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To my family 

"The most beautiful thing we can experience is the mysterious. It is the 
source of all true art and science" 

Albert Einstein 

El camino es la recompensa ("the way is the reward") 

Maestro Óscar W.Tabárez 
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Introduction  

Diabetes Mellitus 

Diabetes mellitus (diabetes) is a worldwide disease characterized by high glucose 
level in plasma. According to the World Health Organization diagnostic criteria, 
diabetes is defined by fasting plasma glucose 7.0 mmol/L (126 mg/dL) or by 2-h 
plasma glucose 11.1 mmol/l (200mg/dL) during an oral glucose tolerance test 
[1]. More recently, the American Diabetes Association widened the criteria to also 
allow diagnosis based on hemoglobin A1c (HbA1c) 6.5% (48 mmol/mol) or in a 
patient with classic symptoms of hyperglycemia or hyperglycemic crisis, by a 
random plasma glucose 11.1 mmol/L (200 mg/dL) [2]. This chronic disease is 
one of the global health emergencies of this century, with an estimated prevalence 
of 415 million adults (20-79 years old) in 2015 and predicted to rise to 700 million 
people in 2025 [3]. 

The most common types of diabetes are type 1 (T1D) and type 2 (T2D). T1D is an 
autoimmune disease that typically appears in childhood or adolescence. 
Antibodies destroy the insulin producing  cells of the pancreas, causing 
deficiency of insulin secretion which leads to increased circulating glucose level in 
the blood. Therefore, exogenous insulin therapy is the main form of treatment for 
individuals with T1D. T2D instead appears mainly in adult life and the elevated 
plasma glucose is caused at least initially by insulin resistance, which is the 
reduced ability of insulin to mediate the glucose-lowering effects. In the early 
stages of the disease, more insulin is secreted as a compensatory effect, but in later 
stages,  cells can become exhausted and insulin levels may decline [2]. On top of 
that, most individuals with T2D are overweight and dyslipidemic. The 
abnormalities in the lipid profile are mainly characterized by reduced HDL/LDL 
ratio and increased plasma triglycerides, while in T1D patients, lipids 
abnormalities are less observed [4]. Guidelines for treatment of patients with T2D 
recommend lifestyle changes, either alone or in combination with pharmacologic 
treatment to reach an appropriate metabolic control. The most often prescribed 
antidiabetic drug as first line of therapy is the biguanide metformin, but 
combinations of metformin with other glucose-lowering drugs are considered if 
HbA1c is 1% or 2% above target. Preferred combinations may include metformin 
plus sulfonylureas, dipeptidiyl peptidase-4 inhibitor or sodium/glucose 
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cotransporter 2 inhibitor [5]. Thus, hyperglycemia is a common denominator in 
T1D and T2D, and results as a consequence of either inadequate insulin secretion 
and/or diminished tissue responses to insulin. 

Recent work from the Lund University Diabetes Centre proposed a more refined 
patient stratification than simply dividing patients into T1D and T2D [6]. By 
means of a data-driven cluster analysis of six variables (glutamate decarboxylase 
antibodies, age at diagnosis, body mass index, HbA1c, and homoeostatic model 
assessment 2 estimates of -cell function and insulin resistance), in combination 
with prospective data from patient records on development of complications and 
prescription of medication, 5 replicable clusters of patients were identified. These 
5 subgroups or clusters have different disease progression and risk of diabetes 
complications; and may help individualize the treatment or earlier identify those 
patients at higher risk of developing complications. With the available therapies, 
diabetic patients still suffer from long-term severe vascular complications, 
affecting both large and small vessels. Macrovascular diabetic complications are 
driven by an exacerbated risk and more aggressive presentation of atherosclerosis, 
leading to stroke, coronary heart disease and peripheral artery disease. 
Microvascular complications affecting small vessels can lead to blindness 
(retinopathy), renal failure (nephropathy) and nerve damage (neuropathy) [7, 8]. 

There is no doubt about the deleterious role of hyperglycemia in the development 
of microvascular complications. This has been well established by large-scale 
prospective studies for both T1D and T2D, such as the Diabetes Control and 
Complications Trial (DCCT/EDIC) [9, 10], the UK Prospective Diabetes Study 
(UKPDS) [11] and the Steno-2 study [12]. For example, in the DCCT/EDIC trial 
in T1D patients, intensive insulin treatment to maintain at near-normal levels of 
glucose reduced the risk of developing retinopathy by 76% [10]. 

The link between hyperglycemia and macrovascular complications has been more 
difficult to demonstrate in large scale studies. Data from the Action to Control 
Cardiovascular Risk in Diabetes (ACCORD) study [13], the Action in Diabetes 
and Vascular Disease (ADVANCE) study [14], and the Veterans Affairs Diabetes 
Trial (VADT) [15] failed to demonstrate beneficial effects of intensive glucose 
control on primary cardiovascular endpoints in T2D. However, further subgroup 
analyses suggested potential beneficial effects depending on patients' 
characteristics, again highlighting the heterogeneity of diabetes and the need for 
stratification to better understand disease pathogenesis. The very recent results 
from trials assessing the effects of sodium/glucose cotransporter 2 inhibitors [16] 
and glucagon-like peptide-1 receptor agonists [17, 18], which very effectively 
reduce HbA1c, substantiate the importance of glucose control for reduction of 
cardiovascular disease (CVD) morbidity and mortality and clearly suggest a role 
for hyperglycemia in the pathogenesis of macrovascular disease. 
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The vascular wall 

The vascular wall of arteries and veins is composed of three concentric layers, 
tunica intima, tunica media and tunica adventitia (Figure 1). The inner layer, 
tunica intima, is a monolayer of endothelial cells (ECs) orientated in the direction 
of the blood flow and attached to the basal lamina, which consists of extracellular 
matrix (ECM) proteins, collagen and proteoglycans. The intima is the main barrier 
towards the blood, and capillaries are constituted solely by this layer. The media 
layer, delimitated by the hydrophobic internal and external elastic laminas, is the 
main structural component of the arterial wall, mostly composed by several layers 
of circumferentially orientated vascular smooth muscle cells (VSMCs) but also by 
ECM components, such as collagen and elastin. Together, VSMCs, collagen and 
elastin, provide mechanical strength and contractile power to the vessel. The most 
external layer is the adventitia, which consists of a network of connective tissue, 
nerve endings, fibroblasts and vascular vessels (vasa vasorum). 

The abundance of all these components may be slightly different, depending on 
the vessel type. Large conduit elastic arteries, such as the aorta and iliac artery, are 
rich in elastin, allowing them to expand. The aorta receives large volumes of blood 
from the heart transforming the pulsatile blood flow into continuous blood flow by 
modulating the lumen diameter of the vessel (distensibility property). However, 
the smaller resistance arteries, in which the tunica media is thicker in relation to 
the lumen because of a larger number of VSMCs, experience steady blood flow 
and regulate the vasomotion at the organ level to maintain blood pressure 
homeostasis [19]. The very small vessels, located for instance in the brain and 
retina, contain pericytes instead of VSMCs, which support the endothelium and 
regulate endothelial proliferation and angiogenesis [20]. 

VSMCs are responsible for important properties of the vessels, such as 
contraction, compliance, regulation of blood vessel tone-diameter and blood 
distribution. Within the vascular system, the embryonic origin of the VSMCs is 
heterogeneous. There are at least seven unique and non-overlapping sources of 
VSMCs progenitors, each with its own lineage. VSMCs from different embryonic 
origin respond differently to common stimuli, in a lineage-dependent way [21]. 

Moreover, the VSMCs origin seems to be an important determinant for the 
development of vascular disease, as evidenced by clear differences in 
susceptibility to develop atherosclerosis depending on the origin of the vascular 
segments studied and less depending on position-dependent hemodynamic effects 
[21]. 
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Figure 1. Structure of the wall from a normal large artery. Three different layers compose the wall of a normal 
artery. The tunica intima faces the lumen, has a single endothelial cell layer and an extracellular matrix basal 
membrane. The tunica media contains smooth muscle cells and the outermost tunica, adventitia, contains principally 
connective tissue. Adapted from [22]  

Phenotypes of vascular smooth muscle cells 

Even though the VSMCs come from diverse lineages, all the cells express the 
same genes which characterize the VSMC. For instance, smooth muscle -actin 
(SM -actin) is by far the most widely used SMC marker [23]. Classically, two 
phenotypes of VSMCs are described: contractile or differentiated and synthetic or 
de-differentiated. In a healthy vessel and under normal conditions, VSMCs are in a 
differentiated state, with an elongated spindle-shaped morphology, characterized 
by the expression of quite specific/selective contractile markers, including SM -
actin, smooth muscle myosin heavy chain (SM-MHC), transgelin (Tagln; also 
known as SM22 or SM22 alpha), calponin (Cnn), caldesmon, desmin and 
metavinculin [23, 24]. The expression of these contractile genes is regulated 
directly by the serum response factor (SRF) transcription factor which binds into 
CArG-box elements placed in the vicinity of transcription start sites [25]. In 
addition to all the repertory of contractile proteins, they also have contractile 
regulatory proteins, increased content of collagen I and IV in the ECM, as well as 

Tunica adventitia

Tunica media

Tunica intima

Endothelial cells

Internal elastic lamina
External elastic

lamina

Smooth muscle
cells
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reduced enzyme matrix modifier (matrix metalloproteinases, MMPs) [19]. 
Differentiated VSMCs are not prone to migrate, have a low rate of proliferation, 
low synthesis of ECM components and their primary function is to contract and 
relax [23, 24]. 

However, synthetic phenotype of VSMCs with a flattened appearance when in 
culture, express fewer genes related to contractile proteins and instead, they 
increase the capacity to synthesize and degrade the ECM components, such as 
collagen, elastin and proteoglycans [24]. In addition, de-differentiated VSMCs 
have higher rate of proliferation and easily migrates [19]. 

In contrast to skeletal or cardiac muscle cells, which are terminally differentiated, 
VSMCs have the ability to switch their phenotypes reversibly in response to both 
physiological and pathophysiological changes in the local environment. This 
phenomenon is defined as phenotypic modulation or phenotypic switching and is 
associated with changes in a) proliferation rate, b) expression of smooth-muscle 
characteristic proteins, c) contractility (i.e. calcium signalling, ion channels, 
pumps) [26-29] and d) VSMCs ultrastructure. Multiple stimuli are capable of 
inducing the switch, including growth factors, mechanical influences, 
inflammatory mediators, cell-cell and cell-matrix interactions, reactive oxygen 
species (ROS), among others [23, 30]. VSMCs phenotypic modulation not only 
contributes to physiological vascular adaptations associated for example with 
pregnancy and exercise training, but it plays a major role in numerous pathological 
processes such as atherosclerosis, restenosis, vascular repair, aneurysms and 
angiogenesis [23, 31, 32]. 

Recently, a third phenotype of VSMCs has been described: a synthetic 
inflammatory phenotype, in which VSMCs besides the synthetic-mentioned 
characteristics, secrete cytokines (IL-8, IL-6), express cell adhesion molecules 
(VCAM-1, ICAM-1) and chemokines (MCP-1). This phenotype typically appears 
in atherosclerosis and contributes to plaque growth and fibrotic cap formation 
[31]. 

Although the induction of phenotype modulation is likely to be ascribed to the 
combined and often synergistic effects of multiple stimuli, it has been 
demonstrated that high glucose leads to phenotypic modulation, promoting the 
inflammatory phenotype of the vascular cells by increasing the expression of 
osteopontin (OPN), vascular endothelial growth factor (VEGF), cytokines and 
adhesion molecules [33-36]. Hyperglycemia has also been associated with 
increased contractility and elevated expression of contractile markers in smooth 
muscle cells (SMCs). One underlying mechanism proposed involves the Rho-
protein kinase C (PKC) pathway. Glucose induces Rho-PKC activation in SMCs, 
in part by elevation of intracellular Ca2+ ([Ca2+]i). Rho-PKC activation results in 
increased phosphorylation of the myosin light chain via inhibition of the light 
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chain phosphatase, leading to increased SMCs contractility and also results in 
contractile smooth muscle markers expression by promoting actin polymerization 
and activation of myocardin/SRF-dependent transcription [37, 38]. 

Macro- and microvascular complications of diabetes 

Macrovascular disease: Atherosclerosis  

Atherosclerosis is a chronic inflammatory disease of the arterial wall, which 
involves a complex response of each cell in the vascular wall to an external 
stimulus and culminates with the atheromatous plaque formation in the inner layer 
and narrowing the lumen of the arteries. 

From the cellular perspective, the endothelium is the site where atherosclerotic 
process is initiated, followed by leukocytes (mainly monocytes, macrophages and 
lymphocytes) and VSMCs. 

The endothelium synthesizes and releases bioactive molecules, including 
vasodilator mediators such as the free radical nitric oxide (•NO), prostacycline 
(PGI2) and endothelial-derived hyperpolarizing factor (EDHF), but also 
vasoconstrictor substances, for instance endothelin-1 (ET-1), angiotensin-II (Ang-
II), tromboxane 2 (TXA2). In healthy vessels, the endothelium plays an important 
role in maintaining vascular homeostasis. For that, the endothelial production of 
•NO prevails over other substances, avoiding platelet and immune cells adhesion
through the production of antithrombotic protein tissue plasminogen activator
(tPA) and contributing to maintenance of VSMCs contractile phenotype [39].
Endothelial dysfunction is observed under certain conditions such as
hemodynamic perturbations due to changes in shear stress or induction of
turbulent flow, and in response to pro-atherogenic stimuli such as hyperglycemia,
dyslipidemia and hypertension. Endothelial dysfunction is a pathological
condition, characterized by a reduction of •NO bioavailability, and an impairment
of anti-inflammatory, anti-coagulant and vascular regulatory properties of the
endothelium [40].

The initiating event in the formation of atherosclerotic plaques is a chronic 
inflammatory reaction caused by endothelial dysfunction (response to injury 
hypothesis) [41], coupled to subendothelial retention and accumulation of LDL 
(oxidation hypothesis) [42]. 
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Plaque formation and progression 

The atherosclerotic lesion formation is a sequential dynamic process. As it was 
mentioned before, the first and key event is endothelial dysfunction. Next, as a 
result, changes in endothelial permeability occur, attributable to the loss of tight 
junctions, and changes in ECM composition, allowing the entrance of LDL 
particles into the sub-endothelial space [43]. Next, the LDL gets oxidized (oxLDL) 
either by metal ions (Fe2+, Cu2+), by specific enzymes such as lipoxygenases and 
myeloperoxidases, or by generated ROS [44]. OxLDL lead to ECs activation, 
characterized by the expression of adhesion molecules in the cell surface, such as 
intercellular adhesive molecule-1 (ICAM-1), vascular-cell adhesion molecule-1 
(VCAM-1) and P- and L-selectin, increasing the adhesive properties of 
endothelium. Consequently, monocytes are captured from the circulation and 
together with resident monocytes, they mature and differentiate into macrophages, 
which in the presence of high concentrations of oxLDL, can take up these 
lipoproteins through scavenger receptors to become foam cells [43, 45]. These 
macrophages (predominantly M1 subtype) do not constitute a passive oxLDL 
storage. Indeed, they actively promote inflammation and T lymphocyte activation, 
through the secretion of pro-inflammatory cytokines such as interleukin-1  (IL-
1 ), interleukine-6 (IL-6) and chemoattractant mediators, like monocyte 
chemoattractant protein-1 (MCP-1). After that, a vicious circle results, since these 
cytokines act on the endothelial cells promoting the expression of more adhesion 
molecules and facilitating the transmigration of monocytes to the 
subendothelial space. In addition, T cells produce interferon-  (IFN- ) and 
tumor necrosis factor alpha (TNF- ), which in turn activate macrophages 
promoting the inflammatory response [40]. Recruitment of VSMCs from the 
tunica media is also involved in the atheroma formation. VSMCs migrate 
into the intima and proliferate in response to growth factors secreted by 
foam cells, ECs and macrophages [44]. In the intima, the VSMCs produce 
ECM molecules, including collagen and elastin, which build up a fibrous 
cap that surrounds a collection of foam cells. Accumulation of foam cells 
leads to the formation of a fatty streak, the hallmark of early atherosclerotic 
lesions [4]. In more advanced plaques, some of these foam cells and VSMCs 
die (for example, by apoptosis) and as result of the inefficient clearance of 
dead cells, accumulation of extracellular lipids and cellular debris arises, 
forming a necrotic core. MMPs released from activated macrophages digest 
collagen and cause thinning of the fibrous cap making the plaque more 
vulnerable to rupture and thrombus formation in the vessel. This could 
have fatal consequences, if the thrombus occludes coronary arteries or 
arteries in the brain, causing ischemia in the heart or brain, respectively [43]. 
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Atherosclerotic process exacerbated by diabetes 

Epidemiological studies have associated both T1D and T2D diabetes with 
premature formation and diffuse distribution of atherosclerotic plaques. Diabetic 
patients have 2 to 4-fold increase in the risk of cardiovascular events. In fact, 
diabetes abolishes the benefit of women compared with men related to gender 
protection from CVD, at the age when it should exist. Moreover, the incidence of 
myocardial infarction in diabetic patients is as high as in non-diabetic patients with 
previous myocardial infarction events. Besides, the risk of stroke rises more than 
150% for diabetic patients, which also exhibit reduced survival after a stroke [4, 
46]. 

The metabolic changes in diabetes (hyperglycemia, insulin resistance and elevated 
free fatty acids) lead to severe atherosclerotic lesions, in which the initiation and 
progression processes are accelerated and plaques are more vulnerable to rupture. 

Post-mortem studies have revealed that diabetic plaques are associated with a 
higher content of inflammatory infiltrated cells, a greater apoptosis of VSMCs and 
macrophages, as well as a larger necrotic core size. Furthermore, increased plaque 
calcification was pointed out as a characteristic of atherosclerotic lesion from T2D 
diabetes rather than T1D [47]. 

The molecular mechanisms leading to exacerbated atherosclerosis in diabetic 
patients are not fully delineated, however, hyperglycemia has been suggested as a 
possible driver. High glucose seems to exacerbates the inflammatory response in 
all vascular cells, promote endothelial dysfunction, VSMCs phenotypic 
modulation and more complex lesion formation. 

Hyperglycemia has been associated with endothelial dysfunction. As it was 
mentioned before, the endothelial dysfunction is the consequence of impaired 
endothelial •NO production. It has been shown that insulin resistance and 
hyperglycemia markedly reduced the activity of endothelial •NO synthase (eNOS), 
either by reducing the availability of the substrate, L-arginine or by uncoupling of 
eNOS due to degradation of its cofactor by ONOO- (formed from the reaction of 
•NO and O2

•-) [48].

In diabetes, endothelial dysfunction leads to an augmented production of 
vasoagonist mediators such as ET-1 and Ang-II, an increased expression of 
inflammatory molecules (i.e. IL-6, IL-8) and an increased expression of adhesion 
molecules (VCAM-1, MCP-1, ICAM-1, TF) in the ECs [46, 48]. These adhesion 
molecules in the activated ECs, potentially explain the effect of diabetes on 
macrophage accumulation in the lesion region. Moreover, macrophages responded 
to high glucose, activating NF B, increasing the expression of pro-inflammatory 
molecules including IL-6, IL-1 , CD36 (scavenger receptor for modified LDL) 
and MCP-1 [46, 49]. Furthermore, studies done in diabetic rats and patients, 
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demonstrated that macrophages present in the aorta lesion increased the expression 
and activity of MMP-9, which could weaken the ECM of the plaque, turning it 
more unstable [49]. 

On top of that, VSMCs experience a phenotype switching in response to 
hyperglycemia, which is crucial for lesion development, plaque composition and 
stability. The change from contractile into inflammatory phenotype brings about 
loss of differentiated markers (SM-MHC, Tagln or SM22, SM -actin, among 
others) and therefore increases the capacity of proliferation and migration [49, 50]. 
This is also accompanied by increased expression of cytokines, adhesion 
molecules, chemokines in response to high glucose, but also expression of the 
matrix cytokine OPN and secreted growth factors like VEGF and platelet-derived 
growth factor (PDGF) [31, 32, 50, 51]. 

All these inflammatory mediators, released by macrophages or by VSMCs, induce 
migration of the latest into the intimal space. At the early stage of the plaque, the 
VSMCs secrete collagen that contribute to create and stabilized the fibrous cap. 
Nonetheless, in mature plaques, VSMCs as well as macrophages within the lesion 
release MMPs that degrade the collagen thus making the plaque prone to rupture. 
Identification of molecular determinants, circulating and imaging biomarkers of 
plaque instability is an intensive area of research, to determine individuals at risk 
for plaque rupture [52-55]. Additionally, plaque calcification might occur in the 
advanced stage of the atherosclerosis process. This is a consequence of calcium 
mineral deposition in necrotic areas of the lesion and the presence of VSMCs 
differentiated into osteoblast-like cells induced by pro-inflammatory cytokines 
such as oncostatin M (OSM) [56]. 

Microvascular disease: Diabetic Retinopathy  

Diabetic retinopathy (DR) is a long-term microvascular diabetic complication and 
the most frequent cause of blindness in the adult population. Epidemiological 
studies have shown that around 35% of the diabetic population develop DR, and 
its prevalence is much higher in T1D than in T2D. The major risk factors for DR 
are hyperglycemia, hypertension and dyslipidemia, but also the non-modifiable 
factors such as the ethnic origin, duration of diabetes, pregnancy and puberty [57-
59]. Even though the full picture of molecular and cellular mechanisms underlying 
DR is missing, both clinical and experimental studies, have emphasised the role of 
glucose as a key factor [60, 61]. The same pathways involved in glucose-induced 
cellular toxicity in vascular cells in arteries, are triggered by diabetes in the retinal 
ECs, in combination with impaired cellular antioxidant systems [62]. 

The retina is a vascularised neural tissue, composed by a network of neurons 
(photoreceptors, bipolar, horizontal, amacrine and ganglional cells), glia 
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(astrocytes, Müller cells and microglial cells), and blood vessels, which represent 
around 95% and 5% of the whole retina, respectively. The neuroglial cells 
generate vision whereas the blood vessels provide nutritional support for this 
function [60, 63]. 

The retinal vessels are capillaries composed of non-fenestrated ECs surrounded by 
pericytes and glial end feet. The complex and tight cell-cell interactions between 
ECs are essential to maintain the retinal homeostasis under normal situations, 
since they conform the inner blood-retinal barrier (BRB). These interactions 
include tight junctions, adherent junctions and gap junctions, formed for instance 
by occludins, vascular endothelial-cadherin (VE-cadherin) and connexons (or 
connexin hemichannels), respectively [64, 65]. The outer BRB is composed of 
tight junctions between retinal pigmented epithelial cells, which together with the 
inner BRB they shape the BRB. Pericytes, are also involved in the preservation of 
vascular homeostasis, including regulation of angiogenesis by controlling 
endothelial proliferation, of blood flow through contractile mechanisms and 
structural stabilization of the vasculature and of vascular permeability [66]. It has 
been described, that pericytes are a heterogeneous population, which acquire 
specific roles and vary morphologically depending on their location. Along the 
arterious-venous axis, there are transitional pericytes (pre and post-capillaries) and 
mid-capillary pericytes [67, 68]. They have in common the expression of platelet-
derived growth factor receptor  (PDGFR ) [68]. Transitional pericytes (and some 
mid-capillary pericytes) shared contractile SMC characteristics and express SM -
actin [68]. Non-contractile pericytes deprived of SM -actin act as regulators of 
ECs and as mediators between the vascular and neural parts of the retina [20]. 

Although dysfunctional neurovascular crosstalk play a key role in DR [69], robust 
evidence have associated this complication with structural and functional changes 
in the vasculature. These changes occur in two stages, an early non-proliferative 
and late proliferative stage. The early stage is characterized by vaso-regression, 
increased vascular permeability and formation of microaneurysms. Prolonged 
exposure to diabetes leads to an inflammatory response in the ECs, which become 
activated and start expressing leukocytes adhesion molecules (i.e. ICAM-1, 
VCAM-1, E-selectin) [70]. This leukocyte-endothelium interaction results in 
physical occlusion of capillaries, generating localized ischemic regions. Another 
functional consequence of diabetes at this early stage of DR is the thickening of 
the basement membrane, the loss of pericytes (apoptosis) and subsequently the 
loss of ECs, producing acellular capillaries, which also are non-perfusable. 
Interestingly, hypoxia is one of the most potent stimulus for increasing the 
expression of VEGF in various cells [71, 72]. VEGF disrupts the tight junctions 
between ECs resulting in breakdown of the BRB, vascular leakage and increased 
vascular permeability, and the development of retinal edema, which is the earliest 
clinical feature of non-proliferative DR [65, 71, 73]. Finally, the late proliferative 
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stage is characterized by neovascularization, as a compensatory response to 
ischemia and metabolic deficiency from vasoregression. This stage is driven by 
pro-angiogenic growth factors, such as VEGF, which stimulate the defective 
formation of new and fragile capillaries that can result in blurred vision and even 
blindness when retinal haemorrhages occur [69, 71]. 

High glucose levels induce cellular damage 

Under normal extracellular glucose levels, cells metabolize glucose through the 
glycolytic pathway to obtain energy in ATP form. Glucose uptake is mediated by 
glucose transporters (GLUTs) in the plasma membrane. There are several GLUT 
isoforms, the conventional GLUT1-5 and the novel GLUT6-14. Glucose 
transporters have different kinetic properties, cellular localization and functional 
regulation[74]. The predominant transporter expressed in VSMCs and ECs is 
GLUT1, but depending on the VSMCs phenotype, the relative abundance of the 
other GLUT isoforms can vary. While GLUT1 is the predominant transporter in 
synthetic VSMCs, GLUT10 is also expressed at almost the same proportion than 
GLUT1 in differentiated human aortic VSMCs [74]. 

Since the 40s, it has been known that high extracellular glucose exerts deleterious 
effects on many cells [75]. It was proposed that these effects were predominant in 
cells in which the influx of glucose was not dependent on insulin, such as vascular 
cells, and that this was because these cells were unable to efficiently down-
regulate the entrance of glucose into the cell under hyperglycemic conditions [76]. 
However, cultured VSMCs and ECs have been shown to exhibit an auto-
regulatory mechanism that can lead to down-regulation of GLUT1 expression 
when cells are exposed to a glucose overload. The down-regulation of GLUT1 was 
faster in VSMCs than in ECs (4 hours vs. 36 hours) [77] and it was shown to be at 
the transcriptional and post-transcriptional levels [78, 79]. However, this has not 
yet been demonstrated in vivo. 

Oxidative stress plays a critical role in the progression of diabetes-induced cellular 
injury. Elevated intracellular glucose can results in an increased production of 
ROS, engaging five major pathways implicated in the development of diabetic 
complications [80]. Increased ROS leads to over activity of: a) the polyol pathway, 
b) the hexosamine pathway and c) PKC isoforms and to [79] d) increased
intracellular formation of advanced glycation end products (AGEs) and e)
increased expression of the receptor for AGEs (RAGEs) and activating ligands [8,
81].
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Interestingly, ROS has been shown to prevent the down-regulation of GLUT1 in 
cultured ECs under hyperglycemic conditions. Instead, an up-regulation of 
GLUT1 expression was observed in the ECs exposed to high glucose levels, 
accelerating endothelial dysfunction, which is one characteristic feature in the 
development of diabetic vascular disease [82]. 

ROS are a variety of molecules and free radicals (chemical species with at least 
one unpaired electron) derived from molecular oxygen. ROS include radical 
superoxide anion (O2

•-), hydroxyl radical (•OH) and hydrogen peroxide (H2O2) 
[81]. The primary source of in vivo O2

•- generation is the mitochondria, through 
one-electron reduction of oxygen in the respiratory chain, but this O2

•- can amplify 
its damaging effects, activating other superoxide production pathways. For 
instance, amplification includes activation of various NADPH oxidases (NOXs) in 
vascular cells and uncoupling of endothelial nitric oxide synthase (eNOS) 
dimmers to monomers in ECs [62]. 

