-cells
	Tissue factor
	TF
	Transforming growth factor Beta 1
	TGF-1β
	Rac guanine nucleotide exchange factor T-lymphoma invasion and metastasis-1
	TIAM-1
	Toll like receptor 4
	TLR-4
	Tumor necrosis factor alpha
	TNF-α
	Tumor susceptibility gene 101 protein
	TSG101
	Vasodilator stimulated phosphoprotein
	VASP
	Vascular adhesion molecule
	VCAM
	Vascular smooth muscle cells
	VSMCs
	[R-(+)-trans-N-(4-pyridyl)-4-(1-Aminoethyl)-cyclohexanecarboxamide dihydrochloride monohydrate
	Y-27632
	CHAPTER 1: INTRODUCTION
	1.1. Liver-Guardian and Target of Sepsis
	1.1.1. Liver as a Guardian of Sepsis
	1.1.2. Hepatic Microcirculation and its Associated Cells
	Figure 1: Schematic representation of hepatic microvasculature
	1.1.3. Liver Immune Surveillance Mechanism
	1.1.4. Liver as Target in Sepsis

	1.2. Microvascular/Endothelial dysfunction- a Major Determinant of Liver Failure
	1.3. Imbalance in Endothelial Vasoactive Molecules as Contributor to Hepatic Failure.
	1.3.1. Endothelin
	1.3.2. Endothelin Receptors
	Figure 2: Endothelin and nitric oxide signaling pathways.
	1.3.3. Nitric Oxide
	1.3.4. Nitric Oxide Synthase
	Figure 3: Schematic diagram of mechanism of nitric oxide synthase action

	1.4. Activation of Rho Kinase Pathway Mediates Endothelial Dysfunction
	Figure 4: Rho signaling pathway and its role in endothelial dysfunction

	1.5. Sonic Hedgehog Pathway.
	1.5.1. Canonical Sonic Hedgehog Pathway
	1.5.2. Type I Non-Canonical Sonic Hedgehog Pathway
	1.5.3. Type II Non-Canonical Sonic Hedgehog Pathway
	Figure 5: Canonical Hedgehog signaling pathway
	Figure 6: Type I and Type II Non-canonical Hedgehog pathway.

	1.6. Sonic Hedgehog is released in Apoptotic T-cell Derived Microparticles during Sepsis
	1.6.1. Apoptosis of T-Lymphocytes during Sepsis

	1.7. Microparticles
	1.7.1. Microparticles Formation
	1.7.2. Role of Microparticles in Sepsis
	1.7.2.1. MPs induce Inflammation in Sepsis
	1.7.2.2. MPs Promote Thrombosis
	1.7.2.3. MPs Induce Endothelial Dysfunction

	Figure 7: Schematic comparison of different types of extracellular vesicles: microparticles, exosomes and apoptotic bodies.
	Figure 8: Schematic representation of general mechanisms involved in microparticles formation

	2.1. Overall Hypothesis.
	Figure 9: Overall rationale of the study.

	2.2. Experimental Design
	Figure 10: Schematic representation of experimental treatments

	2.3. Preliminary data
	2.4. Methodology
	2.4.1. Apoptotic T-cell derived Microparticles Isolation
	2.4.2. Microparticles Visualization
	2.4.3. Western blotting
	2.4.4. Flow cytometry
	2.4.5. Apoptotic T-cell derived Microparticles Dosage Determination

	2.5. Results
	2.5.1. Detection of Apoptotic T-cell derived Microparticles
	Figure 11: Visualization of apoptotic T-cell derived MPs using DiI fluorescent stain
	2.5.2. Apoptotic T-Cell derived Microparticles express Sonic Hedgehog.
	Figure 12: Western blot depicting sonic hedgehog expression by apoptotic T-cell derived microparticles.
	2.5.3. 80% Apoptotic T-cells derived Microparticles express Sonic Hedgehog.
	Figure 13: Flow cytometry analysis depicting percentage of apoptotic T-cell derived microparticles that express sonic hedgehog protein.

	2.6. Discussion


	CHAPTER 3: EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL DERIVED MICROPARTICLES ON ENDOTHELIAL BARRIER FUNCTION MEDIATED BY ACTIVATION OF RHO KINASE PATHWAY
	3.1. Background
	3.2. Materials and Methods
	3.2.1. HMEC Cell Culture
	3.2.2. Reagents
	3.2.3. Treatments
	3.2.4 Determination of Changes in Cell Morphology.
	3.2.5. Determination of Changes in Cytoskeleton Morphology
	3.2.6. Determination of Endothelial Monolayer Permeability with Transwell FITC-Dextran Assay.
	3.2.7. Statistical Analysis

	3.3. Results
	3.3.1. Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Modulate Morphology of Endothelial Cells via Rho Kinase Pathway.
	Figure 14: Apoptotic T-cell derived MPs containing sonic hedgehog modulate morphology of endothelial cells by rho kinase pathway
	3.3.2. Apoptotic T-cell derived microparticles containing sonic hedgehog modulate endothelial cytoskeleton by inducing contractile F-actin stress fibers via rho kinase pathway.
	Figure 15: Apoptotic T-cells derived microparticles containing sonic hedgehog induce contractile f-actin stress fibers in endothelial cells via rho kinase pathway
	3.3.3. Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Increase Permeability across Endothelial Monolayer via Rho Kinase Pathway
	Figure 16: Apoptotic T-cell derived MPs containing SHH increase permeability across endothelial monolayer via activation of rho kinase pathway.