Under physiological conditions, ROS species function as signalling molecules 
required for cellular homeostasis for example for intracellular communication and 
cell differentiation [83]. However, under hyperglycemic conditions, ROS 
overproduction occurs for too long, at inappropriate sub cellular locations and 
therefore the intrinsic antioxidant capacity is overwhelmed, leading to cellular 
damage. 

O2
•- is the precursor of most of the ROS, due to the fact that it is dismutated to 

H2O2, either spontaneously or through a reaction catalysed by superoxide 
dismutases (SOD). H2O2 has low reactivity but it can penetrate cellular membranes 
and generate one of the strongest oxidants, the radical •OH via Fenton’s reaction 
(H2O2 + Fe2+  Fe3+ + OH− + •OH) [84]. This radical cleaves bonds in 
macromolecules, inducing DNA strand breaks and thereby a DNA repair 
mechanism is activated, including the poly(ADP-ribose) polymerase (PARP). 
Normally, PARP resides in the nucleus in an inactive form, until DNA damage 
occurs. Once activated, PARP divides the NAD+ molecule into its two 
components: nicotinic acid and ADP-ribose. Then, the glycolytic enzyme 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is modified because the 
polymers of ADP-ribose made by PARP accumulate on GAPDH, leading to a 
decrease in its activity. Since, GAPDH is essential for oxidation of 
glyceraldehyde-3 phosphate into 1,3-diphosphoglycerate, a reduced GAPDH 
activity results in accumulation of upstream metabolites from glycolysis. These 
metabolites are redirected into the four pathways of glucose over utilization(Figure 
2) [85-87].
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Polyol Pathway 

In an hyperglycemic environment, an increased enzymatic reduction of glucose to 
the sugar alcohol sorbitol takes place and then sorbitol is converted to fructose. 
The first reaction is catalyzed by the aldose reductase enzyme that uses NADPH as 
a cofactor[62]. Interestingly, NADPH is also required for regenerating reduced 
glutathione (GSH), an intracellular antioxidant. Therefore, an increased depletion 
of this cofactor by the aldose reductase could exacerbate intracellular oxidative 
stress. Diabetic apolipoprotein E (ApoE) deficient mice that overexpress human 
aldose reductase develop accelerated atherosclerosis, providing evidence of a role 
for the polyol pathway in the development of diabetic cardiovascular 
complications [88, 89]. 

Hexosamine pathway 

Excesses of intracellular glucose provide increased fructose-6 phosphate, which is 
finally converted to UDP-N-acetylglucosamine-6-phosphate (UDP-GlcNAc) by 
the enzyme O-GlcNAc. This substrate can increase the formation of O-linked 
glycoproteins, causing modifications in proteins and therefore resulting in a 
variety of changes in gene expression that contribute to the pathogenesis of 
diabetes complications [62, 81]. 

PKC activation 

Under hyperglycemic conditions, the de novo synthesis of diacylglycerol (DAG) 
from glyceraldehyde-3-phosphate is elevated and leads to activate PKC. PKC 
activation in ECs affects the expression of several molecules through the 
transcription factor NF-KB, activates NADP(H) oxidases and ET-1, increases the 
expression of IL-18 and VCAM-1, inhibits the expression of endothelial NOS 
(eNOS). In VSMCs, PKC activation increases the expression of VEGF and 
increases plaque formation [62, 90, 91]. 

AGEs formation 

Advanced glycation end-products (AGEs) arise from non-enzymatic reactions 
between proteins and glucose. Three potential pathways lead to intracellular AGEs 
formation: auto-oxidation of glucose to glyoxal, decomposition of the Amadori 
products to 3-deoxyglucosone and the fragmentation of glyceraldehyde-3 
phosphate to methylglyoxal (MG). The latest has been postulated to be the major 
source of intracellular and plasma AGEs. These AGEs precursors react with amino 
groups (lysine and arginine) of proteins, generating structural modifications and 
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causing cellular damage basically through three mechanisms: changes in protein 
function, impaired interaction between ECM components and increased expression 
of RAGEs on the cell surface [62]. 

The binding of AGEs to RAGEs promote and perpetuate cell injury by raising 
intracellular oxidative stress [92] and triggering inflammatory pathways which 
contribute to the atherosclerosis process [93]. 

Even though high glucose is not the exclusive source of AGEs, which can be 
generated endogenously by aging, lipid oxidation and exogenously by processed 
food intake and tobacco smoke, elevated levels of MG have been found in diabetic 
renal pathology [94] and have also been associated with rupture-prone 
atherosclerotic human plaques [95]. Moreover, intracellular AGEs formation 
increased a 5.4 fold in cultured bovine ECs exposed to 30mM of glucose [96]. 

Figure 2. Four pathways suggested for hyperglycemia-induced damage through overproduction of reactive 
oxygen species (ROS). Excess of intracellular glucose causes mithochondrial overproduction of ROS, which in turn 
can be amplified by activation of NADPH oxidases and uncoupling of endothelial nitric oxide synthase (eNOS). ROS 
difusse into the nucleus, damage the DNA and activate poly(ADP-ribose) polymerase (PARP). This reduces 
glyceraldheyde-3-phosphate dehydrogenase (GAPDH) activity, causing up-stream accumulation of metabolites from 
glycolysis, which then diverted into the four pathogenic signalling pathways. DAG, diacylglycerol; DHAP, 
dihydroxyacetone phosphate; GFAT, glutamate fructose-6-phosphate amidotransferase; Gln, glucosamine. Modified 
from [62]. 
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However, in all mammalian cells, MG is metabolized to unreactive D-lactate by 
the glyoxalase system. Glyoxalase I (GLO1) is a cytosolic enzyme and the first 
member of glyoxalase system, responsible for reducing reactive MG, playing a 
detoxifier role. Experimental studies have shown that overexpression of GLO1 in 
both cultured rat and human aortic ECs, was able to prevent the up-regulation of 
RAGE expression in cells exposed to high glucose level [97], as well as decreased 
the level of plasma AGEs and oxidative stress markers in the urine and tissues 
of diabetic rats [98]. However, studies performed in diabetic ApoE-/- mice 
which overexpressed GLO1 (transgenic mice), showed that increased GLO1 
activity in ECs, VSMCs and macrophages was insufficient to protect against 
the initiation and progression of accelerated atherosclerosis in the aortic arch or 
thoracic aorta [99]. Indeed, the number of complex lesions in the aortic root 
was not different from the diabetic non transgenic ApoE-/- mice [100]. Other 
studies however, provided evidence of reduced GLO1 expression and 
activity and increased formation of AGEs in ruptured human carotids 
plaques [95, 101]. Also, GLO1 overexpression has been shown to reduce 
the expression of endothelial dysfunction markers in mesenteric arteries 
and attenuate early markers of renal dysfunction in diabetic rats [102]. 

Oxidative stress and NOXs in the vasculature 

A large body of evidence have demonstrated elevated oxidative stress in diabetes, 
causing a complex dysregulation of cell metabolism and cell-cell homeostasis. The 
oxidative stress results from an imbalance between oxidants species and 
antioxidants, either by overproduction of oxidants, impaired antioxidant system, or 
by a combination of these factors [103]. Oxidants include the above described 
ROS and reactive nitrogen species (RNS). The latest refers to all species derived 
from the radical •NO, for instance, the very powerful oxidant peroxynitrite 
(OONO-), which is the product of reaction between •NO and O2

•- [84, 104]. Both, 
ROS and RNS, can react with multiple cellular components, such as proteins, 
lipids and DNA, to generate reversible or irreversible oxidative modifications, 
which contribute to the development of atherosclerosis and other vascular 
pathologies [45, 104]. A critical event that precedes the development of 
atherosclerosis is endothelial dysfunction. Increased formation of O2

•- by NOXs, 
reduces the availability of •NO, given that O2

•- quickly react with •NO to produce 
oxidative species, which in turn can promote the endothelial dysfunction. 

Cells have antioxidant enzymatic and non-enzymatic systems to protect against the 
toxic effect of oxidants. The enzymatic mechanism, which provides endogenous 
antioxidant capacity to the cell, includes SOD, catalase (the major H2O2 
detoxifying enzyme, which dismutes it to O2 and H2O) and glutathione peroxidase. 
The non-enzymatic mechanism involves exogenous substances such as ascorbate, 
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-tocopherol, carotenoids, flavonoids [84, 104]. Under normal conditions, both 
mechanisms work together to maintain a balance between ROS generation and 
clearance, but in pathophysiological conditions, ROS production exceeds the 
scavenger capacity of the antioxidant systems, resulting in increased oxidative 
stress and subsequently, cellular damage [45]. 

Apart from the non-enzymatic in vivo O2
•- generation by the mitochondria, the 

membrane-bound NADPH (nicotinamide adenine dinucleotide phosphate) oxidase 
or NOX, is the major enzymatic source of O2

•- in vascular cells [84]. In mammals, 
NOX is a family of enzymes composed by seven isoforms, but only four, NOX1, 
NOX2, NOX4 and NOX5 are normally expressed in the vasculature, with NOX5 
not being expressed in rodents. All enzymes except NOX4 catalyze the O2

•- 
production from O2 and NADPH, while NOX4 instead produces large amounts of 
H2O2 [105, 106]. NOXs are differentially expressed in ECs, VSMCs, fibroblast 
and in the context of atherosclerosis, the expression profiles have been show to 
vary depending on the disease stage [107]. Although under physiological 
conditions the rates of ROS production by NOXs in the vasculature is low 
compared with the high production in neutrophils and macrophages, NOXs 
activities can be increased both acutely and chronically in response to several 
stimuli, including hyperglycemia. 

It has been reported that NOX1 is involved in signal transcription and cell 
proliferation, and increased expression of NOX1 and NOX2 in vascular cells and 
macrophages has contributed to atherosclerosis development and vascular disease 
[106, 108]. However, the role of NOX4 in vascular disease remains controversial. 
Recently, an atheroprotective role of NOX4 was described both in human and 
mouse [107, 109]. It was shown that NOX4-derived H2O2 could activate eNOS 
and eNOS expression was found to be low in LDL-/-NOX4-/- mice [108]. 
Moreover, NOX4 was implicated in the regulation of VSMC differentiation, 
suggesting an homeostatic function [106]. In mouse kidney fibroblast instead, 
hyperglycemia resulted in increased NOX2 and NOX4 mRNA and protein 
expression and ROS generation. Interestingly, this seemed to require the activation 
of the calcineurin-NFAT pathway [110]. 

Nuclear factor of activated T cells (NFAT) 

NFAT is a family of transcription factors that arose with the origin of vertebrates 
(approximately 500 million years ago) after the recombination of an ancient 
precursor with a Rel domain, so they are evolutionarily related to Rel/nuclear 
factor kappa B (NF- B) [111]. Although NFAT proteins were first described in T-
lymphocytes as inducers of cytokine gene expression [112], it is well known that 
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they play important roles outside the immune system, including the cardiovascular 
system. NFAT is essential for normal cardiac valve and septum formation [113], 
proper anatomical organization of the vasculature [114], myocardial hypertrophy 
[115] and for establishing fast or slow skeletal muscle-phenotype [116].

The NFAT family consists of five members. Four of them (NFATc1-NFATc4) are 
well characterized and dependent on Ca2+/calcineurin for activation. However, the 
fifth member, NFAT5, which shares only partial structural and functional 
characteristics with the other family members, lacks the sensitivity to calcineurin 
(CaN) activity[117]. NFAT5 is activated by changes in osmolarity [117] and 
biomechanical stretch [118], and has been shown to be involved in the regulation 
of osmoprotective genes [117]. 

Structurally, NFATc1-c4 proteins consist of four domains schematically visualized 
in Figure 3, the NFAT homology region (NHR) that serves regulatory functions, 
the Rel homology domain (RHD) that mediates DNA binding, an amino (NH2)-
terminal transactivation domains (TAD) rich in prolines and acidic residues, and a 
variable carboxyl (COOH)-terminal region. The regulatory region contains a CaN 
binding motif (PxIxIT), a serine-rich region (SRR-1), serine-proline (SP) motif 
repeats (SPxx repeats, SRR-2 and KTS) and one or multiple nuclear localization 
signals (NLS) [119]. The RHD domain, contains highly conserved sequences with 
a 3D structure very similar to that of the Rel transcription factors. This domain is 
not only responsible for DNA-binding, but also for interaction with nuclear 
partners that stabilize the otherwise weak NFATc-DNA interaction [112]. 

Figure 3. A schematic diagram of NFAT structure. It has two transactivation domain (TAD), a Rel homology 
domain (RHD), which carries the DNA-binding part of the proteins and an NFAT homology region (NHR). The 
regulatory domain contains several phosphorylation sites (noted as S) and a docking site for calcineurin (CaN). The 
proteins also have two nuclear localization signals (NLS1/2) and a nuclear export signal (NES). Modified from [120]. 

The TADs make possible the NFAT interaction with proteins of the transcription 
machinery. In addition, these domains experience important post-translational 
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modifications, which could confer functional specificity to each NFAT isoform 
[112, 120]. 

Although structurally NFAT proteins share conserved regions, they differ 
significantly in their (NH2)- and (COOH)-terminal portions, potentially giving rise 
to 6-24 alternative transcripts for each NFAT isoform [121]. Differences have 
been found in NFAT isoforms expression, in the activation and inactivation 
requirements (i.e. the identity of the export kinases that phosphorylate the serine 
rich regions, the number of dephosphorylation sites required for activation), as 
well as in biological functions [120]. 

NFAT activation and its regulation

NFAT activation is determined by its subcellular localization (Figure 4). Under 
non-stimulated conditions, NFAT is in the cytosol and the serine-rich regions in 
the regulatory domain are highly phosphorylated [120]. 

An increase in [Ca2+]i, induced by a variety of stimuli, leads to activation of the 
Ca2+-calmodulin-dependent phosphatase CaN [122]. Activated CaN 
dephosphorylates NFAT, inducing a conformational change that exposes the NLSs 
while masking the NES [120]. Under this alternative conformation, the NLSs bind 
to importins which rapidly transport NFAT into the nucleus through the nuclear 
pore complex [123]. Subsequently, NFAT binds to DNA and regulates gene 
expression. 

Upon Ca2+ signalling termination, NFAT can be rephosphorylated by constitutive 
and/or inducible kinases, leading to unmasking of the NES and export of NFAT 
back to the cytosol with the aid of the export protein Crm-1 [120, 124]. 

NFAT nuclear accumulation and hence, NFAT activation is thus determined by 
the balance between the phosphatase activity of CaN and that of NFAT export 
kinases[120]. In vascular smooth muscle, unless constitutively elevated nuclear 
export activity is inhibited, NFAT does not accumulate in the nucleus even in the 
presence of high [Ca2+]i [125]. 

Several protein kinases have been shown to phosphorylate NFAT. These include 
protein kinase A (PKA), glycogen-synthase kinase 3  (GSK3 ) [126], JUN N-
terminal kinases (JNK) [127], p38 mitogen-activated protein kinase (p38 MAPK) 
[128, 129], extracellular signal regulated kinases (ERK), casein kinase (CK1 and 
CK2) [130], dual-specificity tyrosine-phosphorylation regulated kinase (DYRK) 
[131] and mammalian target of rapamycin (mTOR) [132]. NFAT family members
are differentially regulated according to the isoform, stimuli and the cell types,
which means that distinct motifs and serine sites (for instance, Ser-Pro repeats,
Ser172, Ser187, etc.) of NFAT regulatory domain can be phosphorylated by some of
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these kinases, counteracting NFAT activation. For example, in VSMCs, JNK2 and 
GSK3  are involved in NFATc3 nuclear export [125, 133], whereas in ECs, 
NFATc3 is moved more rapidly back to the cytosol than NFATc1 after ATP 
stimulation, regulated by p38 MAPK in addition to JNK2 and GSK3  [134]. 

In the nucleus, NFAT proteins bind to DNA in the consensus sequence GGAAA 
(either in forward or reverse orientation) present in the target promoter elements. 
NFAT can bind to DNA as monomer, but the most common way is to bind 
together with partner proteins [112]. The weak individual binding of NFAT to 
DNA is due to the low affinity between them, but after forming a cooperative 
complex with partner proteins, DNA-binding becomes considerably more stable. 

Figure 4. Schematic representation of basic elements involved in the regulation of NFATc3 activity in smooth 
muscle. Intracellular Ca2+ increases in response to different stimuli and activates CaN, which dephosphorylates 
cytoplasmic NFAT, leading to rapid import of the protein to the nucleus. Ca2+ release via IP3R is necessary for an
efficient NFAT nuclear accumulation. Although mitochondria control the spatial and temporal shape of Ca2+, it is not 
fully known how much this modulation influences NFAT activation [135].It is also possible that NFATc3 activation 
additionally requires nuclear Ca2+ [136].Once in the nucleus, NFAT combines with partner proteins (NFATn) and binds 
to DNA in order to induce gene transcription. Opposing the action of CaN are kinases, which promote NFAT export 
from the nucleus by rephosphorylating the protein. SR: sarcoplasmic reticulum; VDCC: voltage dependent-calcium 
channels; CRAC: calcium-release-activated channels; UTP: uridine triphosphate; Ang-II: angiotensin II; Et-1: 
endothelin-1. 
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The partner proteins that have been reported include the activator protein-1 (AP-1) 
with its bZIP elements Fos and Jun, myocyte enhancer factor 2 (MEF2), members 
of the Gata family, FoxP3, RUNX1 and cAMP response element-binding protein 1 
(CREB1) [112, 137-139]. After binding to DNA, NFAT not only promotes target 
gene expression, but it has also been shown to repress gene expression. One such 
example is the complex formation between NFAT and FoxP3, which leads to 
repression of IL-2 expression in T cells [139]. 

Requirements for NFAT activation

NFAT activation provides a direct link between intracellular Ca2+ signalling and 
gene expression. The molecular mechanisms that lead to increase [Ca2+]i vary with 
the cell type and tissue. Consequently, NFAT activation is sensitive not only to the 
way of Ca2+ entry, but also to the amplitude, duration and localization of calcium 
signal (calcium spatial-temporal organization). The ability of Ca2+-dependent 
transcription factors to dissect the spatio-temporal information in the Ca2+ 
signalling is key, given that Ca2+ is not only a second messenger involved in 
excitation-transcription coupling (E-T coupling) but also plays a central role in 
other cellular functions, such as in excitation-contraction coupling (E-C coupling) 
in contractile cells and excitation-secretion coupling (E-S coupling) in secretory 
cells. 

In non-excitable cells, such as lymphocytes and ECs, Ca2+ influx occurs mainly 
through opening of plasma membrane calcium-release-activated channels 
(CRAC), also known as SOCE (store-operated calcium entry). Ligand stimulation 
of a G-protein coupled receptor (GPCR) results in activation of phospholipase C 
(PLC), which hydrolyses a membrane component phosphatidylinositol-4,5-
biphosphate, leading to the burst of inositol-1,4,5-triphosphate (IP3) and 
diacylglycerol (DAG). This augmentation of IP3 induces a transient release of 
Ca2+ via IP3 receptors (IP3R) from internal stores, such as the endoplasmic 
reticulum. The store depletion of Ca2+ is sensed by STIM (stromal interaction 
molecules) proteins, which activate CRAC channels and generate a sustained low-
amplitude increment of [Ca2+]i that activates NFAT in these cells [140, 141]. 
NFAT isoforms were recently found to be differentially activated by distinct sub-
cellular Ca2+ signals. In rat basophilic leukemia cells (RBL-1) and in human 
embryonic kidney 293 cells (HEK293), NFATc2 was activated by cytoplasmic 
Ca2+ microdomains from CRAC channels, whereas NFATc3 required both Ca2+ 
from CRAC channels and additional IP3-dependent nuclear Ca2+ mobilization 
from the inner envelop [136]. 

On the other hand, in excitable cells, such as neurons and striated muscle cells, the 
dominant Ca2+ source for NFAT activation is through voltage dependent calcium 
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channels (VDCC) [141]. In hippocampal neurons, NFATc4 was activated by 
depolarizations induced either by electrical activity or by elevated extracellular 
potassium, via transient increases of Ca2+ through L-type voltage-gated calcium 
channels [142] or NMDA (N-methyl-D-aspartate) receptor [143]. In skeletal 
muscle, depolarization also triggers the activation of NFAT, through extracellular 
Ca2+ entry and Ca2+ release by ryanodine receptors (RyR) [144]. Experiments 
using electrical field stimulation revealed that the frequency and number of pulses 
applied gave rise to different patterns of [Ca2+]i

 engaging either RyR, IP3 receptors 
(IP3Rs) or both. The authors also showed that while NFAT activation required 
Ca2+ release from RyRs, activation of ERK or cAMP response element-binding 
protein required Ca2+ release from IP3Rs and NF-κB required Ca2+ release from 
both channels. Increasing firing rates were directly correlated with the degree of 
NFAT nuclear accumulation. 

Unlike immune and skeletal muscle cells or neurons, cardiac myocytes have 
continuously high levels of global [Ca2+]i, and cyclically regulated calcium-
induced calcium release (CICR) transients critical for contraction. The exact 
mechanisms by which E-T and E-C coupling are separated are still not 100% 
clear. In cardiac myocytes, NFAT has been shown to mediate pathological (not 
physiological) cardiac hypertrophy leading to progressive heart failure [145]. In 
this context, T-type voltage-dependent Ca2+ channels [146] and transient receptor 
potential channels [147] seem to contribute to activation of NFAT. Angiotensin II, 
aldosterone, and norepinephrine, all known to increase the frequency of the [Ca2+]i 
oscillations in cardiomyocytes, were shown to effectively activate NFAT-
dependent transcriptional activity [148]. 

In SMCs, depolarization-induced global Ca2+ increases are not sufficient for 
activating the calcineurin/NFAT pathway [149]. Instead, activation of NFAT 
requires IP3 release of Ca2+ from intracellular stores [150]. NFAT is effectively 
activated by GPCR stimulation with vasoagonists or growth factors capable to 
stimulate both the influx of extracellular Ca2+ through L-type VDCC and Ca2+ 
release from the sarcoplasmic reticulum through IP3R channels. Ca2+ release from 
RyRs in the form of Ca2+ sparks, exerted instead an inhibitory effect on NFAT 
nuclear accumulation, that was independent of their hyperpolarizing effects 
mediated by the activation of Ca2+-activated K+ channels [150]. Moreover, it has 
been described that intracellular Ca2+ signalling differs depending on VSMCs 
phenotype. For instance, cells with a contractile phenotype express more L-type 
VDCC, maintaining the resting cytosolic Ca2+ low and allowing dynamic changes 
of Ca2+ in the spatial-temporal domain for NFAT activation. Meanwhile synthetic 
VSMCs have reduced voltage dependent Ca2+ entry and their intracellular Ca2+ 
signalling mechanisms are more similar to non-excitable cells[27]. Along with a 
down-regulation of L-type VDCCs, an increased expression of SOCE 
characterizes VSMC phenotypic modulation towards a more proliferative state 
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[151, 152]. A global portrait of the changes in ion channel expression involved in 
the proliferative response of VSMCs also demonstrated significant alterations in 
voltage-dependent potassium channels also [28]. 

For NFAT nuclear accumulation and efficient transcriptional activation in 
VSMCs, the stimulus needs to provide the appropriate Ca2+ signalling modality 
and also suppress the constitutively elevated activity of NFAT nuclear export 
kinases JNK, GSK3  and PKA [125, 135]. 

Several studies have now demonstrated that potent stimuli for NFAT activation in 
VSMCs are high extracellular glucose, high oxLDL and VLDL, GPCR 
vasoagonists (i.e. UTP, Et-1, prostaglandin F2 , Ang-II and thrombin) and growth 
factors, such as PDGF and epidermal growth factor (EGF), with variable 
efficiencies depending on the arteries or cell-types (Figure 4) [133, 153-157]. 

NFAT in the vasculature 

NFAT genes are expressed in a large number of tissues and the expression levels 
and patterns for each NFAT isoform are rather different. All NFAT isoforms are 
strongly expressed in the immune system, the thymus, the spleen as well as in 
peripheral blood lymphocytes. In addition to the immune system, NFAT proteins 
have been detected in the cardiovascular and digestive systems, in pancreas, brain, 
skeletal and smooth muscles, kidneys, lungs and adipose tissue [121]. 

Several studies which used NFAT knockout mice, have shown that these proteins 
have a fundamental role in the development of the cardiovascular system. 
Particularly, NFATc1 deficient mice die at 14.5-17.5 days of gestation due to 
abnormalities in their heart valves (aortic and pulmonary) and septum formation 
[113, 158], whereas double mutant mice lacking NFATc3 and NFATc4 die at 
around 11 days of gestation as a result of defective vessel assembly and 
angiogenesis [114]. 

In the adult vasculature, NFAT isoforms have also been identified in both, ECs 
and VSMCs. In ECs, it has been reported that NFAT mediates specific functions 
such as proliferation, migration, angiogenesis and inflammation, through the 
regulation of target genes such as: cyclooxygenase-2 (COX-2), vascular adhesion 
molecule (VCAM-1), intercellular adhesion molecule (ICAM-1), interleukin-8 
(IL-8), tissue factor (TF), E-selectin and DSCR-1 (Down syndrome critical region) 
a negative feedback regulator of Ca2+/calcineurin-NFAT signalling activated by 
both, VEGF and thrombin [159-162]. 

In adult VSMCs, several studies suggested that NFAT apart from regulating 
proliferation, migration [156, 157, 163, 164] and vascular inflammation [31, 51, 
165, 166], it is also involved in: a) VSMCs phenotypic modulation [167, 168], b) 
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neointima formation after balloon angioplasty [169, 170], c) hypertension [171-
173], d) pulmonary arterial hypertension and remodelling [174-177]. 

Therefore, NFAT is implicated in mediating physiological and pathophysiological 
vascular processes, regulating the expression of several genes. Some of these 
genes are pro-inflammatory genes like: interleukin-6 (IL-6) [156, 165], IL-8, 
VCAM-1 [31], ICAM-1 [165], OPN [51, 165], COX-2 and the allograft 
inflammatory factor-1 (AIF-1) which are also implicated in the process of 
neointima formation [169, 178]. Other genes that have been shown to be regulated 
by NFAT and that affect the progression in the cell cycle, proliferation and 
therefore neointima formation are cyclin D1 (Ccnd1), cyclin A and cyclin-
dependent kinase 2 [170, 176, 179]. NFAT also regulates the expression of the 1 
subunit of the Ca2+-activated K+ channels (BK channels, voltage-gated-K+ 
channels (Kv2.1), Kv1.5 channel and SM-  actin, which all can potentially impact 
in VSMC depolarization, development of myogenic tone and consequently in the 
development of systemic hypertension [171, 172, 180] and pulmonary arterial 
hypertension [174, 176]. 

As mentioned before, an up-stream activator of NFAT in the vasculature is 
elevated extracellular glucose. Previously, our group has demonstrated that high 
levels of extracellular glucose activate NFAT in intact cerebral arteries ex vivo 
[133], as well as in vivo, both in large conduit arteries and medium sized resistance 
arteries (aorta and cerebral) [51]. The effect of glucose on NFAT activation 
involves at least two mechanisms: a) the local release of extracellular nucleotides, 
like uridine triphosphate (UTP) and its degradation product uridine diphosphate 
(UDP), acting on purinergic 2Y (P2Y) receptors, leading to increased [Ca2+]i and 
subsequent activation of CaN and, b) inhibition of GSK3 , JNK1 and JNK2 
yielding reduced nuclear export of NFATc3. 

NFAT regulates cell proliferation and VSMCs phenotypic modulation 

In the adult organisms, at homeostasis, the VSMCs in vessels are mostly in a 
contractile state and their proliferation rate is remarkably low. However, these 
cells can experience a phenotype switching and re-enter in the cell cycle in 
response to physiological or pathological stimuli. The cell cycle in mammalian 
cells consists of five phases, three of them are gap-phases (G0, G1 and G2), and 
the other two are synthesis- and mitotic-phases (S-phase and M-phase). G0, G1, 
G2 and S are collectively referred as interphase. In G0 the cell remains in a resting 
or quiescent state, whereas during G1 and G2, RNA and protein syntheses occur. 
In the course of the S-phase, DNA is replicated, while during the M-phase cells 
undergo mitosis and cell division [181]. Progression in the cell cycle is tightly 
controlled and driven by several cyclin-dependent protein kinases (Cdks), cyclins, 
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and Cdk inhibitors at the checkpoints, positioned mainly at the transition between 
phases. Activation of Cdks requires their association with their partners cyclins, 
whose individual levels fluctuate during the different phases of the cell cycle as a 
consequence of changes in transcription and ubiquitin-mediated degradation [181, 
182]. For instance, initiate progression in G1-phase needs the cyclin D/Cdk4 and 
cyclin D/Cdk6 complexes, while the cyclin E/Cdk2 is important in the G1/S 
transition. Functional cyclin A/Cdk2 complex is necessary for DNA synthesis in 
the S-phase, whereas cyclin A/Cdk1 and cyclin B/Cdk1 pairs are required for the 
G2-phase and mitosis, respectively [182]. 

The fact that DNA synthesis stimulated by growth factors is Ca2+-dependent and it 
is inhibited by drugs that block CaN activity, suggests that the NFAT signalling 
pathway may be involved in the cell cycle control. Indeed, NFAT can determine 
cell survival, proliferation or cell death, depending on the expression levels of 
isoforms and splicing variants and on the cell type in which they are being 
expressed [164]. 

In vitro and in vivo studies have shown that NFATc2 directly down-regulates 
cyclins A2 and E expression by suppressing cyclin A2 (Ccna2) and E promoters in 
pulmonary arterial smooth muscle [179] and in lymphocytes [183], respectively. 
Additionally, lymphocytes from NFATc2 deficient mice hyperproliferate, showing 
a shorter cell division period upon activation [163]. However, NFATc1 seems to 
be involved in cell cycle progression in VSMCs, via up-regulation of Ccna2, 
Ccnd1 and D3 expression, thereby leading to increases in Cdk2 and Cdk4 
activities [164, 184, 185]. Another target of NFAT regulation is the tumour 
suppressor gene p21 (the main Cdk inhibitor), whose expression is induced by 
both NFATc1 and c2 isoforms in mice keratinocytes [164] (Figure5). 

Besides this, NFATc3 and c4 have been implicated in apoptosis regulation. 
NFATc3 seems to have a protective effect under hypoxia condition in pulmonary 
vascular smooth muscle cells, whereas NFATc3 deficient mice displayed 
increased apoptosis in T-lymphocytes. However, NFATc4 promotes the survival 
of neurons and T-cells [164]. 

On the other hand, it is well known that Klf4 and Klf5, members of Krüppel-like 
factor (Klf) transcription factors family, influence proliferation of VSMCs and 
their phenotypic modulation. Both, Klf4 and Klf5 are important in cardiovascular 
remodelling and they have differential cellular effects, often opposing ones. 
Normally, Klf4 is associated with an anti-proliferative effect (growth arrest), 
whereas Klf5 with cell proliferation induction [186]. The mechanism through 
which Klf4 reduces the cell cycle progression, involves the up-regulation of p21 
expression (which acts in a p53-dependent manner) and the down-regulation of 
cyclins D and E. However, Klf5 increased the expression of Ccnd1, B1 and Cdk2, 
resulting in accelerated cellular proliferation [187]. 
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Regarding phenotypic modulation, it is established that Klf4 plays a key role in the 
VSMC phenotype switching from contractile towards a synthetic and/or 
inflammatory phenotype [187, 188]. In spite of the fact that Klf4 is usually not 
expressed in differentiated SMCs, it is up-regulated by PDGF and by blockers of 
CaN in VSMCs from rat carotid arteries, both in vitro and in vivo. The induction 
of Klf4 results in a down-regulation of the expression of contractile gene markers, 
including SM- -actin (Acta2), Tagln, Smothelin (Smtn), Cnn1 and the 
transcription factor myocardin (Myocd)[186, 188, 189], but also in an up-
regulation of cyclin-dependent kinase inhibitor-1A (CdkN1A or p21) and 
cytoskeleton related genes as the MMP3, MMP-9 and collagen-VIII (COL8) 
[188]. 

 

 

Figure 5. Simplified sketch depicting cell cycle regulation by NFAT proteins. Progression through the cell cycle 
requieres the sequential activation of specific cyclin/cyclin-dependent kinases (Cdk) complexes. Several negative cell 
cycle regulators exist, but the main Cdk inhibitor is p21. NFATc2 isoform negatively regulates the cell cycle by down-
regulation of cyclins and up-regulation of p21. In contrast, NFATc1 regulates the cell cycle positively by up-regulation 
of cyclins expression but negatively by induction of p21 expression. Non-dividing cells are in G0, whereas the 
interphase includes G1, S and G2. Mitosis and cell division  occur in M-phase. Adapted from [164]. 

Therefore, Klf4 works as negative regulator of contractile genes by mechanisms 
that include suppressing Myocd expression (a co-activator of SRF), direct 
interaction with SRF, or altering the surrounding sequence motif CArG box, a 
common denominator for those contractile genes [189, 190]. In contrast, Klf5 is 
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abundantly expressed in embryonic VSMCs, and is down-regulated during 
vascular development, but re-induced in proliferating neointimal VSMCs in 
response to vascular injury [186]. 

Even though the mechanism by which CaN blockers induce VSMC phenotypic 
modulation does not exclusively involve inhibition of NFAT activation, it has 
been demonstrated that in vivo treatment of rat carotid arteries with specific NFAT 
inhibitors leads to rise of KLF4 levels together with a down-regulation of VSMCs 
differentiation marker genes. Furthermore, it was shown that NFATc1 and c3 
proteins positively regulate smooth muscle myosin heavy chain (Myh11) and 
SM -actin, respectively. This evidence suggested that the NFAT signalling 
pathway participates in the phenotype switching of VSMCs [188]. 

All in all, phenotypic modulation of VSMCs is orchestrated by a coordinated 
molecular network in response to several physiological cues, which involve 
different signalling pathways, transcription factors, ROS, NOXs, microRNAs, 
among others [191]. For instance, it has been shown that hyperglycemic and 
diabetic conditions lead to down-regulation of KLF4 in VSMCs and arteries form 
diabetic mice or patients, and subsequently elevated expression of VSMCs 
differentiated marker genes by up-regulation of micro-RNAs as well as activation 
of different kinases [37, 192]. An important aspect is that proliferation and 
phenotypic modulation of VSMCs are critical components in the development of 
many vascular diseases, such as atherosclerosis. 
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Aims 

• To investigate the pattern of NFAT isoform expression in various vascular
beds.

• To investigate whether there is functional non-redundancy of NFAT
isoforms in the vasculature.

• To investigate whether NFAT activation may be a link between diabetes
and atherogenesis.

• To investigate whether in vivo pharmacological inhibition of NFAT has
any impact on plaque size and/or composition in STZ-induced diabetic
ApoE deficient mice (an atherosclerosis-prone T1D mouse model).

• To investigate whether in vivo pharmacological inhibition of NFAT had
any impact on plaque size and/or composition in IGF-II/LDLR–/–

ApoB100/100 mice (an atherosclerosis-prone T2D mouse model).

• To explore the potential link between the NFAT signalling pathway and
oxidative stress in the context of the IGF-II/LDLR–/–ApoB100/100 mouse
model.

• To investigate whether NFAT is expressed in mouse retinal microvessels
and human retinal microvascular endothelial cells.

• To determine whether NFAT activation is sensitive to changes in
extracellular glucose in retinal microvessels, both in vitro and in vivo, and
if so, to elucidate the activation properties in this tissue.

• To study the potential involvement of NFAT in the early changes leading
to diabetic retinopathy.
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Methods 

In this section, some of the methods and techniques used in this thesis are 
explained and discussed. Further information about materials and methods can be 
found in each paper. 

Animal models in biomedical research 

Animals are used in a variety of scientific disciplines. Species such as mice, rats, 
rabbits, pigs, guinea pigs have significantly contributed to the better understanding 
of many human diseases and are routinely used because they share important 
aspects of our physiology and pathophysiology. Rodents, and particularly inbred 
mice are the dominant model organism in biomedical research due to their genetic 
homogeneity which reduces the number of confounding factors [193]. Moreover, 
the large number of available genetically modified mouse strains offers the 
possibility of studying the effect of single genes. Additional advantages include 
their small size, short generation time, and relatively low costs. 

All research which involves animals must be approved by ethical committees, who 
critically review all aspects of animal handling and testing. Animal work should 
follow “The Three Rs", which are guiding principles for more ethical use of 
animals, defined in the early 1960s by Russel and Burch [194]. These 3 principles 
are Replacement, Reduction and Refinement. Replacement implies avoiding the 
use of animal models whenever this is possible or substituting them by alternative 
methods, such as cell culture models. Reduction refers to the use of a minimum 
number of animals; to either obtain information from fewer animals or obtain 
more information from the same number of animals. This should be accomplished 
without compromising the statistical power. Refinement refers to improving the 
conditions of breeding, housing and transportation, as well as improving the 
experimental procedures to minimize pain, suffering and distress in the animals, 
also by selecting non-invasive measurement techniques whenever possible. In 
addition, refinement takes into account the care of animals throughout the whole 
experiment as well as the methods chosen for euthanasia. Nowadays, a 4th R was 
added by Ronald Bank and it is being introduced in most legislations. This R 
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refers to Responsibility, which means to actively use scientific knowledge and to 
work to promote animal welfare [195]. 

Mice as a model for studying vascular complications in 
diabetes 

Although a big effort has been made by researchers to find or generate appropriate 
animal models representative of human diabetes and its complications, it has been 
difficult to recreate the disease as it is seen in humans and most often, animals 
only replicate the very early stages of diabetic complications.  

Every model used to explain biological phenomena have limitations and the mouse 
is not an exception. In the study of diabetes induced-atherosclerosis, we can point 
out the following limitations. First, most mouse strains are resistant to develop 
atherosclerosis. This has been attributed to a natural lack of the cholesteryl esters 
transfer protein (CETP) activity in mice. CETP plays a central role in lipoprotein 
metabolism, and its deficient activity in humans has been associated with an 
antiatherogenic state, whereas in rodents it has the consequence of low levels of 
plasma cholesterol (<2.5 mmol/L) on a normal diet [196]. Moreover, mice have a 
larger portion of HDL particles in which circulating cholesterol is transported, 
while in humans cholesterol is transported mainly in LDL particles [197]. 
However, through diet and genetic manipulation, it is possible to alter the lipid 
homeostasis and generate severe hyperlipidemia in mice, which leads to 
atherosclerotic lesion formation similar to that found in humans [198, 199]. 
Second, the site preferences for lesion development are different between humans 
and mice. The aortic sinus and aortic arch are the places where the majority of 
rodents develop atherosclerosis, whereas in humans, carotid, coronary and femoral 
arteries are the most prone regions to develop atherosclerotic plaques [200]. Third, 
diabetic rodent models do not develop very complex plaques that lead to plaque 
rupture in the late stage of atherosclerosis. Furthermore, most of the mechanistic 
information about atherosclerosis in mice is limited to the earliest stages of the 
disease (i.e. foam cell accumulation and fatty streaks), whereas the dominant 
mechanisms in the pathogenesis of fibrous plaque are less well understood [62]. 

Mouse models used in in vivo studies 

In spite of the points listed above, mouse models are still valuable for 
understanding the molecular basis and pathogenesis of diabetic vascular 
complications, as long as one is aware of their limitations. 
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In vivo chronic Hyperglycemia 

Epidemiological studies as well as in vitro and in vivo studies have shown that in 
addition to lipids, glucose has an important role in inducing vascular damage and 
in the development of atherosclerosis [46]. With the aim of studying the role of 
NFAT in development of vascular complications, we therefore used mouse models 
of chronic hyperglycemia. In mice, chronic hyperglycemia can be either induced 
chemically or genetically. 

The use of the antibiotic streptozotocin (STZ) is widely established for chemical 
induction of diabetes in different strains. STZ is a toxic glucose analogue, which 
causes insulinopenic diabetes because it considerably reduces insulin secretion 
from pancreatic -cells. STZ is taken up by GLUT2 glucose transporters on the 
pancreatic -cells and selectively destroy them through mechanisms that involve 
the formation of free radicals, ROS and alkylation of the DNA [201]. In spite of 
the fact that STZ causes effects resembling T1D, it does not totally replicate it, 
because it does not necessarily generate ketosis and insulin therapy is not always 
required for STZ treated mice [202]. Usually, STZ is administrated i.p. in mice, in 
multiple low-doses (20-60 mg/kg body weight per day) or alternatively as a single 
high dose (100-200 mg/kg body weight). The latest has more toxic effects due to 
the fact that STZ causes complete -cell necrosis and rapidly causes diabetes 
[202]. Moreover, it has been observed that the genetic background of the mice is 
critical for the development of hyperglycemia, with C57BL/6 being one of the 
most vulnerable when compared to other inbred strains 
(DBA/2>C57BL/6>MRL/Mp>129/SvEv>BALB/c) [203, 204]. In line with these 
comparisons, previous work from our group had previously also reported different 
susceptibility to STZ, with FVBN being even more susceptible than C57BL/6 
(FVBN>C57BL/6>BALB/c) [205]. Gender also has an effect on the response to 
STZ, with males being more susceptible than females [203]. One disadvantage of 
using STZ is the nonspecific toxic effects on other organs apart from the pancreas. 
Kidney tubular cells and hepatocytes are particularly vulnerable since they also 
express GLUT2 transporters, while endothelial and vascular cells are less likely to 
be affected given that they express GLUT1. As a consequence, STZ presents 
hepatotoxic and nephrotoxic effects [201]. 

In vivo acute hyperglycemia 

In order to investigate whether in vivo acute hyperglycemia could induce nuclear 
accumulation and activation of NFAT in whole retina and retinal vessels, we used 
in paper III a traditional intraperitoneal glucose tolerance test (IP-GTT) to raise 
blood glucose levels in mice. 



46 

IP-GTT is used to identify normal or impaired glucose metabolism. It measures 
the capacity of glucose clearance from the blood after a glucose load injected 
intraperitoneally (i.p; 2 g per kg of mice body weight), following a 16 hour fasting 
period. A normal healthy response is characterized by a blood glucose peak 30 
minutes after the i.p. injection after which levels return to basal within 2 hours. In 
order to measure potential changes in NFATc3 nuclear accumulation in response 
to acute hyperglycemia, mice were euthanized 30 minutes after i.p. glucose 
administration, whole retinas and retinal vessels were isolated and NFATc3 
nuclear accumulation was measured using confocal microscopy. Saline was used 
as vehicle control. To explore if a single peak of hyperglycemia is enough to 
induce NFAT-dependent transcriptional activity, the same experiments were 
performed in NFAT-luc reporter mice which were sacrificed instead 6 hours after 
the i.p. injection, sufficient time for the luciferase gene to be transcribed and 
translated. 

NFAT-luciferase mouse 

This is a transgenic mouse originally generated on a FVBN background. It is 
created with 9 tandem copies of the NFAT binding site (5’-TGGAAAATT-3’) 
from the IL-4 promoter positioned 5’ to a minimal promoter from the -myosin 
heavy chain gene (-164 to +12) and inserted upstream of a luciferase reporter gene 
[145]. The fact that it carries 9 copies of the NFAT-binding site considerably 
increases the probability that NFAT binds to it, leading to reporter gene 
transcription. Thus, this model is a tool to measure NFAT-dependent 
transcriptional activity. NFAT-luc mice are phenotypically normal. 

NFAT-luciferase (NFAT-luc) mice were used in papers I and III to determine the 
effects of acute hyperglycemia as explained in the previous paragraph, as well as 
to study the impact of diabetes (chronic hyperglycemia) and high fat diet (HFD) 
on NFAT transcriptional activity in various organs and vessels. 

Akita mouse 

The Akita mouse is characterized by a spontaneous dominant point-mutation in the 
insulin 2 gene (Ins2, mouse homologue of human proinsulin gene), that leads to 
pancreatic -cell apoptosis and severe hyperglycemia (>400 mg/dl or > 20 mM 
throughout life, more prominent in the male mice), hypoinsulinemia and 
polydipsia at 3-4 weeks of age. This mutation involves a replacement of the 
cysteine residue by tyrosine at the seventh amino acid of the A chain, causing 
proinsulin misfolding with subsequent endoplasmic reticulum stress, and 
ultimately pancreatic -cells apoptosis [206, 207]. 
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Interestingly, Akita mice, similar to STZ-treated mice, do not require exogenous 
insulin for survival since some -cells remain functional in the pancreas. 

Since heterozygous Akita mice have previously been established as a good model 
of diabetic retinopathy [208], in paper III, we used 8-week-old male Akita (Ins2+/-) 
and wild type littermates (WT, Ins2+/+) on C57BL/6J background to determine 
whether inhibition of NFAT could prevent or ameliorate the changes in retinal 
vascular permeability observed in the diabetic mice. For this, animals were treated 
with the NFAT blocker (0.29 mg/kg) or saline during 2 weeks. Additionally, in 
paper III, we generated Akita/NFAT-luc mice to monitor changes in NFAT-
dependent transcriptional activity in retinal vessels.  

NFATc2 mouse 

NFATc2 knockout (NFATc2-/-) mice were generated on a C57BL/6 background 
by genetically altering exon 3 of the NFATc2 gene, located on chromosome 2. A 
sequence of amino acids (390-438) in exon 3, that has been shown to be critical 
for DNA binding activity, was deleted and replaced by a cassette containing the 
neomycin drug resistance (neo) gene. In the homozygous mutant mice, this 
predicted mutant fragment is either not made or is rapidly degraded. NFATc2 
deficient mice were reported to grow up to normal size and they did not present 
any gross anatomical abnormalities, except that at 11-12 weeks of age the spleens 
were roughly 18% larger by weight than spleens from WT mice, but did not have 
differences in the histological architecture nor in the ratio of white to red pulp 
[209]. 

NFATc3 mouse 

NFATc3 knockout (NFATc3-/-) mice were generated on a BALB/c background by 
deletion of a region of the NFATc3 gene that encodes the DNA-binding domain 
(amino acids 535-592, exon 5) and replaced with a neomycin cassette (neo) gene. 
Although the NFATc3 deficient embryos tend to be smaller, they do not present 
any pathologic or histological abnormalities and they are healthy until at least 14 
months old. Curiously, NFATc3-/- mice were not born at expected Mendelian ratio, 
with heterozygous mating yielding only 12% rather than the expected 25%. 
However, their lifespan was normal [210]. 

In paper II, to explore whether NFAT inhibition affected the expression of 
oxidative stress related genes under controlled oxidative stress environment, we 
used VSMCs explants from competent NFATc3 mice. In addition, to measure if 
NFAT inhibition had impact on the oxidative stress status (H2O2 and ROS/RNS 
levels) generated by high glucose, VSMCs explants from both NFATc3+/+ and 
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NFATc3-/- mice were used. In paper IV, were used VSMCs explants from 
NFATc3+/+, NFATc3-/- ,NFATc2+/+ and NFATc2-/- to study the role of these two 
NFAT isoforms in the regulation of vascular smooth muscle gene expression. 

In vivo chronic hyperglycemia in dyslipidemic backgrounds 

ApoE deficient mouse (ApoE-/-) 

The ApoE protein is a structural component of almost all lipoproteins (except 
LDL), that is synthesized by the liver, the brain, the adipose tissue and 
macrophages. ApoE plays an important role in lipoprotein removal from the 
plasma to the liver, contributing to maintained normal plasma lipids levels [211]. 
Consequently, ApoE-/- mice have a delayed clearance of lipoproteins, causing 5-
fold increment in plasma cholesterol levels, even with a normal chow diet (in 
average 400 mg/dL vs. 85 mg/dL in ApoE competent mice), regardless the age or 
sex of the animals [212]. The lack of ApoE results in accumulation of 
chylomicrons and VLDL remnants, which leads to the development of extensive 
atherosclerotic lesions in the aortic arch and its branches, as well as in the thoracic 
aorta, albeit to a lesser extent [196]. The ApoE deficient mouse presents the entire 
sequential events involved in lesion formation during atherogenesis, except for the 
plaque rupture, which is a fairly common event in humans [213]. The severity of 
the atherosclerotic lesions increase with the age of ApoE-/- mice. As early as 6-8 
weeks of age, adhesion of monocytes to the endothelium has been reported. At the 
age of 9-10 weeks, lipid deposits and fatty acid streaks appear, followed by 
progression to mature fibrous plaques between 15-20 weeks of age [213-215]. 

STZ-treated ApoE deficient mice have been used for studies of diabetic 
macroangiopathy, since mice exhibit increased lesion area and accelerated 
atherosclerosis lesion formation characteristics of human macroangiopathy [199]. 
Even though there are robust studies supporting the fact that glucose is an 
independent risk factor for the generation and progression of atherosclerosis [49, 
216], the effect of high glucose in lesion initiation is overshadowed under severe 
dyslipidemia conditions (cholesterol > 600 mg/dL or 16 mM), in which 
atherosclerosis is primarily driven by lipids [49]. Therefore, a mouse model with 
moderate basal plasma cholesterol levels would be preferable to study the impact 
of hyperglycemia on atherosclerosis. Therefore, to avoid the confounding effects 
of hyperlipidemia, in paper I we used 22 week old ApoE-/- mice (with C57BL/6 
background) fed with normal diet to keep the cholesterol levels within acceptable 
ranges (400-600 mg/dL; 10.7-16 mM). In order to study whether the NFAT-
signalling pathway is involved in diabetes-driven atherosclerosis, control and 
diabetic ApoE-/- mice were treated either with the NFAT blocker A-285222 (0.29 
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mg/kg) or saline during 1 or 4 weeks. We also used this model in paper III, where 
OPN expression levels were measured in retinal vessels from control and diabetic 
ApoE-/- mice. 

IGF-II/LDLR-/-ApoB100/100 mouse 

This is a novel mouse model obtained by crossbreeding LDL receptor deficient 
mice (LDLR-/-) that only expresses apolipoprotein B100 (ApoB100/100; genetic 
background 75% C57BL/6 and 25% 129/SvJae) with C57BL6/SJL mice 
overexpressing insulin-like growth factor II (IGF-II) in pancreatic -cells for at 
least 10 generations, maintaining the mice in a C57BL/6 background [217]. The 
LDLR is important for lipoprotein homeostasis, because it is involved in clearing 
LDL and lipoprotein remnants containing ApoE as well as regulating hepatic 
lipoprotein production. As a consequence, the absence of LDLR mainly affects 
lipoprotein uptake and clearance, resulting in a preponderance of LDL as the 
cholesterol carrying plasma lipoprotein. LDLR deficient mice require HFD 
supplementation to accumulate larger very low density lipoprotein 
(VLDL)/remnant lipoproteins, to get higher cholesterol levels (much higher than 
even the chow fed ApoE-/- mice) and therefore develop significant atherosclerotic 
lesions. In this way, lesions are not only limited to old LDLR-/- animals, but also 
develop in young animals [197, 200]. To best recreate the human-like lipoprotein 
profile defined by increased LDL and decreased HDL serum levels, LDLR-/- mice 
that exclusively synthesize ApoB100 (LDLR-/-ApoB100/100) can be generated by 
either inhibition of the synthesis of apolipoprotein B48 (apoB48) or by preventing 
enzymatic editing of ApoB mRNA [196]. The LDLR-/-ApoB100/100 mouse used to 
generate the IGF-II/LDLR-/-ApoB100/100 mice were purchased from Jackson and 
have a CTA to TTA mutation in codon 2153 in sequences corresponding to the 
apoB48 editing codon, yielding mice lacking apoB48 [218]. ApoB100 is the 
apolipoprotein of chylomicrons, VLDL, ILDL (intermediate-low density 
lipoprotein) and LDL, responsible for carrying lipids, including cholesterol, to the 
cells through linking with LDL receptors present on the cells surface. In 
consequence, LDLR-/-ApoB100/100 mice have a background prone to develop 
atherosclerosis. 

IGF-II is a growth-promoting polypeptide, which shares a high degree of structural 
homology with insulin. IGF-II is expressed during the embryonic development but 
the level decreases considerably after birth and is very low in adult rodents. In 
transgenic mice overexpressing IGF-II in pancreatic  cells, autocrine or paracrine 
interaction of IGF-II with either IGF-I receptor or insulin receptor in islets may 
lead to increased  cell proliferation and development of early hyperplasia, which 
leads to hyperinsulinemia [219]. 
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All in all, IGF-II/LDLR-/-ApoB100/100 mice have insulin resistance, mild 
hyperglycemia and hypercholesterolemia, with a human-like hypercholesterolemic 
lipid profile. Moreover, they develop calcified and complex advanced 
atherosclerotic lesions with less organized structure, larger necrotic core and 
thinner fibromuscular cap. Another important feature is the fact that plasma lipids 
levels remain identical to those in non-diabetic control LDLR-/-ApoB100/100 mice 
[196, 217]. Furthermore, it has been shown that IGF-II/LDLR-/-ApoB100/100 animals 
receiving a Western diet for three months develop thicker atherosclerotic plaques, 
allowing for additionally exacerbating the diabetic phenotype by means of simply 
altering the diet [217]. 

With the aim to investigate whether NFAT inhibition has an effect on 
atherosclerosis in T2D, in paper II, we used IGF-II/LDLR-/-ApoB100/100 mice. Two 
separate studies were carried out with young (10 to 16 weeks old) and old (46 to 
74 weeks old) mice, fed with high fat Western diet (TD 88137, Harlan Tekland: 
42% of calories from fat; 0.15% from cholesterol) during 8 weeks. After 4 weeks 
on diet, mice were treated either with the NFAT blocker A-285222 (0.29 mg/kg) 
or with saline as control, for 4 additional weeks. 

Determination of metabolic parameters 

Total plasma cholesterol and triglycerides levels in mice undergoing the different 
experimental protocols in papers I and II, were determined in blood samples by 
colorimetric assays (InfinityTMCholesterol and InfinityTM-Triglyceride) either 
before (paper II) or after treatments with the NFAT blocker (papers I and II). 
Plasma insulin and OPN levels were measured after overnight fasting at the end of 
treatments using Mercodia mouse insulin ELISA kit and Quantikine mouse OPN 
ELISA kit, respectively. All assays were performed according to the 
manufacturers’ instructions and the lower limits of detection were 0.2 μg/L for 
insulin and 5.7 pg/mL for OPN. 

NFAT inhibitors 

Commonly, the way to study the involvement of one signalling pathway in 
physiology and pathophysiology, is through pharmacologically blocking or 
genetically eliminating intermediary elements in that pathway. In the studies 
carried out in the four papers included in this thesis, we have used both strategies. 
As mentioned before, knockout mice for NFATc2 and c3 isoforms were used and 
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in addition, in vivo and in vitro pharmacological inhibition of NFAT was 
employed. 

Traditionally, potent immunosuppressant drugs such as cyclosporine A (CsA) and 
tacrolimus (FK506), have been used to study the NFAT signalling pathway. These 
drugs have been widely used in the clinic for organ transplant and for treatment of 
autoimmune diseases [220, 221]. Both are fungal metabolites, and in spite of 
having very different molecular structure, their mechanism of action, biological- 
and side-effects are very similar. CsA and FK506 bind to the cytosolic 
immunophilin proteins cyclophilin A and FK506-binding proteins, respectively. 
The resultant drug-protein complex binds tightly to CaN between the catalytic and 
regulatory subunits and blocks its phosphatase activity by preventing substrate 
access [220]. Thus, CsA and FK506 inhibit all down-stream targets of CaN, 
including NFAT, which may contribute to the broad and serious side-effects 
observed (i.e. neurotoxicity and nephropathy) [222, 223]. By blocking the 
phosphatase activity of CaN, CsA and FK506 prevent the subsequent 
dephosphorylation of NFAT and its translocation to the nucleus [220, 222]. 