	3.4. Discussion
	3.5. Summary and conclusions

	CHAPTER 4: EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL DERIVED MICROPARTICLES ON REACTIVE OXYGEN SPECIES PRODUCTION IN ENDOTHELIAL CELLS VIA ACTIVATION OF RHO KINASE PATHWAY
	4.1. Introduction
	4.2.  Materials and Methods.
	4.2.1. HMEC Cell Culture
	4.2.2. Reagents
	4.2.3. Treatments
	4.2.4. Dihydroethidium Staining to Detect Superoxide Production
	4.2.5. Offline Image Analysis
	4.2.6. Statistical Analysis

	4.3. Results
	4.3.1. Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Induce Superoxide Production In Endothelial Cell Via Rho Kinase Pathway.
	Figure 17: Apoptotic T-cell derived microparticles containing sonic hedgehog induce superoxide production in endothelial cells via rho kinase pathway.
	Figure 18: Quantification of Dihydroethidium fluorescence in confocal images taken after 6hrs of treatment
	Figure 19: Apoptotic T-cell derived microparticles containing sonic hedgehog induce superoxide production in endothelial cells via rho kinase pathway.
	Figure 20: Quantification of Dihydroethidium fluorescence in confocal images taken after 24hrs of treatment.

	4.4.  Discussion
	4.5. Summary and Conclusions

	CHAPTER 5: EFFECT OF SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL DERIVED MICROPARTICLES ON MITOCHONDRIA OF ENDOTHELIAL CELLS MEDIATED BY ACTIVATION OF RHO KINASE PATHWAY
	5.1. Introduction
	5.2. Materials and Methods
	5.2.1. HMEC Cell Culture
	5.2.2. Reagents
	5.2.3. Treatments
	5.2.4. Rhodamine 123 Staining to Determine Intact Mitochondrial Membrane Potential
	5.2.5. Offline Image Analysis
	5.2.6. Cell Proliferation by MTT Assay
	5.2.7. Cell Viability by MTT Assay
	5.2.8. Statistical Analysis

	5.3. Results
	5.3.1. Apoptotic T-Cell Derived Microparticles Carrying Sonic Hedgehog Induce Mitochondrial Depolarization in Endothelial Cells via Rho Kinase Pathway.
	Figure 21: Apoptotic T-cell derived microparticles containing sonic hedgehog promote depolarization of mitochondria in endothelial cells via rho kinase pathway.
	Figure 22: Quantification of Rhodamine 123 fluorescence in confocal images taken after 6hrs of treatment
	Figure 23: Apoptotic T-cell derived microparticles containing sonic hedgehog induce mitochondrial depolarization in endothelial cells via rho kinase pathway.
	Figure 24: Quantification of Rhodamine 123 fluorescence in confocal images taken after 24hrs of treatment
	5.3.2. Apoptotic T-Cell Derived Microparticles Carrying Sonic Hedgehog Impair Proliferation of Endothelial Cells by A Mechanism that is Independent of Rho Kinase Pathway.
	Figure 25: Apoptotic T-cell derived microparticles containing sonic hedgehog reduce proliferation of endothelial cells in a rho kinase independent manner.
	5.3.3 Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Significantly Decrease Endothelial Cell Viability by A Mechanism that is Not Dependent on Rho Kinase Pathway.
	Figure 26: Apoptotic T-cell derived microparticles containing sonic hedgehog reduce viability of endothelial cells in a rho kinase independent manner.

	5.4. Discussion
	5.5. Summary and Conclusions

	CHAPTER 6: EFFECT OF  SONIC HEDGEHOG CONTAINING APOPTOTIC T-CELL DERIVED MICROPARTICLES ON NITRIC OXIDE PRODUCTION AND ENDOTHELIUM-DEPENDENT VASODILATION IN ARTERIES VIA ACTIVATION OF RHO KINASE PATHWAY
	6.1. Introduction
	6.2. Materials and Methods
	6.2.1. HMEC Cell Culture
	6.2.2. Isolation of Porcine Second Order Mesenteric Arteries
	6.2.3. Reagents
	6.2.4. Treatments
	6.2.5. DAF-FM Staining to Detect Nitric Oxide Production
	6.2.6. Offline Image Analysis
	6.2.7. Isolated Organ Chamber Experiments to Test Ex-Vivo Endothelium Dependent Vasodilation
	6.2.8. Statistical Analysis

	6.3. Results
	6.3.1. Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Impair Nitric Oxide Production in Endothelial Cell by Activation of Rho Kinase Pathway.
	Figure 27: Apoptotic T-cell derived microparticles containing sonic hedgehog significantly diminish NO production in endothelial cells via rho kinase pathway.
	Figure 28: Quantification of DAF-FM fluorescence in confocal images taken after 6hrs of treatment
	Figure 29: Apoptotic T-cell derived microparticles containing sonic hedgehog significantly diminish NO production in endothelial cells via rho kinase pathway.
	Figure 30: Quantification of DAF-FM fluorescence in confocal images taken after 24hrs of treatment
	6.3.2. Apoptotic T-Cell Derived Microparticles Containing Sonic Hedgehog Impair Ex-Vivo Endothelium Dependent Relaxation in Porcine Second Order Mesenteric Arteries via Rho Kinase Pathway
	Figure 31: Apoptotic T-cell derived MPs containing SHH impair endothelium-dependent relaxation in porcine second order mesenteric arteries via rho kinase pathway.

	6.4. Discussion
	6.5. Summary and Conclusions

	CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS
	7.1. Conclusion and Future directions
	7.2. References