Since these drugs are not only affecting NFAT activation, the peptide VIVIT was 
developed as a more specific NFAT blocker. VIVIT selectively blocks the 
calcineurin-NFAT interaction through binding to one of the two docking sites on 
CaN with high affinity via the consensus sequence PxIxIxT [224]. As a result, 
VIVIT prevents NFAT activation without compromising the phosphatase activity 
of CaN and without affecting other down-stream targets of CaN [222]. However, 
the in vivo use of VIVIT is limited due to its hydrophilic characteristic that hinders 
its passage across cell membranes. 

Another more recently reported inhibitor of this signalling pathway is 
tributylhexadecylphosphoniumbromide (THPB), which has been shown to inhibit 
NFAT-dependent reporter activity as well as the expression of IL-2 in Jurkat cells 
[225] and inflammatory genes in the kidney of diabetic rats [226]. Even though the 
molecular mechanism underlying this inhibition are still unclear, THBP seems to 
indirectly prevent NFAT nuclear accumulation by suppressing the phosphorylation 
of p70S6K a protein kinase that induces protein synthesis in the ribosome and that 
has been suggested to interact with NFAT [225]. 

While searching for novel and safer immunosuppressant drugs, a small, 416 
Daltons organic cell-permeable molecule A-285222 (Figure 5) was identified as a 
potent NFAT inhibitor. A-285222, also called BTP-19 belongs to a series of 3,5-
bis-trifluoromethyl pyrazoles (BTP) and was found to have superior 
pharmacokinetics properties when compared to all other 20 BTP compounds 
synthesized. For instance, it has long half-life between 6-8 hours and relatively 
low plasma protein binding [227]. A-285222 maintains NFAT in a phosphorylated 
state, blocking its nuclear import and subsequent transcriptional activity [228]. As 
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opposed to other commonly used immunosuppressant drugs, A-285222 inhibits 
NFAT activity without affecting CaN phosphatase activity, as demonstrated by the 
inability of A-285222 to block the in vitro dephosphorylation of other CaN 
substrates including the type II regulatory subunit of PKA and the transcription 
factor, Elk-1 [227, 228]. 

Figure 5- Chemical structure of A-285222. Adapted from [229]. 

Even though the exact mechanism of action of A-285222 is not clear, it does not 
affect NF-κB or AP-1 activation or the activity of nuclear export kinases such as 
GSK-3, JNK2 and p38 [228]. Unpublished EMSA (electrophoretic mobility shift 
assay) data from our lab showed that A-285222 has no effect on the activation of 
NF-κB, AP-1 or Oct in mouse aortic VSMCs. Previous studies in cynomolgus 
monkeys had shown that A-285222 is well tolerated and did not cause 
neurological effects when the plasma concentration is maintained below 4 mg/mL 
(9.6 μM), a level which was achieved by oral administration of the drug twice 
daily at 5–7.5 mg/kg body weight [230]. In paper I we demonstrate that plasma 
levels of A-285222 sufficient to reduced atherosclerosis were much lower and 
only reached 100–200 nmol/L 2 hours after administration (0.15–0.29 mg/kg 
body). As in previous studies from our lab, this dose was well-tolerated [205], 
[165, 231, 232]. 

Histological evaluations of atherosclerotic plaques and 
their composition 

In order to evaluate the atherosclerotic lesion status in several vessels from 
different mice models and to monitor the in vivo effects of the NFAT blocker on 
atherosclerosis, the aorta, the aortic root and brachiocephalic arteries were 
isolated, fixed and stained for quantification of several parameters. 
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Atherosclerotic lesion was assessed in paper I by en face preparation of the aortic 
arch and the descending aorta from diabetic and non-diabetic ApoE-/- mice treated 
for 4 weeks with A-285222 or saline. Briefly, descending aortas were fixed and 
stained with the fat-soluble dye Oil-red-O (ORO). Lipids were stained red, which 
makes the plaques bordeaux-colored. Stained plaque area and total aortic area 
were quantified under blinded conditions using a computer-aided morphometry 
software (Image-Pro Plus, Media Cybernetics, Bethesda, MD) [233]. Plaque size 
was expressed as ORO stained area as percentage of total aortic arch area or total 
descending aorta area. This technique allows an overview of lesion severity and 
location in the aorta. 

An alternative method for measuring lesion size is the determination of cross-
sectional plaque area in aortic roots and in arteries. To fully understand the 
pathogenic process of atherosclerosis it is important not only to quantify the lesion 
area, but also the plaque composition changes. This method allows quantifying 
changes for instance in collagen and elastin content within the lesion as well as in 
the media layer of the artery. Content of those components, among others, are 
related to plaque stability. A stable plaque phenotype is associated with high 
collagen content in the lesion, whereas unstable and plaques prone to rupture have 
lower collagen content. 

In paper I, sections from the aortic root were stained with Harris hematoxylin to 
easily determine lesion borders, media and lumen areas, whereas in paper II they 
were determined based on the Mayer's hematoxylin & eosin staining in sections 
from the aortic root and the brachiocephalic artery. In paper II, plaque and media 
contents of smooth muscle, collagen and elastin were assessed through Elastin van 
Gieson (EvG) staining. In paper I collagen was determined by modified Masson's 
trichrome staining [233], whereas immunohistochemistry technique was used for 
determining SM -actin and macrophage content (MOMA-2; 
monocyte/macrophage2) in the aortic root sections (paper I and paper II) and 
brachiocephalic artery sections (paper II). No staining was observed when the 
primary antibody was omitted from the protocol. Collagen, elastin, SM -actin, 
media thickness (paper II) and MOMA-2, were quantified under blind conditions 
using BioPix iQ2.3.1 software. Sections were counterstained with Harris or 
Mayer's haematoxylin in paper I and II, respectively, to determine the lesion area 
and data were expressed either as percentage of plaque area or as percentage of 
media area. 

In paper I, expression of OPN and TF was evaluated also in aortic root sections 
through confocal immunofluorescence microscopy as it was described in [205]. 
The examination of sections was done under blinded conditions at 20X in a 
ZeissLMS 5 Pascal laser scanning confocal microscope and the mean of 
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fluorescence intensities of OPN and TF in the aortic root was calculated using the 
Zeiss LSM 5 Analysis software and ImageJ (version 1.47 m), respectively. 

Ultrasound evaluation of atherosclerosis 

Ultrasound biomicroscopy (USB) is a non-invasive technique that has recently 
been validated for following lesion progression in atherosclerotic mice. Due to the 
very high heart rate and small size, few imaging techniques are adequate to study 
cardiovascular function in mice [234]. The imaging device consists of a high 
resolution scan head, which has a high probe frequency (between 30-70 MHz), 
limited maximum penetration depth (around 1.2-1.8 cm) and a resolution nearly 
reaching that of light microscopy [234, 235]. This allows the measurement of 
atherosclerotic lesion progress through accurate real time images in individual 
animals. The USB protocol has been used and validated for monitoring the 
initiation, growth and regression of plaque lesion in the aortic root, carotid and 
brachiocephalic arteries from several atherosclerotic mouse models [234-237]. All 
these previous studies have revealed good correlation between cross-sectional 
plaque areas determined by USB and by histology. 

In paper II, brachiocephalic plaque size and lesion progression were assessed non-
invasively by USB in young and old IGF-II/LDLR-/-ApoB100/100 mice before and 
after treatment with the NFAT blocker A-285222. For that, we used a Vevo2100 
ultrasound system (Visualsonic, Toronto, Canada) with a transducer frequency of 
40 MHz, which provided a theoretical high resolution of 40 μm at a frame rate of 
32 Hz. Before scanning, animals were anesthetized with isoflurane and were then 
maintained under light anaesthesia during the procedure (4.5% isoflurane 450 mL 
air for induction and 2% isoflurane 200 mL air for maintenance). The hair from 
the anterior chest wall was removed using chemical hair remover and ultrasound 
transmission gel was applied to guarantee optimal image resolution. The 
brachiocephalic artery was visualized in a cross-section short-axis and the lesion 
measured within the proximal 200 m of the vessel from its bifurcation from the 
aortic arch. Loops of at least 100 frames were stored and the frame with the largest 
plaque was chosen for off-line analysis. 

USB is a very useful tool for longitudinal studies due to the fact that arteries can 
be monitored all along the experimental protocol. Consequently, it is not necessary 
to sacrifice animals at various time points and therefore it requires fewer animals 
than those needed for histological plaque assessments. However, the main 
limitations of the technique are the intra- and inter-observer variabilities. For this 
reason, it is recommendable that measurements are done at least on two different 
occasions by the same operator to minimize user dependency. Ideally, 



55 

measurements should be done by a second observer to evaluate the inter-observer 
variability [235]. In our case, plaque size measurements were performed twice by 
an expert operator blinded to the animal identity and treatment. The intra-observer 
coefficient of variance (calculated by dividing the standard deviation by the mean 
and multiplying by 100 [234], for the brachiocephalic plaque size was 2.7%. 

It has been reported that USB can yield slightly larger plaque values than those 
measured by the histology, due to the ex vivo shrinkage of the histological 
preparation during fixation [234]. 

Cell based procedures 

As a complementary approach to the in vivo experiments, we used cultured 
splenocytes (in paper I), VSMCs from the thoracic aorta (in paper II and IV), 
human microvascular endothelial cells (HMEC) (in paper II), human retinal 
microvascular endothelial cells (HRMVEC) and human umbilical vein endothelial 
cells (HUVEC) (both in paper III). As mentioned above, even though the cell 
culture cannot substitute the in vivo experiments, it is a useful alternative 
technique in several situations. 

Cell cultures present several advantages, among others, the culture environment 
can be strictly controlled (pH, temperature, ppO2 and ppCO2) and cells can be 
cryopreserved and used when needed. The cell culture is a reductionistic model 
that enables studies with molecular and mechanistic approaches. In addition and 
most importantly, cell culture implies a reduction in the number of animals used 
(being in line with the 3Rs principle). The most difficult part of the cell culture 
technique is to recreate the fully characteristics that they have in situ, in the animal 
and to preserve sterile aseptic conditions to avoid chemical and microbial 
contamination. Furthermore, cells can naturally change their phenotypic 
characteristics from the original tissue (dedifferentiation) when removed from 
their physiological context as well as after several passages. Although pros and 
cons, the outcomes obtained from cell cultures must be assessed in the whole 
animal where all the cell types and mediators interact to control physiological 
mechanisms [238]. 

Single cell suspensions of splenocytes were prepared from the spleen of diabetic 
and control ApoE-/- mice treated with A-285222 or vehicle for one week (in paper 
I). The spleen was pressed through a 70 μm cell strainer and the suspension was 
cultured in medium containing 10% heat-inactivated FCS, 1 mM sodium 
pyruvate, 10 mM Hepes, 50 U of penicillin, 50 μg/mL streptomycin, 0.05 mM -
mercaptoethanol and 2 mM L-glutamine. The same procedure was applied for 
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splenocytes from C57BL/6 control mice treated with A-285222 or vehicle for four 
weeks (in paper I). 

Primary cultures of VSMCs were obtained from thoracic aorta explants from 
NFAT competent and NFATc2 or NFATc3 deficient mice (in papers II and IV). 
VSMCs were cultured in DMEM/HAM´s F-12 (1:1) medium supplemented with 
15% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/mL penicillin and 50 
μg/mL streptomycin and were kept in a water-jacketed incubator at 37°C and 5% 
CO2. 

Oxidative stress environment induction and ROS/RNS levels 

In order to determine whether NFAT inhibition could modulate gene expression 
pattern in VSMCs under oxidative stress conditions, we stimulated cells with 
strong oxidative stress inducers. For this, in paper II VSMCs from NFATc3+/+ and 
NFATc3-/- mice (between passages 10-15) were seeded in 24-well plates (7.5 x 104 
cells/well) and cultured for 24 hours in DMEM containing 5 mmol/L D-glucose 
and supplemented with 10% FBS before stimulations. As oxidative stress 
inducers, hydrogen peroxide (H2O2, 500 μmol/L) or 3-Morpholinosydnonimine 
hydrochloride (SIN-1, 100 μmol/L) were used. H2O2 induced production O2

•- in 
VSMCs by activating NOX, whereas, SIN-1 induced peroxynitrite (ONOO.-) 
formation upon decomposition into O2

•- and •NO in aqueous solution. After 
stimulating VSMCs with oxidative stress inducers during 48 hours in the presence 
or absence of NFAT blocker (A-285222, 1μM), cells were harvested for gene 
expression analyses. 

In addition, H2O2 levels were measured in the culture media 24 hours after 
incubation of VSMCs or HMEC, in high glucose conditions (25 mM) either in the 
presence or absence of A-285222 (1μM). Cells were cultured in 96-well plates 
(1x104 cells/well). H2O2 levels released from the cells were measured by 
Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit. The Amplex® Red 
reacts with H2O2 in presence of peroxidase (horseradish peroxidase, HRP) in a 1:1 
stoichiometry, producing resorufin, a red fluorescent-oxidation product, which 
fluorescence intensity is proportional to the level of H2O2 generated by cells. 
ROS/RNS levels produced by VSMCs from NFATc3+/+ and NFATc3-/- mice 
cultured in high glucose conditions (25 mM) were measured in the cell culture 
media after 48 hours incubation. Total ROS/RNS free radical activity was assessed 
by an indirect method using OxiSelect™ In Vitro ROS/RNS Assay Kit. This assay 
employs a specific ROS/RNS probe (DCFH-DiOxyQ), which in its reactive state 
(DCFH) can interact with ROS and RNS species from the sample. This interaction 
leads to rapid oxidation of DCFH into DCF and fluorescence emission, whose 
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intensity is proportional to the total free radical activity, translated in ROS/RNS 
levels. 

NFATc2 and NFATc3 transfection 

In paper IV, one objective was to study the impact of NFATc2 and NFATc3 
deletion or their overexpression on vascular smooth muscle gene expression and 
proliferation rate. Therefore, thoracic VSMCs (between passages 4 to 11) from 
NFAT competent, NFATc2 and NFATc3 deficient mice were cultured (5x104 
cells/well, seeded in 24-well plates) in antibiotic free DMEM/HAM´s F-12 (1:1) 
medium supplemented with 15% FBS and 2 mM L-glutamine during 24 hours. 
The following day, thoracic VSMCs were transfected either with pNFATc2-EGFP 
or pNFATc3-EGFP plasmids (0.8 μg or 1 μg of plasmid DNA), complexed with 
Lipofectamine® 2000 (1.6 μL or 2 μL) in antibiotic and serum free culture 
medium. Transfection complexes were removed after 4 hours, and cells were 
incubated for another 20 hours in fresh antibiotic and serum free culture medium. 
At 24 hours after the transfection start, cells were cultured for 7 days in medium 
supplemented with serum, L-glutamine and antibiotics (50 U/mL penicillin and 50 
μg/mL streptomycin). Transfection efficiency was determined by measuring 
EGFP fluorescence using a Zeiss LSM 5 laser scanning confocal microscope. 

Proliferation of splenocytes and VSMCs 

With the aim to study whether NFAT inhibition affects the capacity of immune 
cells to proliferate, in paper I, we used thymidine incorporation technique to 
measure proliferation. Hence, splenocytes were cultured (2x105 cell/well, seeded 
in 96-well plates) with T cells activators, such as concavalin A (ConA, 2.5μg/mL; 
Sigma-Aldrich) or CD3/CD28 beads (beads to cell ratio 1:1; Invitrogen, Life 
Technologies, Carlsbad, CA) for 88 hours. Splenocytes incubated without 
mitogens were used as controls. 

To determine the differential role of isoforms NFATc2 and NFATc3 in a basic 
cellular function as is proliferation, in paper IV, we used thymidine incorporation 
technique to measure proliferation in control and transfected thoracic VSMCs 
(5x103 cells/well, seeded in 96-well plates). 

In this technique radioactive thymidine (3H-Thymidine) is incorporated into the 
new strands of DNA upon cell division. As a consequence, the amount of 
incorporated thymidine increases with increased proliferation rates. Radioactive 
thymidine (methyl-3H, PerkinElmer; 1μCi) was added to splenocytes during the 
last 16 hours and to the VSMCs during the last 24 hours of culture. Splenocytes 
and VSMCs were cultured for 88 and 48 hours, respectively. Thymidine 
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incorporation into the cells was ended by freezing the cell culture before 
harvesting them on a glassfiber filter (Printed Filtermat A; Wallac Oy, Turku, 
Finland). Later, the amount of thymidine incorporated into the cells was assessed 
with a liquid scintillation counter (Wallac, TRILUX 6DET1450021), which 
measures the energy emitted by the radioactive substance, and it was expressed as 
counts per minute (cpm). 

NFAT transcriptional activity 

The increment in NFAT nuclear accumulation does not always translate directly 
into increased NFAT-dependent transcriptional activity. This is because the 
availability of co-factors and the inadequate exposure of DNA can limit the 
possibility of NFAT to induce transcription. Here, we have used a luciferase 
reporter assay to study the basal level of NFAT-dependent transcriptional activity 
in diverse organs and to explore how high glucose or other stimuli affect the 
NFAT-dependent transcriptional activity in different vessels. 

Luciferase is an enzyme that catalyses the reaction of luciferin and ATP to 
produce light. Luciferase reporter assay reflects transcriptional activity of all 
NFAT isoforms (NFATc1-c4) since all of them have the ability to bind to the 
NFAT binding site from the IL-4 promoter inserted upstream of luciferase reporter 
gene. 

In paper I, we used control and diabetic NFAT-luc mice treated with A-285222 
(0.15 mg/kg) or saline for 16 days to measure luciferase activity in the aortic arch, 
spleen, thymus, brain, heart, liver and kidney. In paper III, we determined the 
luciferase activity in intact retinas and in isolated retinal vessels from NFAT-luc 
mice and Akita/NFAT-luc mice subjected to acute (6 hours after IP-GTT) and 
chronic hyperglycemia. 

An aliquot of the homogenized tissue in lysis buffer was added to luciferase 
substrate reagent containing ATP and luciferin. Optical density was measured 
using a Tecan Infinite M200 instrument (Tecan Nordic AB, Mölndal, Sweden) and 
data were normalized to protein concentration and results were expressed as 
relative luciferase units (RLU/μg protein). 

Quantitative and absolute PCR 

Real-time polymerase chain reaction (RT-PCR) is a powerful and often used 
technique in the research field of molecular medicine and biotechnology for 
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measuring gene expression. It combines amplification and detection of target 
genes in a single step. Detection is achieved using either gene-specific fluorescent 
probes (in TaqMan technique) or a generic fluorescent dye that intercalates non-
specifically into double stranded-DNA (SYBR Green technique). PCR product 
concentration correlates with fluorescence intensity. Target amplification is first 
detected and is referenced as cycle threshold (Ct), which is the point at which 
fluorescence intensity exceeds the background fluorescence. Hence, this is an 
important value used for quantifying levels of gene expression. The greater the 
quantity of target DNA in the biological sample, the earlier an increase in 
fluorescence signal will appear, generating a lower Ct [239-241]. 

RT-PCR is a simple, sensitive and specific technique. It does not need a post-
amplification manipulation and it allows comparison between RNAs that could 
differ in abundance into 7 to 8 orders of magnitude. However, it requires 
expensive equipment and reagents [239, 240]. 

Basically, there are four general steps performed for measurement of gene 
expression using RT-PCR: RNA extraction from biological sample, cDNA 
synthesis, real-time PCR data acquisition and data analysis. 

In our research, in the first step, total RNA from different tissues was isolated 
through organic extraction using TRI Reagent BD or RNeasy® Plus Mini Kit with 
spin columns for cultured VSMCs. Then, isolated RNA quantity and integrity 
were measured, since high quality, DNA-free and non-degraded RNA are needed 
for successful and accurate measurements. To avoid introduce more variability to 
the inherent variation in RNA yield from biological samples [239] special care has 
been taken during the purification process and RNA storage since the RNA is 
rather unstable and easily degraded. 

In the second step, a single-stranded complementary DNA copy (cDNA) of the 
RNA is performed through the reverse transcription reaction. This reaction entails 
a source of variability due to the fact that the efficiency of the reverse transcription 
can be affected by different factors, such as the RNA quality. Small presence of 
any contaminates, for instance alcohol, phenol, etc, carried over the RNA isolation 
process can introduce variability in the reverse transcription reaction efficiency. 
Another source of variability is the priming method chosen for the synthesis of 
cDNA, which can be either target specific-gene or non-specific (random hexamer 
primers, oligo-dT or a combination of both). Most importantly, RT-PCR results 
are comparable only when the same priming strategy and reaction conditions are 
used [239, 241]. 

For target specific primers, one reaction per each interesting gene must be done. In 
all papers where quantitative PCR was used for lots of different target genes, RNA 
isolation from different tissues was followed by reverse transcription using 
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random hexamer primer. In paper III, cDNA synthesis for NFAT family members 
was done with oligo-dT primers to lower the risk of detecting genomic DNA. The 
oligo-dT primer starts the reverse transcription on the poly-A tail which is present 
only in mRNA templates. Consequently, it is a particularly good primer for 
studying gene expression from mRNA. However, the reverse transcription from 
RNA to cDNA might not be successfully completed for the whole mRNA 
template [239, 241]. Particularly, the cDNA yield could be significantly lower for 
long genes, where the interesting sequences are far away from the poly-A tail. In 
those cases, the use of random hexamer primers might be advantageous as they 
can initiate the conversion in random locations. Moreover, random hexamer 
primers must be used for synthesizing cDNA from ribosomal RNA, as in the case 
of 18S. 

The third step is characterized by the quantitative detection of amplicons. For 
target sequence amplification, synthesized cDNA was used as a PCR template and 
sequence-specific fluorescent probes from TaqMan Gene Expression assays. 
Probes are labelled with a fluorophore on the 5' and a quencher dye on the 3', 
which reduces fluorescence when the probe is intact. During the extension step of 
the PCR, which in our case consisted of 40 cycles, the Taq polymerase included in 
the assay hydrolyzes the probes bound to target sequences, resulting in increased 
fluorescence emission [240]. 

In the four papers, cDNA was amplified on a 7900HT TaqMan System or Quant 
Studio 7 Flex System instrument (Applied Biosystems, Carlsbad, CA) using 
different TaqMan Gene Expression assays to measure expression changes in 
inflammatory response targets in the aortic arch (paper I), the aorta (paper II) and 
retinal vessels (paper III); in adhesion molecules targets in the aortic arch (paper I) 
and retinal vessels (paper III); in oxidative stress targets in the aorta and VSMCs 
(paper II); in the whole retinal structural markers genes (paper III); in all NFAT 
isoforms in the arterial vascular beds of mouse and in transfected VSMCs (paper 
IV). 

To have a reliable internal control of RNA and cDNA synthesis, PCR 
amplification of housekeeping genes (HKG) were also performed. Even though 
HKG are preserved reference genes, it has been shown that their expression can be 
affected by the experimental treatments, biological process and even different 
tissues[240]. For that reason, in all papers we have selected different HKGs, such 
as HPRT (Mm0046968_m1), -actin (Mm00607939_s1), Cyclophilin B 
(Mm00478295_m1), 18S (Hs999999021_s1) and GAPDH (4352339E), which 
have previously been tested in our lab and deemed stable under experimental 
conditions used in our studies . 
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Another essential control which must be included in the experimental design, is 
the non-template control (containing only water) in order to confirm the absence 
of any contamination with nucleic acid in the reagents. 

Generally, the fluorescence curve from RT-PCR reaction has a sigmoid shape with 
four phases: linear ground phase, early exponential phase, log-linear (also called 
exponential) phase, and plateau phase [240, 241]. In the first phase, the 
fluorescence emission is below the background level, whereas in the early 
exponential phase, the amount of fluorescence emitted is detected, when it has 
reached the threshold and it exceeds the background. The cycle at which this 
occurs is known as Ct and this value is used to calculate the gene expression 
results [240]. Ct value is representative of the starting copy number in the original 
template. Lower Ct values are associated with a higher number of amplicons, 
which means fewer cycles of amplification are required for the fluorescence to 
reach the threshold level of detection. During the log-linear phase there exists an 
optimal amplification period in which the PCR products are duplicated after each 
cycle. In the plateau phase, there is an attenuation in the rate of product 
amplification, which is reached when some of the reagents become limited [240]. 

Regarding the analysis of data, we used relative quantification in all papers and 
absolute quantification in paper IV to determine NFAT isoform expression in 
VSMCs and in different vascular beds from C57BL/6 mice. For that, thymus 
cDNA was amplified using specific assay of TaqMan gene expression for each 
NFAT isoform. The thymus was chosen to create standard curves because all 
NFAT isoforms are expressed at good level in it. Then, PCR products were 
isolated using NucleoSpin Gel and PCR Clean-up kit  and concentrations were 
determined spectrophotometrically (NanoDrop ND-1000). A standard curve was 
generated with ten-fold serial dilutions with known copy number input per well for 
each of the NFAT isoforms. The standard curves produce a linear relationship 
between Ct value and copy number, allowing the calculation of input copy number 
for each unknown sample. Equal amplification efficiencies were assumed in all 
standards and samples. 

For relative quantification changes in sample gene expression are expressed in 
relation to a reference gene (HKG). The relative quantification strategy does not 
require a standard curve and we used the comparative Ct method as a 
mathematical model (R= 2 -[ Ct samlpe - CtHKG] or R= 2-[ Ct]) [241] to calculate 
changes in gene expression. 

In addition, we also used a custom RT2 Profiler PCR Array in paper IV to analyse 
expression changes in a panel of 42 genes related to the modulation of phenotype 
and function of VSMCs. RT2 Profiler PCR Arrays is a reliable system which take 
the advantage of the combination of real-time PCR performance and the ability of 
microarrays to detect the expression of abundant and rare genes simultaneously. In 
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this opportunity, total RNA from cultured thoracic transfected VSMCs was 
extracted using RNeasy® Plus Mini Kit and cDNA was synthesized with RT2 First 
Strand Kit, in which a combination of oligo-dT and random hexamer primers was 
used. The cDNA was amplified during 40 cycles in a StepOnePlus qPCR cycler 
using RT2 SYBR Green ROX qPCR Master mix. As control and to normalized 
data, three HKG were used, Gapdh (NM_008084), Rn18s (NR_003278) and 
Hsp90ab1 (NM_008302). Moreover, we used GDC (genomic DNA control) for 
detecting non-transcribed genomic DNA contamination, RTC (reverse-
transcription control) for testing the efficiency of the reverse-transcription reaction 
performed with the kit and PPC (positive PCR control) for testing the efficiency of 
the polymerase chain reaction itself. Primer sequences were proprietary of Qiagen. 
The fold-change expression for each target gene was normalized to the geometric 
mean of the three HKG, employing the comparative threshold method ( Ct; 
same mathematical model mentioned above) of the GeneGlobe Data Analysis 
Center provided by Qiagen. The fold-changes <0.5 were considered as down-
regulation, whereas fold-changes >2 as up-regulation. Nine out of the 42 genes in 
the PCR array were further validated by regular quantitative PCR. These 9 target 
genes were: Cnn1 (Mm00487032_m1); Klf4 (Mm00516104_m1); Klf5 
(Mm00456521_m1); Tagln (Mm00441661_g1); Ace (Mm00802048_m1); Gata4 
(Mm00484689_m1); Ccna2 (Mm00438063_m1); Ccnd1 (Mm00432359_m1) and 
Cdk4 (Mm00726334_s1). 

Statistics 

Results are expressed as mean±SEM unless otherwise specified. Analyses of 
distributions were performed before statistical tests were carried out using 
GraphPad software (Prism 7.0). For parametric data, significance was determined 
using Student's t-test, or one- or two-way ANOVA followed by Bonferroni's 
multiple comparison post-test. Non-parametric data was analyzed using Mann-
Whitney or Kruskal-Wallis test followed by Dunn's post-test. *p<0.05, **p<0.01 
and ***p<0.001. 
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Results and Discussion 

In this section, key results from papers included in this thesis are outlined and 
discussed. For a more detailed presentation, please refer to Papers I-IV. 

Patterns of NFAT isoform expression in various regions 
of the mouse vasculature (Papers III, IV) 

NFAT isoforms are expressed in a large number of tissues, but the expression 
levels of the individual isoforms seems to vary considerably depending on the 
tissue and experimental conditions. 

With the purpose of measuring the pattern and absolute levels of NFAT isoform 
expression along the mouse vascular tree and under basal conditions, vessels from 
13 different vascular regions were isolated from control C57Bl/6 mice for absolute 
qPCR NFAT isoform quantification (paper IV, figure 1). These regions included 
retinal vessels, cerebral and carotid arteries, aorta, hepatic artery, portal vein, 
renal, mesenteric, femoral and tail arteries. 

Based on the results from paper IV (figure1), all NFAT family members were 
present, but NFATc3 was by far the most abundant isoform expressed in all 
vessels examined, with expression levels ranging between 815 and 3667 million 
copies per μg of total RNA for the hepatic and tail arteries, respectively. NFATc3 
was followed in abundance by NFATc1, which had an intermediate expression 
level, with around 150 million copies per μg of total RNA. NFATc2 and NFATc4 
were expressed at lower levels, with approximately 10 million copies per μg of 
total RNA in the majority of the vessels examined.  

Interestingly, we found in retinal vessels the highest NFATc2 expression, with 34 
million copies per μg of total RNA and the lowest NFATc1 transcript number, 
with 19 million copies per μg of total RNA, among all vessels studies. This seems 
in line with the results obtained in paper III (figure1), in which not only NFATc3 
but also NFATc2 were detected in isolated retinal vessels using conventional RT-
PCR. We found an enrichment of NFATc2 in the retinal vessels when compared to 
the levels found in whole retina. In paper III (figure 1) however, we were unable to 
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detect NFATc1 or NFATc4 in retinal vessels, although all 4 isoforms were 
detected in intact whole retina. It is possible that the extremely low copy numbers 
of NFATc1 and NFATc4 (<20 and 5 million copies per μg total mRNA, 
respectively),calculated using the more sensitive absolute quantification method, 
translated in insufficient amounts of products to be detected in agarose gels after 
conventional RT-PCR. Another potential explanation for this discrepancy could be 
the different background of the strains used in papers III and IV (FVBN vs. 
C57BL/6). Although this cannot be ruled out unless a more systematic comparison 
is done, we have not noticed differences in detection frequencies of NFAT 
transcripts or intensity of the immunostainings when examining the same 
preparation from mice of different backgrounds in the past (i.e. cerebral arteries 
from CD1, NMRI, FVBN, BALB/c) [51, 133, 149]. Another interesting 
observation in paper IV (supplemental figure 1) was that cultured aortic VSMCs 
had lower levels of NFATc1 and NFATc2 expression, and higher levels of 
NFATc3 than the levels measured in intact native aorta. 

Is there functional non-redundancy of NFAT isoforms in 
the vasculature? (Paper IV) 

Vascular NFATc3 has been extensively studied in our lab and by others, while 
much less is known about NFATc2, may be because of its low abundance. Very 
little is known about the expression patterns of NFATc2, what regulates or 
induced expression of NFATc2, its activation requirements and whether it has a 
functional role in the vasculature. Previously, we demonstrated that the same 
stimuli can differentially activate NFAT isoforms that are simultaneously co-
expressed in the same cell[232]. Here in paper III (figure 2 and supplemental 
figure 3) of this thesis, we found that acute hyperglycemia induced an robust 
NFATc3 activation response in the endothelium of retinal microvessels, whereas 
NFATc2 was not activated by the same stimulus in the same cells. These 
observations suggest at least differential activation requirements for these 2 
isoforms. 

Plasticity of NFATc2 isoform expression in the aorta  

Previous works from our group and others have shown that vascular NFATc2 
expression could be induced in pathological situations or under certain stimulatory 
circumstances [156, 174]. In native non-stimulated human myometrial arteries, 
NFATc2 expression was absent or undetectable, whereas it was increased or easily 
detected after arteries had been cultured for 4 days in organ culture, conditions 
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promoting a proliferating and less differentiated phenotype of VSMCs [156]. 
Furthermore, an increased NFATc2 expression and activation was found in 
pulmonary arterial smooth muscle cells (PASMCs) from patients with pulmonary 
arterial hypertension when compared to healthy patients and in normal PASMCs 
exposed to chronic hypoxia [174]. To further explore this plasticity of expression 
under other pathological conditions, in paper IV (figure 2) we explored if the 
expression of NFATc2 could be altered in arteries from diabetic mice. The 
expression levels of all NFAT isoforms were assessed in the aorta of STZ-induced 
diabetic and control non-diabetic mice. After 2 weeks of the first STZ injection, 
mice had significantly higher blood glucose levels compared to control vehicle-
injected mice (8.9±0.6 mM vs. 23.2±1.9 mM for control and diabetic mice, 
respectively). At this experimental time point, the expression of NFATc2 was 
significantly increased in the aorta of diabetic mice compared to non-diabetic 
mice, while the levels of all other isoforms remained unchanged. This supports the 
idea that NFATc2 has some degree of plasticity and that expression can be 
induced or enhanced in response to experimental and/or pathological stimuli, 
including by the metabolic changes associated with diabetes. 

Compensatory effects in NFAT isoform expression evoked by 
deficiency of NFATc2 and NFATc3 in VSMCs  

The absence of copies of NFATc3 transcripts, measured by absolute qPCR, 
confirmed the genotype of the VSMCs explanted from NFATc3-/- mice. However, 
VSMCs explanted from NFATc2-/- mice, still expressed a very low level of 
NFATc2 transcript (0.018 vs. 0.16 million copies per μg total RNA in NFATc2 
competent cells). This is in line with data describing the NFATc2 deficient mice 
showing the expression of an aberrant fragment that is either not produced or 
rapidly degraded [209]. 

Deficiency of either NFATc3 or NFATc2 in VSMCs resulted in compensatory 
changes in the expression of the other NFAT isoforms. Lack of NFATc3 was 
accompanied by decreased expression of NFATc1, no impact on NFATc2 and 
increased expression of NFATc4. Lack of NFATc2 had no impact on NFATc1 or 
NFATc3 and only resulted in decreased expression of NFATc4. Thus, NFATc3 
and NFATc2 deficiency seem to have opposing effects on the expression of 
NFATc4 (paper IV, figure 4). 

In order to study the potential effect of modified NFATc2 and NFATc3 expression 
on smooth muscle gene expression, competent and deficient VSMCs were 
transfected with plasmids encoding NFATc2 or NFATc3 (paper IV, figure 4). 
Transfection with plasmid encoding NFATc2 resulted in a significant 
overexpression of NFATc2 in both competent and deficient cells, whereas 
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transfection with plasmid encoding NFATc3 resulted in a significant 
overexpression of NFATc3 in competent cells but a lower efficiency in NFATc3 
deficient VSMCs. Neither NFATc2 overexpression nor NFATc3 induced any 
changes on the expression level of the other NFAT isoforms. 

NFAT as a regulator of gene expression and 
proliferation in VSMCs 

Differential effects of NFATc2 and NFATc3 deletion on gene 
expression in VSMCs (Paper IV) 

We explored the expression of genes related to the regulation of VSMCs 
phenotypic modulation (for example: transcriptional activators and co-activators 
of specific smooth muscle gene expression, regulators of actin polymerization, 
miR143/145 target genes) and smooth muscle marker genes (for instance: Tagln, 
Myocd, Myh11, Smtn, Cnn1) in cultured VSMCs from NFAT WT mice and from 
either NFATc2 or NFATc3 deficient mice. For that, 41 genes were analyzed in a 
custom-designed PCR Profiler Array. The fold change differences in gene 
expression between NFATc deficient and competent cells were calculated and 
plotted in a two-dimensional matrix (paper IV, figure 3). Deletion of NFATc3 
generated an up-regulation of the expression of 10 genes, whereas 9 genes were 
down-regulated, in at least > or <2-fold, respectively, compared to competent 
cells. The lack of NFATc2 resulted in the up-regulated expression of 2 genes and 
down-regulation of 7 genes. Among all those genes, we focused on 6 genes, 
including Gata4, Klf4, Klf5, Angiotensin I converting enzyme (Ace), Cnn1 and 
Tagln, which were validated in a larger number of samples. 

The most affected gene was Ace, with 31-fold higher expression in NFATc3 
deficient cells compared to competent cells, but the lack of NFATc2 did not affect 
its expression. Interestingly, several genes were differentially altered in cells that 
lacked NFATc2 or NFATc3 proteins, including Gata4, Klf4 and Klf5. Gata4 was 
down-regulated in NFATc2 deficient cells, but up-regulated in NFATc3 deficient 
cells. Other gene target that was regulated in a similar way than Gata4, was Klf5, 
whereas Klf4 was regulated in exactly the opposite way. In brief, high expression 
levels of Gata4 and Klf5 as well as low expression of Klf4 were observed in 
NFATc3 deficient cells, while in NFATc2 deficient cells the opposite pattern was 
found (paper IV, figure 5). Overexpression of NFATc2 and NFATc3 failed to 
affect Gata4 or Klf5, but a modest increment of Klf4 expression was observed in 
NFATc2 competent cells upon NFATc2 overexpression. 
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Gata4 belongs to the Gata family of transcription factors, predominantly expressed 
in the cardiac system and originally described as a regulator of cardiac 
hypertrophy, which interacts with NFAT in the nucleus [164, 242]. It has also 
been shown that Gata4 controls the proliferation of PASMCs through direct 
binding and activation of cyclin D2 and cyclin-dependent kinase 4 (Cdk4) in mice 
and bovines [243, 244], and activation of cyclin D1 in Xenopus laevis [245]. 
Depletion of Gata4 has been associated with marked cardiac myocyte apoptosis 
and hypoplasia [242, 246]. We were surprised to observed such a dramatic 
increment of Gata4 expression in deficient NFATc3 cells, given that low or 
undetected levels of Gata4 have been described in the vascular tree outside of the 
pulmonary system and aortic root. In VSMCs, Gata6 has been the focus of 
attention and not much data is available about Gata4 [247]. 

It is well known that Klf4 is an inhibitor of proliferation, via the regulation of the 
cyclin-dependent kinase inhibitor-1A (CdkN1A or p21), a cell cycle regulator 
[248], whereas Klf5 has exactly the opposite effects, which means that it induces 
cell proliferation[186]. Klf4 acts a repressor of contractile gene markers [189, 190, 
192]. 

Overall, lack of NFATc2 or NFATc3 proteins in VSMCs had differential impact 
on the expression of Gata4, Klf4 and Klf5. The significantly higher expression of 
Gata4 and Klf5 in NFATc3 deficient VSMCs can potentially drive the increase in 
cell proliferation observed in these cells. 

NFATc3 deletion influences on the expression of differentiated cell 
markers and proliferation in VSMCs (Paper IV)  

Several studies have reported a direct influence of NFAT on the regulation of cell 
cycle progression markers [156, 157, 164, 184, 249]. For instance, it has been 
shown that NFAT regulates the expression of Ccna2, cyclin E, Cdk4 and the cdk 
inhibitor p21 in VSMCs, lymphocytes and thymocytes from humans and mice 
[164, 184, 250, 251]. 

In paper IV (figure 7), we provide evidence that deletion of NFATc3 yields 
VSMCs with significantly higher proliferation rates and this was associated to 
higher expression of Ccna2. The higher expression of Ccna2, together with the 
higher expression of Gata4 and Klf5 in NFATc3 deficient VSMCs could 
potentially underlie the increased proliferative capacity of these cells. On the other 
hand, lack of NFATc2 had no measurable impact on VSMC proliferation, despite 
the fact that the expression of Ccnd1 was significantly increased when compared 
to control cells. Lack of NFATc2 in VSMCs also resulted in higher expression of 
Klf4, which could potentially engage other signalling pathways counteracting the 
effects of increased Ccnd1 mRNA (or maybe the increased mRNA levels of 
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Ccnd1 were simply not sufficient to translate on changes in thymidine 
incorporation rates). Interestingly, overexpression of NFATc2 resulted in 
inhibition of cell proliferation, which can be partially explained by the observed 
increased Klf4 expression, but not by increased Ccnd1 expression, considering the 
role of these genes. Overexpression of NFATc3 had no impact on proliferation or 
the expression of cell cycle markers. Cdk4 is an important G0/G1 restriction point 
which controls the entrance of the cells into the cell cycle when they leave the 
resting state. No differences in Cdk4 expression were observed between NFAT 
competent or deficient cells. 

The contractile phenotype of SMC is characterized by high expression of SMC 
differentiation marker genes, such as SM -actin, SM myosin heavy chain (SM-
MHC), Tagln, calponin (Cnn1), Smtn, and Myocd. Particularly, SMCs undergo 
changes in their phenotype during specific situations like neointimal formation in 
response to vessel injury, within atherosclerotic plaques and under conditions 
mirroring the metabolic changes that occur in diabetes or in arteries from diabetic 
patients [185, 192, 252]. In in vitro conventional culture systems, VSMCs 
spontaneously acquire features of de-differentiated cells with characteristics found 
in vascular lesions, such as in atherosclerotic plaques and restenosis after 
angioplasty. Primary cultures of VSMCs rapidly lose their contractile capacity and 
gain proliferative capacity. In addition, loss of actin filament organization is 
progressively observed in VSMCs isolated from rat aortas when cultured for 
various passages. A random actin filament distribution was observed in VSMCs at 
passage 10 compared to cells at passage 4 [253]. During this structural transition, a 
decreased expression of contractile markers, including Myh11, Myocd, Tagln, 
SM -actin, N-cadherin, Smtn has been observed in VSMCs in a passage-
dependent manner [253, 254]. 

In paper IV (figure 6), it was shown that deletion of NFATc3 up-regulated the 
expression of the contractile markers Cnn1, Tagln and also of Ace when compared 
with NFATc3 competent VSMCs. However, lack of NFATc2 had no effect on the 
expression of those genes. Interestingly, overexpression of NFATc2 significantly 
reduced Ace expression levels in both competent and deficient NFATc2 VSMCs, 
whereas NFATc3 overexpression only decreased Tagln expression in NFATc3 
deficient cells with respect to competent mock transfected VSMCs. 

Cnn1 and Tagln are accessory proteins that play an important role in the 
phenotypic modulation and contractility of VSMCs. Tagln is required to generate 
polymeric (F)-actin and thus enhance cell contractility [255]. On the other hand, 
Cnn1, a protein that is structurally similar to SM22, directly regulates smooth 
muscle contractility, since both PKC and Ca2+-calmodulin kinase II phosphorylate 
Cnn1, resulting in the loss of its capacity to bind actin and thus to inhibit the 
(AM)ATPase [256]. Moreover, the expression of contractile markers is modulated 
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by SRF and co-activators (myocardin-related transcription factors, MRTF), which 
bind to CArG box DNA sequences within the promoter of these genes [252]. 
Interestingly, it has been reported that NFAT and SRF interact cooperatively 
regulating the -actin expression in SMCs by overlapping CArG box/NFAT site. 
In addition, inhibition of NFAT signalling with CsA or FK506 resulted in reduced 

-actin expression in VSMCs [257]. Monomeric actin sequesters MRTF and 
prevents its interaction with SRF. Actin polymerization is a crucial event for the 
expression of SMCs contractile markers genes, due to the fact that after actin 
polymerization, MRTF is released and it can associate with SRF in the nucleus. 
Then, SRF binds to CArG box sequences in the promoter.  

Recently, microRNAs (miRNAs) (short noncoding RNAs with 18-25 nucleotides 
long) have gained attention as important regulators in the development, 
differentiation and function of VSMCs. Specifically, the cluster miR143/145 is 
highly expressed in VSMCs during development and is important for the transition 
to a VSMCs contractile phenotype[37, 258]. In addition, it has been reported that 
the expression of Ace in VSMCs is up-regulated by miR143/145 [258, 259]. 
Apparently, Ace in VSMCs is associated with a less contractile phenotype, which 
might explain the reduced contractile response in vessels from miR143/145 
knockout mice [260]. 

The original dogma used to describe VSMCs proliferation and differentiation as 
opposite processes. However, it was demonstrated that cessation of proliferation 
alone was not sufficient to induce VSMCs differentiation. Beside this, it has also 
been shown that contractile and synthetic VSMCs phenotypes are regulated by 
separated intracellular mechanisms and the two phenotypes can co-exist. Both 
phenotypes are not mutually exclusive and it is possible to find differentiated 
VSMCs that do proliferate and vice-versa [37, 261]. Our findings seem to reflect 
this new paradigm as well; NFATc3 deficient VSMCs exhibited higher 
proliferation rates, increased expression of cell cycle progression related genes, 
but at the same time, increased expression of smooth muscle marker gene 
characteristic of a more contractile phenotype. 

All together, despite the huge differences in the abundance (~400-fold lower) of 
NFATc2 with respect to NFATc3 transcripts in both the vascular wall and in 
VSMCs, lack of the lower abundant NFATc2 in VSMCs had a clear impact on the 
expression of transcription factors and co-activator of smooth muscle specific gene 
expression. So how can the very low abundant NFATc2 still have such an impact 
on gene expression? In an interesting study conducted in HEK293, RBL-1 and 
HBE cells, NFATc2 and NFATc3 were shown to have different activation 
requirements and deactivation kinetics [136]. While NFATc2 only required release 
of Ca2+ from store-operated CRAC channels in the plasma membrane, NFATc3 
required not only the engagement of CRAC channels but also nuclear Ca2+ and 
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engagement of IP3R in the inner nuclear membrane. Moreover, these isoforms also 
differ in the kinetics of rephosphorylation, with a slower inactivation of NFATc2 
acting as a kind of short-term memory to gene expression [136]. 

A-285222, a novel NFAT blocker

With the ambition of evaluating the contribution of NFAT activation to diabetes-
induced macro- and microvascular complications, the NFAT signalling pathway 
was inhibited with A-285222 in in vivo experimental models of diabetic 
atherosclerosis and diabetic retinopathy, and in in vitro studies (Papers I-III). 

Bioavailability and pharmacokinetics of A-285222 (Paper I) 

A-285222 is a low molecular weight (416 Dalton) and cell-permeable molecule 
[228] with a reduced capacity to bind plasma proteins in the bloodstream [227]. In
previous works, A-285222 has been orally administrated to rats and cynomolgus
monkeys for 2 weeks and it was well tolerated when plasma levels were below 4
μg/mL (9.6 μM) [227, 230]. In our studies, oral administration was not the
preferred route for delivery of A-285222 due to the fact that diabetic mice drink
more water than non-diabetic control mice, imposing challenges in achieving and
monitoring comparable target doses in all animals treated. Therefore, an i.p. route
of administration was chosen, which also has the advantage of being a faster
absorption route than orally. To know how well A-285222 was absorbed after i.p.
administration, the plasma concentration of this compound 5 minutes after an i.p.
injection was compared to levels obtained after intra-cardiac delivery (i.c.) at two
different doses (0.15 and 1.5 mg/Kg). Gas chromatography-mass spectroscopy
(GC/MS) was employed to identify and quantify A-285222 in plasma samples,
using an analogous inactive compound A-216491 as internal control. Both
compounds were extracted with ethyl acetate and the evaporated organic phase
redissolved in chlorophorme. Plasma levels of A-285222 were at the same range
regardless the route of administration (3.4 μM vs. 3.2 μM for the low doses; 4.6
vs. 5.1 μM for the high doses; i.p. vs. i.c. respectively), suggesting that the drug
was sufficiently absorbed and it had high bioavailability after i.p. injections.

We also studied the pharmacokinetics of A-285222 after i.p. administration. 
Previous studies in rats and cynomolgus monkeys, had reported that the half-life of 
A-285222 was between 6 to 8 hours in plasma after oral administration [227]. To 
measure the plasma concentration of A-285222 after i.p. administration (0.29 
mg/Kg), blood samples from ApoE-/- mice were collected through cardiac puncture 
at different time points (30 minutes, 1, 2, 4, 6, 12 and 24 hours). During the first 
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six hours, the level of A-285222 in plasma was between 100-200 nM with a peak 
at 2 hours and it was no longer detected at 12 and 24 hours. Moreover, the drug 
was not detected in the plasma of mice that had been treated for either one or four 
weeks with daily injections of A-285222 (0.29 mg/Kg/day) using blood samples 
obtained 24h after the last injection, ruling out a potential accumulation of the 
drug in the circulation. 

Treatment with A-285222 was well-tolerated and no changes were observed in 
body weight or the behaviour of the mice. Plasma triglycerides were not affected 
by A-285222, regardless the mouse strain or background studied (ApoE-/-, IGF-
II/LDLR-/-ApoB100/100, FVBN, C57BL/6) , the duration of treatment (1, 2 or 4 
weeks), or the diabetes status. Treatment with A-285222 did not result in 
hepatosteatosis, which could occur if the drug accumulated in the liver (paper I, 
supplemental figure 3). Visual inspection and histological examination of the 
spleen showed no abnormalities in any of the study groups and spleen weight was 
not affected by A-285222. 

The mechanism of action of A-285222 is not known. As other BTP compounds, 
A-285222 maintains NFAT in the cytosol in a phosphorylated state, preventing 
NFAT nuclear translocation and subsequently, NFAT-transcriptional activity. 
Inhibition of NFAT does not affect NF-κB or AP-1 activation, or 
dephosphorylation of other CaN substrates such as the type II regulatory subunit 
of PKA and the transcription factor Elk-1 [228]. Unpublished data from our 
laboratory also showed that A-285222 has no effect on the activation of NF-κB, 
AP-1 or Oct in VSMCs. In addition, acute doses of A-285222 (0.1, 1 and 10 μM) 
had no effects on basal force, high-potassium- and ET-1 induced contractile 
responses in human resistance arteries , suggesting it less likely that the blocker 
could have acute effects on EC-coupling [156]. 

In paper I (figure 4) we also found that A-285222 was able to reduced NFAT-
transcriptional activity only in those tissues in which NFAT had been previously 
activated. This is puzzling, considering the very large variation in basal NFAT-
transcriptional activity observed in the different tissues examined. For example the 
brain had the highest level of NFAT basal activity and yet A-285222 treatment had 
no effect on NFAT-luciferase activity, despite the fact that A-285222 is expected 
to cross the blood-brain barrier [230]. More studies will be required to determine 
the exact mechanism of action of A-285222. A systematic testing of the effects of 
A-285222 on the nuclear export machinery and the activity of constitutive or 
inducible kinases and identification of potential binding targets of A-285222 will 
be needed to answer this question. It may be possible that there is yet an 
unidentified phosphatase or kinase able to alter the very dynamic import-export 
balance of NFAT to and from the nucleus. 



72 

NFAT is activated in vessels by hyperglycemia (Papers I 
and III)

Previous work from our laboratory had demonstrated that a modest elevation of 
extracellular glucose ex vivo was enough to activate NFAT in the smooth muscle 
layer of mice cerebral arteries and in aorta [133]. The effect of glucose on NFAT 
activation was dose- and time-dependent, with a 3.5 mM increment of high 
glucose for 8 minutes was sufficient to increase NFATc3 nuclear accumulation. 
This NFATc3 activation was inhibited by pre-incubation with the CaN blocker 
CsA and by A-285222. Neither mannitol, nor L-glucose were able to increase 
NFATc3 nuclear accumulation, ruling out a potential osmotic effect of glucose 
and showing that glucose needed to be metabolized for the effects to occur. In 
paper III (figure 2) of this thesis, we showed that NFATc3 is readily activated by 
high extracellular glucose also in the endothelium of retinal microvessels ex vivo. 
Since one of the aims of this thesis was to investigate whether NFAT signalling 
contributes to the development of vascular complications of diabetes, we 
conducted a series of experiments to test whether hyperglycemia could activate 
NFAT in vivo. Considering also that in diabetes both acute glucose fluctuations 
and sustained hyperglycemia occur (i.e postprandial and interprandial periods) 
[262], NFAT activation was evaluated in the vascular wall under both situations. 

In vivo NFAT activation by acute hyperglycemia (Paper III) 

In paper III (figure 3), we tested if a single peak of glucose (IP-GTT) was enough 
to activate NFATc3 in mouse retinal microvessels. Nuclear accumulation of 
NFATc3 was significantly increased in retinal vessels 30 minutes after the start of 
the IP-GTT. Thirty minutes was determined in pilot experiments to be the optimal 
time at which the plasma glucose levels reach a maximum after a single IP-GTT. 
This is in line with what others have reported in mice [263]. NFATc3 nuclear 
accumulation was positively correlated to the blood glucose concentration (r = 
0.600; P = 0.017). In addition, the increase in NFATc3 nuclear accumulation 
translated into increased NFAT-dependent transcriptional activity in retinal 
microvessels. This increase in NFAT-luciferase activity is likely originated mainly 
from ECs and VSMCs, but also potentially from pericytes that also seemed 
preserved using the protocol for isolation of retinal vessels. However, since non-
vascular cell markers were not detected in the isolated retinal vessel preparation, 
we could rule out that the luciferase signal could be originated from neurons or 
glia cells. NFAT-dependent transcriptional activity did not changes in response to 
acute hyperglycemia when it was measured in the whole retina, suggesting a 
selective glucose-dependent activation of NFAT in the vascular retina. 
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Based on these results, a reasonable question would be whether a glucose peak 
after a meal is sufficient to activate NFAT in the vascular wall in humans. Under 
normal physiological conditions, blood glucose levels rise approximately 2 mM 
(from 4.5 to 6.5 mM) after a meal [264]. Hence it would probably not be sufficient 
to activate NFATc3. This plasma glucose peak after a meal is accompanied by an 
insulin peak. In previous work from our laboratory, we showed that insulin alone 
(0.6 and 6 ng/mL) could not affect NFAT nuclear accumulation in cerebral arteries 
ex vivo[51]. In diabetic patients who have an elevated basal blood glucose level as 
well as larger blood glucose peaks after meals [265], it is possible that these 
glucose fluctuations may be sufficient for NFAT activation in the vascular wall. 

In vivo NFAT activation by chronic hyperglycemia (papers I, III) 

In papers I and III, we studied whether sustained hyperglycemia could activates 
NFAT in macro- and microvessels. Using a protocol involving multiple low-doses 
of STZ to induce diabetes, our group had shown in the past a significant activation 
of NFAT transcriptional activity as evidenced by increase luciferase activity in the 
aorta of the diabetic mice 2 weeks after the onset of diabetes [51]. This increased 
NFAT-luciferase activity was driven by NFATc3, as demonstrated by no changes 
in transcriptional activity in NFATc3-/- mice undergoing the exact same protocol 
[51]. In papers I (figure 4) and III (figure4) of this thesis, STZ treatment rendered 
the transgenic NFAT-luc mice diabetic. The STZ treatment of NFAT-luciferase 
mice on the FVBN background was found to be a good model to study the 
glucose-dependent effects, because neither plasma lipids levels (paper I, 
supplemental figure 4) nor expression of inflammatory plasma cytokines (paper 
III, table 1) were affected by the chemical. 

In retinal vessels (paper III, figure 4), we used two diabetic mice models to study 
whether NFAT was activated by chronic hyperglycemia; the chemically induced 
model using STZ and a genetically induced model (Akita/NFAT-luc mice). 
NFAT-dependent transcriptional activity was measured in retinal vessels in both 
models, either 12 days after the first injection of STZ or at 6 weeks of age in the 
Akita/NFAT-luc mice; being the diabetes duration equivalent in both models. 
NFAT-dependent transcriptional activity was increased in both models (68% and 
148% increases for the STZ and Akita models, respectively). In agreement with 
the results after an IP-GTT, we could not detect changes in NFAT transcriptional 
activity when the whole retina (as opposed to isolated vessels) was examined, 
regardless of the time-point studied (7, 12 or 16 days after the first STZ injection). 
This observation supports the idea that NFAT activation selectively occurs in 
retinal vessels, and maybe also highlights that non-vascular cells may have other 
NFAT activation requirements. 
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Reinforcing the idea that NFAT activation is not a generalized phenomenon, 
NFAT-dependent transcriptional activity was only increased in the aortic arch 
after 16 days of the first STZ-injection, but was unchanged in spleen, thymus, 
brain, heart, liver and kidney, organs which were also exposed to high blood 
glucose levels during that period (paper I, figure 4). Interestingly, all these organs 
displayed variable basal and clearly detectable NFAT-dependent transcriptional 
activity, which was higher in those organs with considerable CaN protein 
expression [145]. 

To sum up, our results demonstrated that NFAT is sensitive to changes in blood 
glucose levels and that hyperglycemia is a potent stimulus for NFAT activation in 
vivo in the aortic arch and in retinal vessels, sites prone to develop vascular 
complications of diabetes. 

Mechanism proposed for glucose-induced NFAT activation (paper III) 

In previous work from our lab the mechanism of action through which high 
glucose activates NFAT in cerebral arteries was delineated [133]. In paper III 
(figure 2 and supplemental figure 2), we tested whether the same mechanism could 
explain the increased NFATc3 nuclear accumulation observed in retinal vessels 
stimulated ex vivo with high glucose. 

We found that the high glucose-induced increase in NFATc3 nuclear accumulation 
in retinal was prevented by incubation with the exonucleotidase apyrase, strongly 
indicating the involvement of extracellular nucleotides in the activation of 
NFATc3. Exonucleotidases are present in the circulation and hydrolyze 
extracellular nucleotides such as ATP, ADP, UTP and UDP [266]. 

It has been reported that hyperglycemia increased ATP in retinal cell culture [267] 
and a more recent study showed that diabetic patients have increased intravitreal 
concentrations of ATP, ADP and AMP [268]. Several cells release nucleotides in 
response to mechanical or pharmacological stimuli, for instance, ECs, SMCs, 
lymphocytes, among others. These nucleotides can exert both auto-and paracrine 
effects by binding to purinergic P2 receptors in the plasma membrane [269] and 
increasing global [Ca2+]i [270]. In smooth muscle from cerebral arteries, UTP was 
found to be an effective stimulus for NFATc3 nuclear accumulation, by virtue of 
both engaging Ca2+ release through IP3R and extracellular Ca2+ influx through L-
type, VDCC, as well as by inhibiting Ca2+ sparks [150]. It was later shown also in 
mouse cerebral arteries, that the hyperglycemia-induced activation of NFATc3 
was dependent on the local release of extracellular nucleotides, which acted 
locally on P2Y2/4 and P2Y6 receptors, based on experiments using the stable 
analogs UDP s and UTP s and the P2Y6 receptor antagonist MRS2578 [133]. 
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Taken together, NFATc3 activation in response to high glucose in the endothelium 
of retinal vessels is not due to an osmotic effect and seems to be dependent on 1) 
the metabolization of glucose intracellularly, 2) the production of extracellular 
nucleotides acting locally and 3) activation of CaN. Further studies are needed to 
determine the identity of the involved  nucleotide (ATP, ADP, UTP or UTP) and 
purinergic receptor in this tissue. 

Role of NFAT in diabetes-induced atherosclerosis 
(Paper I and II) 

It is well-established that atherosclerosis development increases in the context of 
diabetes. In addition, it is also known that NFAT is activated by high glucose both 
in vitro and in vivo in the arterial wall. Once activated, NFAT can regulate the 
expression of pro-inflammatory molecules such as IL-6, OPN, AIF-1,VCAM-1, 
TF and MCP-1 [51, 156, 178, 271, 272]. Against this background, we asked 
whether the NFAT-signalling pathway was involved in the exacerbated 
atherosclerosis development observed in diabetes. For this, we used animal models 
that recreate both T1D (paper I) and T2D (paper II). 

To address this question, in paper I (figure 1, figure 2 and supplemental figure 1), 
22-week-old ApoE-/- mice were made diabetic with STZ injections. Eight weeks 
after the first STZ-injection, a 2.2 fold increase in atherosclerotic plaque area in 
the aortic arch was observed when compared to aged-matched non-diabetic control 
mice. In the descending aorta and in the aortic root, a similar effect of diabetes was 
observed (2.1 and 1.6 fold increases, respectively), but the overall plaque area was 
smaller than in the aortic arch. This reinforces the fact that the aortic arch is a 
privileged region for developing atherosclerosis in this mouse model. These 
findings were in line with previous studies showing differential effects of STZ-
induced diabetes on specific regions of the aorta of ApoE-/-mice [273, 274]. Our 
mice were treated with the NFAT blocker (A-285222; 0.29 mg/kg body weight) 
during the last 4 weeks of the experiment. Interestingly, NFAT inhibition 
completely suppressed the accelerated diabetes-induced atherosclerosis in the 
aortic arch. This effect was less pronounced in the descending aorta and negligible 
in the aortic root. An interesting secondary finding in this study was the total cross 
sectional area at the level of the aortic root was larger in diabetic than in non-
diabetic mice. This larger total area was the combined result of increased plaque 
size (the 1.6 fold increase mentioned above), increased lumen area and thinning of 
the media layer, in line with previous reports describing erosion and focal dilation 
of the aortic wall in this mouse model. If the plaque area was expressed as 
percentage of total cross sectional area, which is often the preferred way to express 
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changes in plaque area in the field, only a modest size difference was found 
between diabetic and control mice (16.5%). This highlights the importance of 
expressing plaque size results both as percentage of cross-sectional area and as 
actual size values. 

Another important observation was that treatment with A-285222 only affected the 
diabetes-driven aggravation of atherosclerosis, but had no impact on the non-
diabetic control mice, suggesting that different mechanisms may underlie plaque 
formation under diabetic and non-diabetic conditions. 

In paper II (figure 1 and figure 5), the same question was addressed but in a novel 
mouse model of T2D. For this, longitudinal studies were carried out in young (10-
16 weeks-old) and old (46-74 weeks-old) IGF-II/LDLR-/-ApoB100/100 mice, fed 
with high fat Western diet (HFD Western; 0.15% cholesterol; 42% fat) during 8 
weeks. In Heinonen, S. et al., it was shown that atherosclerotic lesion progression 
was accelerated in the aortas of IGF-II/LDLR-/-ApoB100/100 mice when compared to 
LDLR-/-ApoB100/100 control mice [217]. In our study, mice were treated with A-
285222 (0.29 mg/kg body weight) during the last 4 weeks of the experiment. 
Inhibition of NFAT significantly decreased atherosclerosis in the brachiocephalic 
artery, another vascular region prone to developing this disease. Particularly, the 
plaque size and the degree of stenosis in this artery were reduced by 64.3 and 
49.3%, respectively after treatment in young males, whereas the plaque size was 
reduced by 30% in old female mice. 

Could the concomitant hyperlipidemia induced by STZ be driving the 
accelerated atherosclerosis via NFAT activation? (Paper I) 

Congruent with previous studies [49, 199, 271], elevation of total plasma 
cholesterol levels occurred in association with the hyperglycemia induced by STZ 
in ApoE-/- mice, a typical mouse model of T1D. Hyperlipidemia, alone or together 
with hyperglycemia, is a recognized driver of the accelerated atherosclerosis in 
diabetes [49, 275], but it has been difficult to dissect the molecular mechanisms 
engaged by each stimulus and whether there are common mechanisms engaged by 
both hyperlipidemia and hyperglycemia. In an attempt to better understand this 
issue, we investigated if NFAT could, at all be activated by hyperlipidemia in vivo. 
For this, NFAT-luc mice were fed with HFD (0.15% cholesterol, 21% fat) or chow 
diet for 4 or 8 weeks. Almost 2 fold increases in plasma total cholesterol level 
were observed in HFD-fed mice, but no changes were detected on NFAT-
dependent transcriptional activity in the aorta. Even though some studies have 
shown that lipids can activate NFAT in ECs and in VSMCs in vitro, no studies 
have explored whether the same takes place in intact arteries ex vivo or in vivo 
[153, 155, 276, 277]. In our study, we cannot exclude a potential effect of high 
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triglycerides or high oxidized lipids on NFAT activation, given that plasma 
triglycerides levels were not affected by the HFD protocol. Interestingly, 8 weeks 
of HFD resulted in a small but significant increase of blood glucose in mice (from 
9.7 to 12.7 mM), which was not translated to NFAT activation (paper I, figure 1, 
table 1, supplemental figure 4). This is in line with our previous results, in which it 
was shown that increments of blood glucose lower than 3.5 mM were not 
sufficient to activates NFAT in cerebral arteries [133]. The small increase of blood 
glucose could be a consequence of insulin resistance in peripheral tissues, with 
HFD causing an increase in the number and size of adipocytes, but these being 
refractive to insulin-induced glucose metabolism [278]. There are only a handful 
of models where diabetes induction does not provoke major lipid changes [196]; 
one such model is the one we used in paper II. 

Gender issues in atherosclerosis (Paper II) 

There are significant gender differences in the prevalence and burden of CVD 
between men and women [279]. Women have lower CVD mortality rates than 
age-matched men until 75 years of age, but because women have longer life 
expectancy than men, they represent a larger fraction of the elderly population 
living with CVD [280]. Even though the prevalence of T2D is similar in men and 
women, women with diabetes have greater risk of coronary heart disease than men 
with diabetes [279, 281]. 

In paper II (figure 1, supplemental figure 1, table 1 and figure 5), at the end of the 
experimental protocol, we observed in both animal cohorts sex-dependent 
differences in plaque size in the young IGF-II/LDLR-/-ApoB100/100 mice (10-16 
weeks old), but not in the old mice (46-74 weeks old). Young male mice in the 
control untreated groups had larger atherosclerotic plaques and stenosis in the 
brachiocephalic artery than corresponding female mice (in average ~50% larger, 
both plaque and stenosis). Male mice had larger body weight and higher plasma 
triglycerides than female mice, potentially contributing to the observed differences 
in plaque size. However, sex-dependent differences in atherosclerotic plaque size, 
atherosclerotic vascular bed distribution and plaque composition have been 
reported in various experimental models [196]. 

In line with our findings in paper II, ApoE-/- female mice were found exhibited 
smaller atherosclerotic lesion area in the aorta and lower lipid- and macrophage 
plaque content than age-matched male mice (32-34 week-old of age) [282]. 
Differences in humans have been attributed to the atheroprotective role of 
estrogen, which promotes nitric oxide production and decreases the oxidative 
stress level in VSMCs, either acting as a free radical scavenger or down-regulating 
the expression of enzymes responsible for the generation of free radical species 
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such as NOXs [280, 282]. In experimental models, the underlying mechanisms 
leading to these sex differences are less well-mapped. 

Interestingly, we found sex-dependent differences in the expression of oxidative 
stress hallmarks in paper II (supplemental figure 3). As detailed in previous 
sections of this thesis, oxidative stress is a key driver in the development of 
atherosclerosis, in particular in the context of diabetes [109]. NOX1 and NOX2 
have been described as pro-atherogenic isoforms, whereas NOX4 has been 
recently shown to have an anti-atherogenic role [109]. In our hands, levels of 
NOX2 were relatively higher in males than in females, while levels of 
atheroprotective NOX4, catalase and GLO1 were relatively higher in arteries from 
female mice. These differences could potentially underlie the differences in overall 
plaque burden found between sexes. 

Does inhibition of NFAT lead to limited plaque progression or plaque 
regression (or both)? 

The histologically assessed smaller plaque sizes observed after treatment with the 
NFAT blocker A-285222 in papers I and II could be due to either limited plaque 
progression, plaque regression or a combination of both processes. 

In paper I (figure 2, figure 3, supplemental figure 5), atherosclerosis in the aortic 
arch of diabetic ApoE-/- mice, was completely suppressed to levels of non-diabetic 
mice, after 4 weeks of A-285222 treatment. Moreover, inhibition of NFAT 
reduced the lipid contents in the plaques of diabetic mice at the level of the aortic 
root but had no effect on other plaque components such as collagen, SMCs and 
macrophages. In a separated group of 22-week-old ApoE-/- mice, 4 weeks of 
diabetes led to a significant up-regulation of pro-inflammatory and endothelial 
activation markers at the mRNA level in the aortic arch, including TF, MCP-1, 
VCAM-1, IL-1 , and COX2 compared with non-diabetic mice. This up-regulation 
of pro-inflammatory and endothelial activation markers at the mRNA level were 
measured at a time-point when no changes in plaque size had yet occurred. 
Treatment with A-285222 started at this time point (4 weeks), at a time when 
diabetes has not yet had an impact on atherosclerotic plaque size. Even though 
there is no doubt that NFAT inhibition in this setting limited plaque progression, 
the experimental design did not allow testing whether NFAT could cause plaque 
regression in this model. It is though clear that NFAT inhibition reverted some of 
the gene expression changes observed at 4 weeks of diabetes, as evidenced by the 
significantly lowered levels of TF and MCP-1. 

In paper II (figure 1 and supplemental figure 1), the atherosclerosis in the 
brachiocephalic artery of IGF-II/LDLR-/-ApoB100/100 young mice was significantly 
reduced after 4 weeks of A-285222 treatment. This was assessed by non-invasive 
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ultrasound and histological measurements at the end of the experimental protocol. 
A good correlation between both techniques was observed in arteries from young 
mice, but not from the old mice. In addition, the use of non-invasive ultrasound 
allowed us to evidence a smaller plaque size in the artery at the end of the 
treatment compared with the plaque size from the same animals before treatment. 
As for ApoE-/- mice in paper I, the reduced plaque size observed after treatment 
with A-285222 was not due blood glucose-, insulin-, cholesterol- or triglyceride-
lowering effects of A-285222. In fact, a modest elevation of fasted blood glucose 
was even observed in A-285222-treated young male mice (paper II, table 1), an 
effect that would in any case counteract any beneficial effect of the NFAT blocker. 
This effect on blood glucose could be due to direct effects of A-285222 on 
pancreatic -cells, in which the involvement of NFAT-signalling in the regulation 
of insulin transcription is well established [283]. In addition, the NFAT blocker 
had no impact on neither plaque nor media composition in the IGF-II/LDLR-/-

ApoB100/100 mice; muscle, collagen, macrophage and elastin contents were not 
affected at the end of the experiment (paper II, figure 2 and supplemental figure 
2). However, after 4 weeks of treatment with A-285222, the expression of the 
macrophage marker CD68 was significantly reduced in the aorta of young female 
mice and tendencies for reduced IL-6 and OPN were observed although results did 
not reach statistical significance (paper II, figure 3). This finding was in line with 
the results obtain in paper I (figure 7), in which STZ-induced diabetic female 
ApoE-/- mice were treated with A-285222 for 4 weeks. The effect of the NFAT 
blocker on the expression of CD68 in the aorta of young IGF-II/LDLR-/-

ApoB100/100 female mice was not translated into reduced macrophage infiltration at 
least when examined at the level of the aortic root. As it was expected, lower 
macrophage infiltration was observed in the aortic root of old compared to young 
IGF-II/LDLR-/-ApoB100/100 mice (paper II, figure 5), reflecting a more active 
plaque in younger mice. Recently, macrophage polarization has been linked to 
changes in atherosclerotic plaque states. While M1 macrophages contribute to 
inflammatory states and are predominant in plaques undergoing progression, M2 
macrophages appears to participate in inflammation resolution and plaque 
remodelling and are enriched in plaques that experience regression [56]. 

All in all, our results suggest that NFAT inhibition in IGF-II/LDLR-/-ApoB100/100 

young mice lead to plaque regression in addition to limiting plaque progression. 

Potential mechanisms underlying the effects of A-285222 on 
atherosclerosis 

Considering that treatment with A-285222 during 4 weeks did not change the 
levels of plasma glucose, cholesterol or triglycerides in diabetic ApoE-/- nor in 
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IGF-II/LDLR-/-ApoB100/100 mice, we ruled out the possibility that A-285222 acts on 
these metabolic parameters to reduce the atherosclerosis in these models. With the 
perspective that inflammation is an important regulator of atherosclerotic plaque 
formation and progression, in paper I and II we explored whether A-285222 
reduced diabetic atherosclerosis via systemic immunosuppression. 

Diabetes per se increased the inflammatory burden in ApoE-/- mice, as evidenced 
by the increased levels of circulating plasma cytokines IL-6, INF- , IL-12p70, IL-
1 , IL-10, TNF- , OPN and soluble VCAM-1. Treatment for 4 weeks with A-
285222 resulted in a significant reduction in IL-6 levels in plasma and IL-6 mRNA 
in the aortic arch of diabetic mice (paper I, figure 5). All other circulating 
cytokines remained unaffected by A-285222, while we did see significant effects 
on gene expression apart from IL-6 in the aortic arch, including reduction of OPN, 
MCP-1, ICAM-1, CD68 and TF, the last 2 both at the mRNA and protein level 
(paper I, figure 7). This data would support a more local effect of the blocker on 
the arterial wall rather than a generalized systemic effect. Additional data that 
supports this concept is the NFAT-luciferase data showing that A-285222 had no 
impact on NFAT-dependent transcription activity in the spleen and thymus. A-
285222 had no effect either on the capacity of immune cells to proliferate or on the 
cytokines secretion capacity of splenocytes, both under non-stimulated and 
stimulated conditions (paper I, supplemental figure 6). The reduced expression of 
IL-6 and OPN seems in line with previous work from our group showing NFAT-
dependent regulation of these genes in VSMCs and in intact arteries [51, 156]. The 
reduced expression of OPN and ICAM-1 seems in line with results in paper III 
showing significantly lowered levels of expression of these genes in retinal vessels 
after 4 weeks of treatment with A-285222([231], paper III, figure 6). IL-6 and 
OPN are relevant pro-inflammatory cytokines in the course of atherogenesis. IL-6 
can be generated and released by several cells, like macrophages, ECs and 
adipocytes, inducing endothelial dysfunction, VSMCs proliferation and migration, 
oxidized lipid accumulation in macrophage (resulting in foam cell formation) as 
well as recruitment and activation of T cells [284, 285]. Thus, the reduction of IL-
6 levels in diabetic mice after treatment with A-285222, could explain the 
decreased lipid content within the plaque. OPN also enhances inflammation in the 
atherosclerotic plaque. Extracellular OPN acts as a chemotactic and adhesive 
molecule and promotes VSMCs proliferation and migration, whereas in its 
intracellular form regulates cytokine production [286-288]. 

In summary, the reduced plaque size observed after treatment with A-285222 in 
ApoE-/- mice does not seem to be due to systemic immunosuppression but rather to 
local effects of the blocker on the vascular cells 

In paper II (figure 3), treatment with A-285222 for 4 weeks in a T2D mice model, 
reduced the expression of the inflammatory marker CD68 in the aorta of young 
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female IGF-II/LDLR-/-ApoB100/100 mice. As in paper I (figure 5), plasma levels of 
OPN were not affected by the treatment (paper II, table 1), supporting the idea that 
the effects of NFAT blocker are less likely systemic. OPN plasma levels were 
higher in old mice compared to young mice, regardless the treatment, reflecting 
that aging is accompanied with higher inflammation status (paper II, supplemental 
table 1). In paper II (figure 3) we also study whether NFAT inhibition affected 
genes related to oxidative stress. We found that 4 weeks of A-285222 treatment 
increased the expression of the vascular athero-protective NOX4 at mRNA level, 
but had no effect on NOX2, nor on the expression level of detoxifier enzymes, 
such GLO1 and catalase, in the aorta of young male mice. The up-regulation of 
NOX4 and catalase observed after A-285222 were replicated in in vitro 
experiments under strong oxidative stress conditions, in VSMCs incubated with 
H2O2 (100 μM) and the peroxynitrite donor SIN-1 (500 μM). Also, we found 
lower ROS/RNS level in the culture medium of NFATc3 deficient VSMCs was 
observed compared with competent cells cultured under high glucose conditions 
(25 mM) (paper II, figure 4). 

All these findings suggested that reduced atherosclerosis in the brachiocephalic 
artery of IGF-II/LDLR-/-ApoB100/100 young male mice treated with the NFAT 
blocker could be explained, at least in part, by the production of an anti-oxidative 
environment through elevated expression of the athero-protective NOX4. 

Role of NFAT in the early stages of diabetic retinopathy 
(Paper III)  

We have determined using confocal imaging that NFATc3 is expressed in mouse 
retinal ECs and we have demonstrated, that hyperglycemia activates NFATc3 in 
retinal vessels, both ex vivo and in vivo. One important aim in paper III was to 
investigate whether NFAT was implicated in the development of diabetic 
retinopathy (DR), focusing on the changes that take place during the early disease 
stages. At the cellular level, the first changes observed in the pathogenesis of DR 
are the activation of ECs, the inflammatory response, the loss of pericytes, the 
breakdown of the integrity of the BRB and consequently increased vascular 
permeability. 

Expression of pro-inflammatory molecules and endothelial activation markers has 
been shown to be increased in retinas of diabetic rodents. For instance, NF- B, 
COX-2, VEGF, ICAM-1, VCAM-1 and tumor necrosis factor  (TNF ) were 
found to be up-regulated in the early stages of the pathology [70, 271]. In humans, 
DR is associated with elevated serum concentration of soluble IL-2, IL-8 and 
TNF , which also correlate with the severity of the disease [289]. Furthermore, in 
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the vitreous from diabetic patients in the proliferative stages of the disease, 
elevated concentration of several cytokines and adhesion molecules has been 
reported, for example, IL-6, soluble IL-6 receptor, IL-8, MCP-1, soluble ICAM-1, 
soluble VCAM-1, TNF  and OPN [290-295]. 

Previous work in VSMCs has shown that  NFAT can regulate the expression of 
the endothelial-activation marker VCAM-1 in response to changes in the ECM 
composition that mirror those that take place in vascular disease [31]. Also E-
selectin was found to be regulated by NFAT in ECs [296]. Other identified target 
of NFAT in the context of hyperglycemia and diabetes is the ECM protein and 
inflammatory cytokine OPN, which was shown to be a direct target of NFAT in 
aortic VSMCs [51]. In paper I (figure 7), we found that inhibition of NFAT 
reduces mRNA expression of ICAM-1 in the aorta of diabetic ApoE deficient 
mice [165]. Therefore we specifically interrogated whether OPN and ICAM-1 
could potentially be modulated by NFAT inhibition in the retinal vessels of 
diabetic mice. 

Effect of NFAT inhibition on retinal endothelial activation and 
inflammatory cytokines  

OPN and ICAM-1 mRNA expression levels were measured in isolated retinal 
vessels from STZ-induced diabetic and control BALB/c mice, which were treated 
either with A-285222 (0.15 and 0.29mg/Kg/day) or saline for 4 weeks. OPN 
contributes to the development of DR by promoting inflammation, cell adhesion, 
migration and angiogenesis [287, 297]. Surprisingly, OPN or ICAM-1 mRNA 
levels were not higher in retinal vessels from the diabetic animals when compared 
to level in control non-diabetic mice; regardless the animal model examined (6 
weeks-old Akita mice and NFAT-luc mice after 2 weeks of diabetes) (paper III, 
figure 6 and supplemental figure 4). Contrary to these findings, in a previous 
work, our group had reported that 8 weeks of diabetes induced an up-regulation of 
OPN and ICAM-1 levels in retinal vessels of 22 weeks old ApoE-/- mice [271]. 
This discrepancy could be due to differences in the genetic background of the 
mice, in diabetes duration and/or blood lipid levels. Despite the lack of diabetes 
effects on the expression of OPN and ICAM-1, inhibition of the NFAT pathway 
with A-285222 for 4 weeks lowered the expression of both genes in retinal 
microvessels, denoting an NFAT-dependent regulation of their basal expression 
levels (paper III, figure 6). 

We also measured the concentration of IL-10, TNF- , INF- , IL-12p70, IL-1 , IL-
6 and keratinocyte-derived chemokine (KC) using a multiplex assay, in whole 
retina homogenates from diabetic and control mice which were treated either with 
A-285222 (0.15mg/kg) or saline for 2 weeks. As mentioned before, all of these 
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cytokines have been implicated in the pathogenesis of DR, except for KC [298, 
299]. KC is a murine homologue of the human chemokine IL-8, which is an 
inflammatory and angiogenic mediator produced by ECs and glia cells in retinas 
[291]. We found a significantly reduced level of IL-10 in diabetic mice when 
compared to controls, and 2-weeks treatment with A-285222 completely restored 
values to control levels (paper III, figure 5). We were not able to detect any 
additional changes in the levels of all the other cytokines after 2 weeks of diabetes. 
Maybe this was a too short diabetes duration to cause measurable changes, as 
suggested by previous work showing increased mRNA levels of TNF , IL-6 and 
IL-1  after 8 weeks of diabetes in C57BL/6 mice [271]. This could be also be due 
to differences in genetic background between the mice. 

Levels of the same set of cytokines measured in the intact retina were determined 
in plasma, but neither diabetes nor treatment with the NFAT blocker, generated 
changes in plasmatic cytokine levels (paper III, supplemental table 1). This 
suggests that the effect of A-285222 on IL-10 in retina is local rather than a 
systemic effect. In brief, inhibition of NFAT decreased the expression of OPN and 
ICAM-1 mRNA in retinal vessels of diabetic mice and prevented the down-
regulation of anti-inflammatory IL-10. It is well-known that IL-10 limits the 
magnitude and duration of the inflammatory response [300]. Many immune cells 
produce IL-10, such as T helper cells, regulatory T cells, B cells, monocytes, 
macrophages, dendritic cells [301] and even vascular cells [302]. 

Effect of NFAT inhibition on retinal vascular permeability 

The disruption of the BRB is an early feature of DR, which leads to vascular 
leakage and retinal edema, being the latter, the most common cause of visual loss 
[66]. Vascular permeability was determined by measurement of fluorescence of 
retinal extracts and a 1:1000 dilution of plasma, after injecting FITC-labelled 
albumin to 8-weeks-old Akita mice and non-diabetic control littermates that had 
been treated with A-285222 or saline for 2 weeks. Vascular permeability was 
increased 2.1-fold in diabetic compared to control mice. In line with what others 
have described [303], the change in retinal permeability is an early phenomenon in 
Akita mice. Inhibition of NFAT with A-285222 for 2 weeks completely prevented 
the diabetes-induced changes in retinal permeability, suggesting that NFAT 
signalling pathway may be involved in the BRB regulation (paper III, figure 7). 
The BRB breakdown in diabetes is associated with attenuated expression of tight 
junctions and adherens proteins in ECs [64]. Curiously, 26 NFAT consensus 
binding sequences were found in the promoter region of the gene encoding 
claudin-5, a tight junction protein. This observation will need to be tested 
experimentally. 
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Summary & Conclusions 

• Absolute qPCR quantification of the NFATc isoforms in 13 different areas
of the vasculature revealed that NFATc3 is by far the most abundantly
expressed isoform, while NFATc2 and NFATc4 are expressed at
substantially lower levels and NFATc1 was expressed at an intermediate
level.

• Retinal vessels deviated from the more generalized pattern of expression,
having the lowest NFATc1 expression and the highest NFATc2
expression of all 13 vessels examined.

• Cultured VSMCs had lower NFATc1 and NFATc2, and higher NFATc3
expression than the levels observed in native intact aorta.

• NFATc2 expression was increased in the aortic wall of diabetic mice,
suggesting that this isoform can be induced or enhanced in pathological
situations or under certain stimulatory conditions.

• Genetic deletion of NFATc2 or NFATc3 differentially affected the
expression of Klf4, Klf5 and Gata4, genes that have been implicated in the
regulation of VSMC phenotype.

• Genetic deletion of NFATc3 yielded increased expression of Ace1 and of
smooth muscle markers Cnn1 and Tagln, as well as in higher VSMC
proliferation.

Conclusion 1: The reported differential isoform expression and effects observed 
upon NFATc2 and NFATc3 deletion support the idea of functional non-
redundancy of NFAT isoforms in the vasculature. 

• NFAT-dependent transcriptional activity was examined in aorta, spleen,
thymus, brain, heart, liver and kidney, but was found to be augmented
only in the arteries of T1D mice.

• In vivo treatment with the NFAT blocker A-285222 completely inhibited
diabetes-induced aggravation of atherosclerosis in a T1D mouse model,
having no effect in non-diabetic mice. This was not due systemic
immunosuppression or to glucose- or lipid lowering effects of the
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treatment; instead NFAT inhibition resulted in reduced expression of pro-
inflammatory and endothelial activation markers IL-6, OPN, MCP-1, 
ICAM-1, CD-68 and TF in the arterial wall as well as lowered IL-6 levels 
in plasma of those mice. 

• In vivo inhibition of NFAT reduced atherosclerosis plaque area and degree
of stenosis in the brachiocephalic artery of IGF-II/LDLR–/–ApoB100/100

mice, a T2D mouse model characterized by mild hyperglycemia,
hyperinsulinemia and complex atherosclerotic lesions. The reduced plaque
area could not be explained by effects on blood glucose, insulin or lipids,
but NFAT inhibition was associated with increased expression of
atheroprotective NOX4 and anti-oxidant enzyme catalase in aortic
VSMCs.

• NFAT is expressed in the endothelium of retinal microvessels and readily
activated by high glucose both in vitro and in vivo in 2 different animal
models of T1D.

• In vivo inhibition of NFAT decreased the expression of OPN and ICAM-1
in retinal microvessels, prevented the down-regulation of anti-
inflammatory IL-10 in retina and abrogated the increased vascular
permeability observed in diabetic mice.

Conclusion 2: Targeting NFAT signalling may be a novel and attractive approach 
for the treatment of diabetic macro- and microvascular complications. 
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Science for everyone 

I am sure everyone knows someone who has been diagnosed with diabetes 
mellitus. The popular interpretation of this illness refers to having “high blood 
sugar”. In general terms, this definition is right but not only is the sugar level high 
in blood but it is also in urine. It is because of this that it was given the name of  
diabetes mellitus. Diabetes is a word of Greek origin meaning siphon, i.e. to pass 
through, and it relates to the polyuria found in these patients (i.e. high urine 
production and elimination). The Latin word mellitus meaning honey was added 
due to the colour and sweetness of this urine. 

In biomedical terms, diabetes is diagnosed if fasting blood glucose levels are equal 
or higher than 7 mmol/L (126 mg/dL) according to the World Health 
Organization. Glucose is known as sugar and comes from the food we eat and the 
liquids we drink. Diabetes is a chronic and irreversible disease with an estimated 
world prevalence of 415 million adults affected in 2015 and predicted to rise to 
700 million people in 2025. 

The most common types of diabetes are diabetes type 1 (T1D) and type 2 (T2D). 
T1D is an autoimmune disease that in general appears in childhood or 
adolescence, when the pancreas does not produce enough insulin. T2D generally 
appears in adult life when the body is not able to use the insulin the pancreas 
produces and it is often associated to overweight and blood lipids imbalance. 
Insulin is a hormone that helps glucose to enter the cells of our bodies and in this 
way supplies them with energy. Without enough insulin or without its efficient 
action, glucose remains in the blood at high levels (hyperglycemia). 

Diabetes causes important complications in blood vessels, both in the small 
(capillaries) and in the big ones (arteries and veins). Damage to big arteries, 
known as macrovascular complications, lead to stroke, coronary heart disease and 
peripheral arterial disease, whereas damage to small vessels (microvascular 
complications) lead to generate ocular lesions (retinopathy) that lead to blindness, 
kidney lesions (nephropathy) that culminate with renal insufficiency and nerve 
lesions (neuropathy) that lead, for example, to loss of sensitivity in the limbs. 

Although it is not clear which is the origin of these vascular complications, 
hyperglycemia has been identified as an important risk factor. Previous work from 
our group demonstrated that hyperglycemia effectively activates NFAT, which is 



88 

present in the blood vessel cells. The acronym NFAT stands for Nuclear Factor of 
Activated T-cells, since the presence and activity of this protein was found for the 
first time in T cells of the immune system; a type of cell whose function is to 
protect us from strange particles and agents. Therefore, it was known that this 
protein was present in other cells, like endothelial and smooth muscle cells present 
on the vascular wall. NFAT proteins are a family of nuclear transcription factors, 
which when are activated bind to specific portions of DNA and induce gene 
expression. Let's remember that DNA is a molecule present in the cell nucleus and 
it contains all the genetic information. The NFAT family is constituted by five 
different versions of proteins, called isoforms: NFATc1, NFATc2, NFATc3, 
NFATc4 and NFAT5. All of them (except NFAT5, which was not studied by us) 
have little structural differences among each other but share the same function and 
are present in all the blood vessel cells and in the rest of the tissues and organs of 
our body. In normal and non-stimulated conditions, NFAT stays inactive in the 
cell cytoplasm (outside the nucleus), but when it is activated in response to a 
stimulus (like hyperglycemia), NFAT enters the nucleus and promotes the 
expression of genes related to adhesion molecules and pro-inflammatory 
molecules on vascular wall cells, and also increases the smooth muscle cell 
contractility. 

The fact that these adhesions and pro-inflammatory molecules are expressed on 
the vascular wall, makes, for example, that arteries accumulate and retain not only 
lipids, especially LDL particles (known as “bad cholesterol”), but also cells in the 
interior of the vessel wall. The gradual accumulation of these lipids and cells 
inside the vascular wall generates the atherosclerotic plaque bringing about 
atherosclerosis and narrowing the lumen of the vessels where blood circulates. 
Once the atherosclerotic plaque is formed, it keeps growing and the risk of its 
rupture increases, unless medication and lifestyle changes are initiated by the 
individual to regulate his lipids. If the atherosclerotic plaque breaks, a blood clot is 
formed, which can occlude the blood flow by the vessels. If this clot is formed in 
the heart vessels (coronary arteries), the individual experiences an heart attack, but 
when the same thing happens in plaques in the cerebral arteries, then a stroke 
event takes places. In diabetic patients atherosclerosis development is accelerated 
and it is present in most aggressive form. Besides, diabetic patients can have a 
blurred view that with time can lead to blindness. The expression of adhesion and 
pro-inflammatory molecules in retinal vessels, weaken the structure of these small 
vessels, allowing liquid filtration from the blood towards the eye interior, causing 
the loss of view. Retina is the eye tissue sensitive to the light and responsible for 
the sight sense. 

The aim of this thesis was to study the role of NFAT proteins in diabetes-induced 
atherosclerosis and retinopathy, as well as to study the pattern of NFAT isoform 
expression in different vascular beds and the effects of the absence of NFATc2 or 
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NFATc3 in vascular cells. These studies generated 4 scientific articles, 3 of them 
(articles I, II and III) were published in peer-reviewed scientific journals and the 
fourth one (article IV) has not been published yet. 

In article I, we wondered whether NFAT was involved in the development of 
diabetes-induced atherosclerosis. In order to answer this question, we used an 
experimental mouse model that presents high cholesterol blood level being a good 
model to generate atherosclerosis. Diabetes was induced in a group of these mice 
by injecting a substance (streptozotocin) that destroys the pancreas cells 
responsible of producing insulin. Since these mice could not generate insulin, 
glucose was not able to enter the cells and so remained circulating in the blood at 
high levels, simulating a T1D mouse model. Another group of mice was used as 
control and diabetes was not generated. Four weeks after starting the experiment, 
half of the mice from each group (control and diabetic groups) received another 
substance (called A-285222) whose function is to avoid NFAT entrance to the 
nucleus, and therefore this substance functions as an NFAT “blocker”. At the end 
of the experiment, we observed that the treatment with the NFAT blocker 
completely suppressed the atherosclerosis in the aorta of T1D mice and did not 
have effects in the control mice (non-diabetic ones). In addition, NFAT blocking 
reduced the expression of adhesion and pro-inflammatory molecules on the arterial 
wall of these diabetic mice. These results led us to conclude that NFAT proteins 
are involved in the development of diabetes-induced atherosclerosis, in a T1D 
mouse model with high blood cholesterol. 

Based on the observations done in article I, the next thing we wanted to know was 
if NFAT blocking with A-285222 would also limit the atherosclerosis in a T2D 
mouse model. In order to answer this question, in article II we used a novel mouse 
model, that has moderately high levels of glucose and insulin in blood, high 
cholesterol level and develops advanced and complex atherosclerotic plaques, all 
typical features of T2D. Four weeks after starting the experiment, half of the mice 
were treated with the NFAT blocker, A-285222, during the following 4 weeks. At 
the end of the experiment, we observed that NFAT blocking reduced the 
atherosclerotic plaques and the obstruction of the brachiocephalic artery lumen in 
A-285222 treated mice. At the same time, NFAT blocking was associated with an 
increase in the expression of athero-protective and antioxidants enzymes in the 
aortic smooth muscle cells. These results also led us to conclude that NFAT 
proteins are involved in the development of macrovascular complications in a T2D 
mouse model. 

In article III, we wondered whether NFAT could also generate changes in cells 
from retinal microvessels (small vessels), whose modifications with time cause the 
complete loss of vision. In order to answer this question, we first confirmed that 
NFAT was present in the endothelial cells that form retinal microvessels. We also 
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confirmed that NFAT was activated by high glucose levels, using endothelial cell 
cultures and two different T1D mouse models. In one of these models, due to a 
spontaneous genetic alteration, mice developed diabetes at 3 or 4 weeks of age, 
while in the other model, diabetes was generated by injecting mice with 
streptozotocin. The NFAT blocker, A-285222, was administered in both models 
reducing the expression of adhesion and pro-inflammatory molecules in retinal 
vessels, as well as increasing the expression of anti-inflammatory molecules and 
avoiding the filtration of liquid from the blood to the eye interior in diabetic mice. 

In article IV, we explored the pattern expression of all NFAT isoforms (NFATc1-
NFATc4) in 13 different regions of the mouse vascular tree in normal conditions. 
We found that NFATc3 was by far the most abundant isoform in all vessels 
examined, while NFATc2 and NFATc4 were expressed at lower levels. NFATc1 
was expressed in an intermediate level. We observed that NFATc2 expression was 
increased on the arterial wall of diabetic mice. This fact indicates that this NFAT 
isoform can be induced or enhanced in pathological situations like diabetes. At the 
same time, we found that lack of NFATc2 or NFATc3 in vascular smooth muscle 
cells affects in a totally opposite way the expression of genes related to the 
appearance and contractile function of these cells. 

In summary, we arrived at two conclusions: 1) blocking NFAT is a novel and 
attractive approach for the treatment of macro- and microvascular complications in 
T1D and T2D; 2) the different expression pattern of NFAT isoforms in the 
vascular tree of mice and the different effects observed when NFATc2 or NFATc3 
are absent in cells, makes us think that the presence of all NFAT isoforms in the 
same cell does not translate as a functional redundancy of NFAT. 
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Ciencia para todos 

Seguro que todos conocen alguna persona que fue diagnosticada con diabetes 
mellitus. La interpretación popular de esta enfermedad, es el hecho de tener "alto 
el azúcar en la sangre". En términos generales esa definición es correcta, pero no 
sólo en la sangre aumenta el nivel de azúcar, sino también en la orina. De ahí es 
que proviene su nombre de origen griego, diabetes mellitus. Diabetes es sinónimo 
de poliuria (aumento en la producción y eliminación de la orina) y debido al color 
similar al de la miel y al sabor dulce de la orina de los diabéticos, se le agregó la 
palabra mellitus. 

En términos biomédicos, la diabetes se caracteriza por tener los niveles de glucosa 
en sangre igual o más altos que 7 mmol/L (126mg/dL), medidos en ayunas. La 
glucosa es comúnmente conocida como azúcar y proviene de los alimentos que 
consumimos. El valor de 7 mmol/L es considerado por la Organización Mundial 
de la Salud como un nivel límite para plantear un diagnóstico de diabetes. La 
diabetes es una enfermedad crónica e irreversible, con una distribución mundial de 
415 millones de personas afectadas estimadas en el año 2015 y proyectándose para 
el año 2025 la existencia de 700 millones de diabéticos. 

Los dos tipos más comunes de diabetes son, la diabetes tipo 1 (DT1) y la diabetes 
tipo 2 (DT2). La DT1 es una enfermedad autoinmune que se presenta 
generalmente en la niñez o adolescencia, cuando el páncreas no produce suficiente 
insulina. La DT2 aparece generalmente en el adulto cuando el organismo no es 
capaz de utilizar eficazmente la insulina que produce y en general está asociada al 
sobrepeso y desbalance en los lípidos sanguíneos. La insulina es una hormona 
producida y liberada por el páncreas, cuya acción es ayudar a que la glucosa entre 
en todas las células de nuestro cuerpo, y así suministrarles energía. Sin la 
suficiente cantidad de insulina y sin su eficiente acción, la glucosa permanece en 
la sangre en exceso (hiperglicemia) y genera la diabetes.  

La diabetes causa complicaciones importantes a nivel de los vasos sanguíneos, 
tanto en los vasos pequeños (capilares) como en los grandes (arterias y venas). Los 
daños en las grandes arterias, conocidas como complicaciones macrovasculares, 
generan por ejemplo el infarto de miocardio, los accidentes cerebro-vasculares y la 
insuficiencia circulatoria en los miembros inferiores, mientras que los daños en los 
capilares (complicaciones microvasculares) generan lesiones oculares (retinopatía) 
que llevan a la pérdida de visión, lesiones renales (nefropatía) que culminan en 
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insuficiencia renal y lesiones en los nervios (neuropatía) que llevan por ejemplo a 
la pérdida de sensibilidad en las extremidades.  

Si bien no está totalmente claro cuál es el origen de estas complicaciones 
vasculares, se ha identificado a la hiperglicemia como un factor de riesgo 
importante. Estudios previos realizados en nuestro laboratorio, han demostrado 
que la hiperglicemia activa las proteínas llamadas NFAT, que está presente en las 
células de los vasos sanguíneos (tanto en los grandes como en los pequeños 
vasos). La sigla NFAT proviene de su nombre en inglés, Nuclear Factor of 
Activated T-cells, ya que la presencia y actividad de esta proteína fue descubierta 
por primera vez en las células T del sistema inmune; un tipo de células cuya 
función es protegernos de partículas y agentes extraños. Con el tiempo, se supo 
que estas proteínas estaban presente en otras células, como por ejemplo en las 
células endoteliales y las de músculo liso, que forman parte de la pared vascular. 
Las proteínas NFAT son una familia de factores de transcripción nuclear, que 
cuando se activan tienen la función de unirse a porciones específicas del ADN e 
inducir la expresión de genes. Recordemos, que el ADN es una molécula que está 
en el núcleo de las células y que contiene toda la información genética. La familia 
NFAT está constituida por cinco versiones diferentes de la proteína NFAT, 
llamadas isoformas: NFATc1, NFATc2, NFATc3, NFATc4 y NFAT5. Todas ellas 
tiene pequeñas diferencias estructurales entre sí (excepto NFAT5, que no fue 
estudiada por nosotros), pero comparten la misma función y están presentes en 
todas las células de los vasos sanguíneos y del resto de los órganos y tejidos del 
cuerpo. En condiciones normales, NFAT se encuentra inactivo en el citoplasma de 
las células (fuera del núcleo), pero cuando se activa en respuesta a un estímulo 
(como lo es la hiperglicemia), NFAT pasa al núcleo y promueve la expresión de 
genes que están relacionados con moléculas de adhesión y moléculas pro-
inflamatorias en las células de la pared vascular, así como también incrementa la 
contractilidad de las células de músculo liso. 

El hecho de que se expresen moléculas pro-inflamatorias y de adhesión en la pared 
vascular, hace por ejemplo que en las arterias se acumulen y queden retenidos 
lípidos, mayoritariamente las partículas de LDL (conocido como "colesterol 
malo") y células en el interior de la pared de esos vasos. El acumulo gradual de 
estas células y lípidos dentro de la pared vascular es lo que genera la placa de 
ateroma y hace que se estreche la luz de los vasos por donde circula la sangre, 
generando la aterosclerosis. Una vez formada la placa de ateroma, y en ausencia 
tanto de medicación para reducir los lípidos, como de cambio de estilo de vida de 
la persona, la placa sigue creciendo y aumenta el riesgo de que se rompa. Cuando 
esto ocurre, el material de la placa de ateroma queda en contacto con la sangre y se 
forma un coágulo sanguíneo, el cual puede obstruir el pasaje de sangre por los 
vasos. Cuando se rompe la placa de ateroma y el coágulo se forma en los vasos del 
corazón (arterias coronarias), la persona sufre de un infarto, pero cuando lo mismo 



93 

ocurre en las arterias cerebrales, entonces el individuo sufre un accidente cerebro-
vascular. En las personas diabéticas, el desarrollo de la aterosclerosis está 
acelerado y se presenta de una forma más agresiva. Por su parte, las personas 
diabéticas pueden tener una visión borrosa, que con el tiempo puede llevar a la 
ceguera. La expresión de las moléculas pro-inflamatorias y de adhesión en las 
células de los capilares vasculares que constituyen la retina, hace que la estructura 
de estos pequeños vasos se debilite, permitiendo el filtrado de liquido de la sangre 
hacia el interior del ojo, causando la pérdida de visión. La retina es el tejido del 
ojo sensible a la luz y que proporciona la visión. 

El objetivo de esta tesis fue estudiar el rol que tienen las proteínas NFAT en la 
generación de la aterosclerosis y la retinopatía (lesiones a nivel de la retina del 
ojo) inducidas por la diabetes, así como también estudiar el patrón de expresión de 
las isoformas de NFAT en diferentes lechos vasculares y los efectos que genera a 
nivel celular la ausencia de NFATc2 o NFATc3 en las células vasculares. 

Estos estudios dieron lugar a la generación de 4 artículos científicos, de los cuales 
3 (artículos I, II y III) están publicados en revistas científicas y el cuarto (artículo 
IV) está en formato manuscrito y aún no fue publicado.

En el artículo I, nos preguntamos si NFAT estaba involucrado en el desarrollo de 
la aterosclerosis inducida por la diabetes. Para responder esa pregunta, utilizamos 
un modelo de ratón que tiene altos niveles de colesterol en sangre y por ello es un 
buen modelo animal para generar aterosclerosis. A un grupo de estos ratones se les 
provocó diabetes inyectándoles una sustancia (estreptozotocina) que destruye las 
células del páncreas encargadas de producir insulina. Al no generar insulina, la 
glucosa no puede ingresar a las células de los tejidos de los ratones y queda en la 
sangre en niveles elevados, simulando un modelo de DT1. Otro grupo de ratones 
fue usado como control y no se le generó diabetes. Luego de cuatro semanas de 
comenzado el experimento, a la mitad de los ratones de cada grupo (control y 
diabéticos) se les administró durante cuatro semanas más, otra sustancia (llamada 
A-285222) cuya función es impedir que las proteínas NFAT ingresen al núcleo, es 
decir que dicha sustancia funciona como un "bloqueador" de NFAT. Al finalizar el 
experimento, se observó que el tratamiento con el bloqueador de NFAT disminuyó 
completamente la aterosclerosis en la aorta de los ratones diabéticos, y no tuvo 
efecto en los ratones controles (no diabéticos). Además, el bloqueo de NFAT 
redujo la expresión de moléculas pro-inflamatorias y de adhesión en la pared 
arterial de esos ratones diabéticos. Estos resultados nos llevaron a concluir que la 
proteína NFAT estaba involucrada en el desarrollo de la aterosclerosis inducida 
por diabetes, en un modelo de ratón con DT1 y alto colesterol en sangre. 

En base a lo observado en el artículo I, lo siguiente que quisimos saber fue si el 
bloqueo de NFAT con A-285222 también limitaría la aterosclerosis en un modelo 
de ratón con DT2. Para responder esa pregunta, en el artículo II, utilizamos un 
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novedoso modelo de ratón, el cual mediante modificaciones genéticas tiene niveles 
de glucosa e insulina en sangre moderadamente altos, el colesterol alto y 
desarrollan placas de ateroma complejas y avanzadas, todas éstas características de 
la DT2. Luego de cuatro semanas de comenzado el experimento, la mitad de los 
ratones fueron tratados con el bloqueador de NFAT, A-285222, durante cuatro 
semanas más. Al finalizar el experimento, observamos que el bloqueo de NFAT 
redujo las placas de ateroma y la obstrucción de la luz de la arteria braquiocefálica 
en los ratones tratados con A-285222. A su vez, el bloqueo de NFAT fue asociado 
con un aumento de la expresión de enzimas ateroprotectoras y antioxidantes en las 
células de músculo liso de la aorta. Estos resultados también nos llevaron a 
concluir que la proteína NFAT está involucrada en el desarrollo de las 
complicaciones macrovasculares en un modelo de DT2. 

En el artículo III, nos preguntamos si NFAT también podía generar cambios en las 
células de los microvasos (vasos de pequeño tamaño) de la retina, cuyos cambios 
con el tiempo provocan la pérdida completa de visión. Para responder esta 
pregunta, primero confirmamos que NFAT estaba presente en las células 
endoteliales que forman los microvasos de la retina. A su vez, utilizando cultivo de 
células endoteliales y dos modelos diferentes de ratones con DT1, confirmamos 
que efectivamente NFAT se activaba frente a niveles altos de glucosa. En uno de 
los modelos, los ratones por una alteración genética espontáneamente 
desarrollaban diabetes a las 3 o 4 semanas de vida, mientras que en el otro modelo, 
la diabetes fue generada por inyecciones de estreptozotocina a los ratones. El 
bloqueador de NFAT, A-285222, fue administrado en ambos modelos animales y 
redujo la expresión de moléculas pro-inflamatorias y de adhesión en los 
microvasos de la retina, así como también aumentó la expresión de moléculas anti-
inflamatorias y previno la filtración de líquido de la sangre hacia el interior del ojo 
de los ratones diabéticos. 

En el artículo IV, exploramos cómo era el patrón de expresión de todas las 
isoformas de NFAT (NFATc1 a NFATc4) en 13 regiones del árbol vascular de 
ratones en condiciones normales. Encontramos que NFATc3 fue por lejos la 
isoforma más abundante en todos los vasos, mientras que NFATc2 y NFATc4 se 
expresaron en niveles bajos y NFATc1 en un nivel intermedio. Observamos que en 
ratones diabéticos, la expresión de NFATc2 en la pared arterial estaba aumentada, 
lo que nos indica que esta isoforma de NFAT se puede ver potenciada en 
situaciones patológicas como lo es la diabetes. A su vez, encontramos que la 
ausencia de las isoformas NFATc2 o NFATc3 en las células de músculo liso 
vascular afecta de forma totalmente opuesta la expresión de genes vinculados con 
la apariencia y función contráctil de dichas células. 

En resumen, podemos concluir dos cosas: 1) que el bloqueo de NFAT es un 
novedoso y atractivo abordaje para el tratamiento de las complicaciones macro- y 
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microvasculares de la DT1 y DT2; 2) el patrón de expresión diferente que tienen 
las isoformas de NFAT en el árbol vascular y los diferentes efectos generados 
cuando NFATc2 o NFATc3 están ausentes, nos hace pensar que la presencia de 
todas las isoformas de NFAT en una misma célula, no se traduce en una 
redundancia funcional de NFAT. 
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Abstract

Objective of the Study: Diabetic patients have a much more widespread and aggressive form of atherosclerosis and
therefore, higher risk for myocardial infarction, peripheral vascular disease and stroke, but the molecular mechanisms
leading to accelerated damage are still unclear. Recently, we showed that hyperglycemia activates the transcription factor
NFAT in the arterial wall, inducing the expression of the pro-atherosclerotic protein osteopontin. Here we investigate
whether NFAT activation may be a link between diabetes and atherogenesis.

Methodology and Principal Findings: Streptozotocin (STZ)-induced diabetes in apolipoprotein E2/2 mice resulted in
2.2 fold increased aortic atherosclerosis and enhanced pro-inflammatory burden, as evidenced by elevated blood
monocytes, endothelial activation- and inflammatory markers in aorta, and pro-inflammatory cytokines in plasma. In vivo
treatment with the NFAT blocker A-285222 for 4 weeks completely inhibited the diabetes-induced aggravation of
atherosclerosis, having no effect in non-diabetic mice. STZ-treated mice exhibited hyperglycemia and higher plasma
cholesterol and triglycerides, but these were unaffected by A-285222. NFAT-dependent transcriptional activity was
examined in aorta, spleen, thymus, brain, heart, liver and kidney, but only augmented in the aorta of diabetic mice. A-
285222 completely blocked this diabetes-driven NFAT activation, but had no impact on the other organs or on splenocyte
proliferation or cytokine secretion, ruling out systemic immunosuppression as the mechanism behind reduced
atherosclerosis. Instead, NFAT inhibition effectively reduced IL-6, osteopontin, monocyte chemotactic protein 1, intercellular
adhesion molecule 1, CD68 and tissue factor expression in the arterial wall and lowered plasma IL-6 in diabetic mice.

Conclusions: Targeting NFAT signaling may be a novel and attractive approach for the treatment of diabetic macrovascular
complications.
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Introduction

A much more widespread and aggressive form of atherosclerosis

is observed in the coronary arteries, lower extremities and

extracranial carotid arteries of diabetic patients, causing nearly

80% of all deaths and much of their disability [1]. Both diabetes

type 1 and type 2 are independent risk factors for myocardial

infarction, peripheral vascular disease and stroke. Despite vast

clinical experience linking diabetes and atherosclerosis, it is still

unclear how diabetes accelerates the clinical course of the disease.

A wealth of epidemiologic evidence demonstrate that hyperglyce-

mia increases cardiovascular event rates and worsens outcome [2].

Recent studies also show a causal association between elevated

glucose levels and increased carotid intima-media thickness, a

surrogate marker of subclinical atherosclerosis [3]. Intensive

glycemic control early in the course of the disease lowers

cardiovascular events in the long term [4]. Despite all this

evidence, very little is understood about the molecular mechanisms

connecting hyperglycemia to atherosclerosis.

The nuclear factor of activated T-cells (NFATc1-c4) are a

family of Ca2+/calcineurin-dependent transcription factors first

characterized in T-lymphocytes as inducers of cytokine gene

expression. Since then, NFAT proteins have been shown to play

various roles outside immune cells, including in the cardiovascular

system. We have previously shown that hyperglycemia effectively

activates NFATc3 in the arterial wall [5,6] and once activated,

NFATc3 induces the expression of the pro-inflammatory matrix

protein osteopontin (OPN), a cytokine that promotes atheroscle-

rosis and diabetic vascular disease [6]. Diabetes increased OPN

expression in the aorta of normolipidemic mice and this was

prevented by pharmacological inhibition of NFAT with the

NFAT-blocker A285222 or by lack of NFATc3 protein in
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NFATc3 deficient mice [6]. Additional experimental evidence

supports a role for NFAT as a regulator of genes able to promote

vascular dysfunction and potentially, a pro-atherogenic vascular

phenotype [7,8,9]. NFAT promotes vascular smooth muscle cell

(VSMC) proliferation and migration [7,10], and plays a role in

neointima formation and in the regulation of cyclooxygenase 2

(Cox2) expression after vascular injury [11,12,13]. NFAT

contributes to the development of angiotensin II-induced hyper-

tension, via down-regulation of potassium channel expression

[14,15]. Moreover, NFAT controls the alternative splicing of

allograft inflammatory factor-1 (AIF-1), resulting in products

differentially associated to parameters defining human plaque

phenotype and stability [16].

Together, these observations led us to hypothesize that NFAT

may act as a glucose-sensor in the vessel wall, translating changes

in Ca2+ signals into changes in gene expression that lead to

macrovascular disease in diabetes. To more directly test this

hypothesis and in the context of an atherosclerosis-prone

experimental model, we investigate the effects of NFAT-signaling

inhibition on atherosclerotic plaque formation and inflammatory

burden in diabetic and non-diabetic apolipoprotein (Apo)E

deficient mice.

Materials and Methods

Animals
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. All

protocols were approved by the local ethics review board at Lund

University and the Malmö/Lund Animal Care and Use Commit-

tee (Permit Number: M29-12). Animals were anaesthetized with

ketamine hydrochloride and xylazine (i.p.; 2.5 mg and 7.5 mg/

100 g body weight, respectively) and euthanized by exsanguina-

tion through cardiac puncture for blood collection. Depth of

anesthesia was assessed by the toe-pinch reflex procedure and

absence of muscular tone. All efforts were made to minimize

suffering. Adult ApoE2/2 (B6.129P2-Apoetm1Unc/J; Charles River,

Sulzfeld, Germany; n= 196), C57BL/6J (stock number 000664;

Charles River; n = 25) and FVBN 9x-NFAT-luciferase reporter

mice (NFAT-luc; n= 72) [17] were used.

Study Design
Treatment protocols are summarized in Figure 1. Protocol I:

22 weeks old ApoE2/2 mice received intraperitoneal (i.p.)

injections of streptozocin (STZ; Sigma-Aldrich, Stockholm,

Sweden; 60 mg/kg body weight, pH 4.5) or vehicle (citrate buffer)

once a day for 5 days at the start of the experiments, as previously

described [6]. One group of mice (n = 24) was euthanized 4 weeks

after the first STZ/vehicle injection, while additional 2 groups

received daily i.p. injections of the NFAT blocker A-285222

(0.29 mg/kg body weight) or vehicle (saline) for 1 (n = 81) or 4

weeks (n = 43) until termination. Protocols II and III: NFAT-luc
mice were used. In protocol II (n = 29), diabetes was induced as in

protocol I and mice received daily i.p. injections of A-285222

(0.15 mg/kg body weight) or saline until termination at day 16. In

protocol III (n = 36), mice were fed a normal chow (R3;

Lantmännen, Kimstad, Sweden) or a high fat diet (HFD;

R638:0.15% cholesterol, 21% fat; Lantmännen) during 4 or 8

weeks. Protocol IV: C57BL/6J mice (n = 25) received daily i.p.

injections of A-285222 (0.29 mg/kg body weight) or vehicle for 4

weeks until termination.

A-285222 inhibits all NFAT family members and was provided

by Abbott Laboratories (Abbott Park, IL). Body weight and blood

glucose, measured in whole venous blood (One-Touch, LifeScan

Inc., Milipitas, CA) were monitored once a week. Animals had free

access to tap water, fed normal chow diet (except in protocol III).

For en face and cross sectional measurements of plaque (4- and 8-

weeks groups), the aorta and heart were dissected out after whole

body perfusion with phosphate-buffered saline (PBS) and stored in

Histochoice (Amresco Inc, Solon, OH) at 4uC for fixation until

further processing. For mRNA expression measurements in the

aortic arch and experiments involving splenocytes and monocytes

(5-weeks group), whole body perfusion with PBS was performed,

after which aortas were dissected free of connective tissue and snap

frozen, and whole spleens were weighed and stored in ice cold PBS

until further processing. The 8-week version of protocol I was

repeated in an additional group of diabetic mice (n = 25) for

mRNA and protein expression measurements in the aortic arch

and for liver histology. For the pharmacokinetics of A-285222,

additional ApoE2/2 (n = 23) and FVBN (n= 7) mice were used.

Histological Evaluation of Atherosclerosis, Spleen and
Liver
En face preparations of the aorta were performed as described

before [18]. Briefly, aortas were fixed in Histochoice, dipped in

78% methanol and stained for 40 min in 0.16% Oil Red O

(ORO) dissolved in 78% methanol/0.2 mol/L NaOH, after which

they were washed in 78% methanol and distilled water. Cover slips

were mounted with water-soluble mounting media L-550A

(Histolab, Göteborg, Sweden). Lipids are stained red, which

makes the plaques bordeaux-colored. Lipid (ORO), macrophages

(Moma-2; monocyte/macrophage 2), a-smooth muscle actin (a-
SMA) and collagen contents were evaluated in cross-sections

(10 mm) of the aortic root as described before [18]. Rat anti-

Moma-2 primary antibody (1 mg/mL; BMA Biomedicals, Augst,

Switzerland), mouse anti-alpha-SMA (0.42 mg/mL, Sigma-Al-

drich) and biotinylated secondary IgG antibodies (Vector Labo-

ratories, Burlingame, CA) were used. Sections were counter-

stained with Harris hematoxylin for determination of subvalvular

lesion area, expressed both in mm2 and as percentage of total cross

sectional area to correct for potential structural differences in the

arterial wall between groups [19]. Media and lumen areas were

also determined based on the Harris hematoxylin staining.

Specificity of immune staining was confirmed by the absence of

staining when primary or secondary antibodies were omitted from

the protocol. Sections (5–6 per mouse) were analyzed under blind

conditions by computer-aided morphometry (Image-Pro Plus,

Media Cybernetics, Bethesda, MD and BioPix iQ 2.0 software,

Biopix AB, Gothenburg, Sweden, for en face and cross sections

respectively). Expression of tissue factor (TF) and osteopontin

(OPN) was also evaluated in the aortic root using confocal

immunofluorescence microscopy as described before [6]. Sections

were stained with primary rabbit antibodies, anti-OPN (0.5 mg/
mL, IBL, Hamburg, Germany) or anti-TF (10 mg/mL, American

Diagnostica, Stamford, CT) and secondary antibody, DyLight

649 anti-rabbit IgG (1:400 and 1:500, for OPN and TF,

respectively; Jackson ImmunoResearch, West Grove, PA); and

counterstained with the nucleic acid dye SYTOX Green (1:3000,

Molecular Probes, Invitrogen, Paisley, UK). Sections (3–6 per

mouse) were examined under blind conditions at 20X in a Zeiss

LSM 5 Pascal laser scanning confocal microscope and mean

fluorescence intensities of OPN and TF in the plaque were

quantified using the Zeiss LSM 5 analysis software and ImageJ

(version 1.47 m), respectively.

Spleen and liver cryosections (10 mm) were fixed with

Histochoice and stained with hematoxylin and eosin (H&E). Liver

sections were also stained with ORO and hematoxylin. For
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quantification of liver fat content (ORO), three sections per mouse

were analyzed under blind conditions by computer-aided

morphometry (BioPix iQ 2.0 software, Biopix AB, Gothenburg,

Sweden).

Luciferase Reporter Assay
Luciferase activity was measured in tissue homogenates from

the aortic arch, spleen, thymus, brain, heart, liver and kidney.

Assays were performed as previously described [5,7]. Optical

density was measured using a Tecan Infinite M200 instrument

(Tecan Nordic AB, Mölndal, Sweden) and data expressed as

relative luciferase units (RLU) per mg protein. Protein concentra-

tion was determined with the EZQ protein quantification kit

(Molecular Probes, Invitrogen, Paisley, UK) or the DC Protein

Assay (Bio-Rad Laboratories Sundbyberg, Sweden).

Plasma Cholesterol, Triglycerides and Cytokines
Plasma cholesterol and triglycerides were measured by color-

imetric assays (InfinityTM-Cholesterol and InfinityTM-Triglyceride;

Thermo Scientific, Middletown, VA) as described before [20].

Plasma cytokines were measured using a pro-inflammatory 7-plex

kit (Meso Scale Discovery, Rockville, MD). The lower detection

limit for each cytokine was within the range described by the

manufacturer. Plasma OPN and soluble (s) vascular cell adhesion

molecule 1 (VCAM-1) levels were assayed using Quantikine mouse

OPN and sVCAM-1 ELISA kits (R&D Systems, Abingdon UK).

Absorbance was measured at 450 nm and the lower limits of

detection were 5.7 pg/mL and 0.31 ng/mL, respectively. All

assays were performed according to the manufacturers’ instruc-

tions.

Quantitative RT-PCR (qRT-PCR)
RNA was extracted from the aortic arch using TRI Reagent BD

(Sigma-Aldrich) and a protocol for simultaneous isolation of RNA,

DNA and protein, according to the manufacturer’s instructions.

cDNA synthesis and real-time PCR were performed as previously

described [21], using TaqMan Gene Expression assays for IL-6

(Mm00446190_m1), OPN (Mm00436767_m1), monocyte chemo-

tactic protein 1 (MCP-1; Mm00441242_m1), intercellular adhe-

sion molecule 1 (ICAM-1; Mm00516023_m1), VCAM-1

(Mm01320970_m1), IL-1b (Mm01336189_m1), Cox-2

(Mm00478374_m1), IL-10 (Mm00439614_m1), TF

Figure 1. Study design. Protocol I: 22 weeks old ApoE2/2 mice received intraperitoneal (i.p.) injections of STZ or vehicle as previously described
[6]. One group of mice was euthanized 4 weeks after the first STZ/vehicle injection, while additional 2 groups received daily i.p. injections of the NFAT
blocker A-285222 (0.29 mg/kg body weight) or vehicle (saline) for 1 or 4 weeks until termination. Protocols II and III: NFAT-luc mice were used. In
protocol II, diabetes was induced as in protocol I and mice received daily i.p. injections of A-285222 (0.15 mg/kg body weight) or saline until
termination at day 16. In protocol III, mice were fed a normal chow or a high fat diet (HFD; 0.15% cholesterol, 21% fat) during 4 or 8 weeks. Protocol
IV: C57BL/6J mice received daily i.p. injections of A-285222 (0.29 mg/kg body weight) or vehicle for 4 weeks until termination. Arrows indicate time
of termination; diabetes (black bars), control (white bars), A-285222-treated (hatched bars) and high fat diet (grey bars).
doi:10.1371/journal.pone.0065020.g001
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(Mm00436948_m1), CD68 (Mm03047340_m1) with HPRT

(Mm00446968_m1) and b-actin (Mm00607939_s1) as endogenous

controls.

Western Blotting
Following RNA extraction from the aortic arch, protein was

precipitated from the phenol-ethanol supernatant obtained after

sedimentation of the DNA pellet. After a series of washes, the

protein-containing pellet was dried and dissolved in SDS sample

buffer (62.5 mmol/L Tris-HCl pH 6.8, 2% SDS, 10% glycerol,

5% 2-mercaptoethanol and 0.001% bromophenol blue). Alterna-

tively, arteries were homogenized directly in SDS sample buffer as

previously described [6]. Protein concentration was determined

with the EZQ protein quantification kit (Molecular Probes). An

equal amount of protein was loaded onto 12.5% Tris-HCl gels

(Bio-Rad Laboratories) and separated by gel electrophoresis.

Proteins were transferred to polyvinylidene difluoride membranes

(Bio-Rad Laboratories), blocked in 3% BSA/5% non-fat dry milk

and incubated with primary anti-TF (2 mg/mL in 3% BSA,

American Diagnostica, Stamford, CT) or to nitrocellulose

membranes (Bio-Rad Laboratories), blocked in 5% BSA and

incubated with anti-CD68 (0.82 mg/mL in 5% milk, DakoCyto-

mation, Glostrup, Denmark). HRP-conjugated secondary anti-

body (Cell Signaling, Danvers, MA) was used and bands detected

with chemiluminescence (Supersignal West Dura, Pierce Biotech-

nology, Rockford, IL). b-actin (1:3000) or a-tubulin (1:5000; both

Figure 2. NFAT inhibition suppresses accelerated atherosclerosis in diabetes. (A) En face lesion area in the aortic arch of control and
diabetic female ApoE2/2 mice treated for 4 weeks with A-285222 or saline (protocol I). Mice were 30 weeks old at the time of analysis, 8 weeks after
the first STZ or vehicle injection. Data is expressed as percentage of total aortic arch area (n = 9–12 mice/group). Two-way ANOVA for the effect of
diabetes and the drug revealed significant interaction between factors (**P,0.005). Bonferroni post-test yielded **P,0.01 vs. non-diabetic control
mice and ##P,0.01 vs. diabetic saline-treated mice. (B) Representative en face preparations of aortas from ApoE2/2 mice treated as in A and stained
with ORO (bordeaux-colored). Scale = 2 mm. (C) Blood glucose (mmol/L) and (D) body weight (g) values for mice in panel A. (E) Merged data from the
measurements in panel A and en face data obtained 4 weeks after the first STZ or vehicle injection (n = 9–13 mice/group). Control non-diabetic (blue);
diabetic (red); A-285222-treated (dotted lines); saline treated (unbroken lines).
doi:10.1371/journal.pone.0065020.g002
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from GenScript Corporation, Piscataway, NJ) were used as

loading controls.

Splenocyte Proliferation and Cytokine Production
Splenocytes were isolated as previously described [22]. Briefly,

single cell suspensions were prepared by pressing spleens through a

70-mm cell strainer (BD Falcon, Franklin Lakes, NJ). Erythrocytes

were removed using red blood cell lysing buffer (Sigma-Aldrich).

Cells were cultured in culture medium containing 10% heat-

inactivated FCS, 1 mmol/L sodium pyruvate, 10 mmol/L Hepes,

50 U of penicillin, 50 mg/mL streptomycin, 0.05 mmol/L b-
mercaptoethanol, and 2 mmol/L L-glutamine (RPMI 1640,

GIBCO, Paisley, UK) in 96-well round bottom plates (Sarstedt,

Nümbrecht, Germany). For proliferation assay, 26105 cells/well

were cultured with or without DynabeadsH coupled to anti-CD3

and anti-CD28 antibodies for T-cell activation and expansion

(bead to cell ratio 1:1, Invitrogen, Life Technologies, Carlsbad,

CA); alternatively, with or without 2.5 mg/mL concanavalin A

(ConA; Sigma-Aldrich) for 88 hours. To measure DNA synthesis,

the cells were pulsed with 1 mCi [methyl-3H]thymidine (Amer-

sham Biosciences, Uppsala, Sweden); during the last 16 hours,

macromolecular material was harvested on glass fiber filters using

a Filter Mate Harvester (Perkin Elmer, Buckinghamshire, UK) and

analyzed using a liquid scintillation counter (Wallac 1450

MicroBeta, Ramsey, MN). For cytokine production, 16106

cells/well were cultured in 48-well plates (Sarstedt, Nümbrecht,

Germany) with or without anti-CD3/CD28 dynabeads (bead to

cell ratio 1:1, Invitrogen) for 48 hours, after which cytokine

concentrations in the culture media were measured using a Th1/

Th2 9-plex ultra-sensitive kit (Meso Scale Discovery). The lower

detection limit for each cytokine was within the range described by

the manufacturer.

Table 1. Blood glucose, body weight, plasma cholesterol and triglyceride values in mice undergoing the different experimental
protocols.

Genotype and treatment
Blood glucose
(mmol/L) Body weight (g)

Total cholesterol
(mmol/L)

Triglycerides
(mmol/L)

Protocol I (ApoE2/2)

4 weeks:

Control (n = 13) 8.860.8 22.961.4 10.861.5 0.4860.13

Diabetes (n = 11) 19.664.7*** 21.661.9 16.963.5*** 0.5560.22

5 weeks:

Control (n = 9) 9.161.1 30.262.0 10.661.4 1.4460.36

Diabetes (n = 11) 23.465.5*** 29.461.7 17.962.4** 2.7161.02

Control+A-285222 (n = 8) 9.660.5 30.662.1 13.663.2 2.1461.03

Diabetes+A-285222 (n = 11) 23.265.8*** 28.362.6* 17.265.6 2.5761.56

8 weeks:

Control (n = 12) 9.061.6 24.361.7 10.261.3 0.6560.22

Diabetes (n = 10) 17.765.5*** 21.362.2*** 15.664.4*** 1.0460.38**

Control+A-285222 (n = 12) 9.060.4 23.461.3 11.761.4 0.6860.19

Diabetes+A-285222 (n = 9) 19.863.5*** 20.861.0** 16.064.7** 0.9360.25

Protocol II (NFAT-luc)

Control (n = 11) 8.961.0 22.563.0 2.3060.33 1.7460.39

Diabetes (n = 8) 15.467.2* 21.961.4 2.4960.33 2.2060.30

Diabetes+A-285222 (n = 10) 14.765.4* 22.762.3 2.4560.36 1.9160.75

Protocol III (NFAT-luc)

4 weeks:

Control (n = 12) 10.361.2 30.864.3 3.1960.34 1.3160.56

High fat diet (n = 8) 11.461.6 39.067.7** 5.5961.25*** 0.8060.38

8 weeks:

Control (n = 9) 9.760.7 35.965.6 3.3960.67 1.2460.53

High fat diet (n = 7) 12.763.0** 43.765.0* 6.0061.01*** 1.0460.40

Protocol IV (C57Bl6/J)

Control (n = 13) 12.862.7 25.263.4 2.7560.73 0.5060.13

Control+A-285222 (n = 12) 11.761.9 26.064.5 2.4260.46 0.4960.15

Values represent mean 6 SD. Blood glucose values are averaged during the experiments (from week 2 until termination). Body weight and lipids values were measured
at termination. For protocol 1 (4 weeks), student’s t-test yielded ***p,0.001 vs. non-diabetic mice. For protocol 1 (5 and 8 weeks), two-way ANOVA (for the effects of
diabetes and A-285222) revealed no interactions between factors. Bonferroni post-tests yielded *,0.05, **p,0.01, ***p,0.001 for comparisons between control and
diabetic mice receiving the same treatment. For protocol 2, one-way ANOVA and Bonferroni post-tests yielded *,0.05, vs non-diabetic control. For protocol 3, two-way
ANOVA (for the effects of high fat diet and diet duration) revealed no interactions. Bonferroni post-tests yielded *,0.05, **p,0.01, ***p,0.001 for comparisons
between mice fed high fat diet and controls.
doi:10.1371/journal.pone.0065020.t001
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Flow Cytometry Analysis
Cells from blood and splenocytes were analyzed as previously

described [23,24,25]. Blood cells were stained with the following

fluorochrome-conjugated antibodies after blocking of FC receptors

for 5 minutes: PerCP/Cy5.5-anti-CD62L (L-selectin), PE/Cy7-

anti-Ly-6c, (BioLegend, San Diego, CA) and APC-anti-CD115

(eBioscience, San Diego, CA). Splenocytes were stained for PE/

Cy7-anti-CD3, Pacific Blue-anti-CD4, APC-anti-CD25 after

blocking of FC receptors for 5 minutes. Cells where then

permeabilized and thereafter stained with PE-anti-Foxp3 (Biole-

gend). For interferon (IFN)-c measurements, splenocytes (56105

cells/cell culture well) were incubated with phorbol 12-myristate

13-acetate (PMA; 10 ng), ionomycin (0.2 mg), and brefeldin A

(1 mg, all from Sigma) for 4 hours at 37uC. Stimulated cells were

then stained for CD3 and CD4 (as above). Cells were thereafter

permeabilized and stained with PE-anti-IFN-c (Biolegend). Mea-

surements were performed using a CyAn ADP flow cytometer

(Beckman Coulter, Brea, CA) and analyzed with FlowJo7.6

software (Tree Star, Ashland, OR). Mononuclear leukocytes were

gated from the forward scatter (FSC)/side scatter (SSC). Single

stained samples were used to correct for fluorescence spillover in

multicolor analyses, and gate boundaries were set by fluorescence-

minus-one (FMO) controls.

Gas Chromatography Mass Spectroscopy (GC/MS)
For the pharmacokinetics of A-285222, blood was collected

from adult ApoE2/2 mice (n = 23) by cardiac puncture at different

time points (30 min, 1, 2, 4, 6, 12 and 24 hours) after i.p. injection

of A-285222 (0.29 mg/kg body weight in saline solution). Plasma

was isolated and a known concentration (2.5 mmol/L) of the

analogous inactive compound A-216491 (Abbott Park, IL) was

added as an internal standard to all samples. Samples were

randomized and run in duplicates. Samples (300 mL) were

extracted twice with ethyl acetate (400 mL), followed by evapora-

tion. The dried residues were finally re-dissolved in chloroform

(30 mL) and analyzed by GC/MS on an Agilent 6890N gas

chromatograph (Agilent, Santa Clara, CA) coupled to a Leco

Pegasus III TOFMS electron impact TOF (time-of-flight) mass

spectrometer (Leco Corp., St. Joseph, MI). Identification was

based on mass spectra and retention indexes, calculated from the

injection of a homologous series of n-alkanes. The concentration of

A-285222 in plasma was determined using a calibration curve

calculated from analyses of plasma from untreated mice, spiked

with known concentrations of A-285222 and A-216491. Plasma A-

285222 levels were also determined in mice from protocols I (5

and 8 weeks), II and IV, from blood collected at the time of

euthanasia (i.e.,24 h after the last i.p. injection of A-285222).

These measurements were performed in duplicate using pooled

plasma from 6–12 mice for each experimental condition. Plasma

from the groups treated with saline served as negative controls. In

Figure 3. Inhibition of NFAT reduces the lipid contents in the plaque of diabetic mice. (A) ORO stained cross-sections of the aortic root
from control and diabetic female ApoE2/2 mice treated with or without A-285222 for 4 weeks (Protocol I). Sections were counter-stained with Harris
hematoxylin. Scale = 500 mm. (B) Summarized morphometric data from sections stained as in A showing ORO positive area in the plaques. Two-way
ANOVA for the effect of diabetes and the drug revealed significant interaction between factors (P,0.05). Post-test yielded #P,0.05 vs. diabetic
saline-treated mice (n = 9–12 mice/group). (C–E) Summarized morphometric data from the same animals as in B showing monocytes/macrophages-2
(Moma-2, C), collagen (D) and a-smooth muscle actin (a-SMA, E) positive areas in the plaques. Two-way ANOVA revealed significant effect of diabetes
(P,0.001 for Moma-2 and collagen; P,0.05 for a-SMA), Bonferroni post-test yielded *P,0.05 and ***P,0.001 vs. non-diabetic saline-treated mice
(n = 9–12 mice/group).
doi:10.1371/journal.pone.0065020.g003
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a separate experiment to evaluate efficacy of i.p. administration,

plasma levels of A-285222 after intracardiac (i.c.) injection of the

drug were compared to levels after i.p. administration (n= 7 mice).

Statistics
Results are expressed as means 6 SEM if not otherwise

specified. Statistical analysis was performed using GraphPad

software (Prism 5.0). For parametric data, significance was

determined using Student’s t-test, one- or two-way ANOVA as

specified in the text, followed by Bonferroni post hoc tests. Non-

parametric data was analyzed using Mann-Whitney or Kruskal-

Wallis test followed by Dunn’s post-test.

Results

In vivo Inhibition of NFAT Prevents the Diabetes-induced
Aggravation of Atherosclerosis in the Aortic Arch
Atherosclerosis prone 22 week old ApoE2/2 mice were treated

as outlined in PROTOCOL I (Figure 1). A 2.2 fold increase in

atherosclerotic plaque area (25.4% vs. 11.6%; p,0.01) was

observed in the aortic arch of diabetic mice when compared to

aged-matched non-diabetic controls, as assessed by en face
measurements of ORO stained area eight weeks after the first

STZ-injection (Figure 2A–B). In vivo treatment with the NFAT

blocker A-285222 for the last 4 weeks of the experiment

completely abrogated (p,0.01) the effect of diabetes on lesion

area (Figure 2A–B). There was no effect of A-285222 on

atherosclerosis in non-diabetic ApoE2/2 mice. As expected,

STZ-treated mice had higher blood glucose and lower weight

gain than control mice, but A-285222 had no impact on these

parameters (Figure 2C–D and Table 1). A similar effect of diabetes

was observed in the descending aorta (2.1 fold increase in plaque

area), but the overall plaque area was lower than in the arch and

the effect of A-285222 less pronounced (Figure S1).

Lesion area was also evaluated in a separate group of control

and diabetic mice 4 weeks after the first STZ or vehicle injection,

when mice were 26 weeks of age. At this earlier time point diabetes

had no evident effect on lesion size in the aortic arch (Figure 2E).

Figure 2E also shows the accelerated development of plaque in the

Figure 4. In vivo treatment with A-285222 effectively blocks diabetes-induced NFAT-dependent transcriptional activity. (A) NFAT-
luciferase activity in the aortic arch, spleen, thymus, brain, heart, liver and kidney from control and diabetic female NFAT-luc mice treated with A-
285222 or saline (Protocol II). Values are expressed as relative luciferase units (RLU) per mg protein (n = 8–11 mice/group for aortic arch, spleen and
thymus; n = 4–8 mice/group for brain, heart, liver and kidney). **P,0.01 vs. non-diabetic control mice and ##P,0.01 vs. diabetic saline-treated group.
(B) Basal (non-diabetic) NFAT-dependent transcriptional activity (RLU mg21) in the different tissues examined (n = 4–11 mice/group).
doi:10.1371/journal.pone.0065020.g004
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diabetic mice, which is completely prevented by NFAT inhibition,

and the well-recognized effect of age on atherosclerosis [26] in the

non-diabetic groups.

Atherosclerosis was also examined in cross-sections of the aortic

root from the same animals used for the en face measurements

shown in Figure 2A–B. Total cross sectional area calculated from

the hematoxylin staining was larger in diabetic than non-diabetic

mice (1.686106 um2 vs. 1.236106 um2; P,0.001). This increased

area in the diabetic mice is the combined result of increased

plaque (6.596105 um2 vs. 4.036105 um2; P,0.001) and lumen

(9.046105 um2 vs. 6.656105 um2; P,0.001) area, while a

concomitant thinning of the media was observed (1.156105 um2

vs. 1.836105 um2; P,0.001), especially in regions beneath the

atherosclerotic plaques. Erosion and focal dilatation of the medial

layer have been described in the aortic root of ApoE2/2 mice

when fed an atherogenic diet with cholate or when bred on specific

backgrounds (C3H or 128SvJ) [27,28]. Our results show that

diabetes (without the atherogenic diet or specific background) is a

sufficient drive for medial wall erosion; in line with work showing

structural modifications and disruption of the arterial media as a

result of diabetes in STZ-treated C56B/J6 mice [19]. When the

subvalvular plaque area was expressed as percentage of total cross

sectional area, it was 16.5% larger in diabetic than in control

untreated mice (p,0.05); whereas the effect of diabetes was

attenuated in A-285222-treated mice (9.6% increase, n.s.).

Interestingly, inhibition of NFAT resulted in reduced lipid

contents in the plaque of diabetic mice (Figure 3A–B). Even

though plaque macrophage, collagen and a-SMA contents were

increased in the aortic root of diabetic mice when compared to

non-diabetic controls, values were not affected by A-285222

treatment (Figure 3C–E and Figure S2A). Higher expression of

OPN, but not of TF was observed in aortic root sections from

diabetic mice when compared to non-diabetic controls; but values

were not affected by A-285222 treatment either (Figure S2A–B).

In agreement with previous studies [20], total plasma choles-

terol was significantly elevated in diabetic ApoE2/2 mice when

compared to non-diabetic controls at 4, 5 and 8 weeks (Table 1).

Plasma triglycerides were also elevated after 8 weeks. However,

the reduced atherosclerosis is less likely due to a lipid lowering

effect, since A-285222 had no effect on plasma lipids, regardless if

the mice were diabetic or not (Table 1). In agreement to what

others have reported [29], ApoE2/2 mice on chow diet had very

little fat accumulation in the liver (,2%). No signs of liver steatosis

were observed after treatment of ApoE2/2 mice with A-285222

(Figure S3).

In vivo Treatment with A-285222 Effectively Blocks
Diabetes-induced NFAT-dependent Transcriptional
Activity
Previous studies from our group have shown that A-285222 is a

potent blocker of glucose-induced NFAT-dependent transcrip-

tional activity and NFAT-target genes [6,7] in VSMCs and intact

vessels in vitro [5,6]. Here we demonstrate that in vivo treatment

with A-285222 completely blocks the diabetes-induced NFAT-

dependent transcriptional activity in the aortic arch of NFAT-luc

mice (Figure 4A, PROTOCOL II). Of all organs examined,

NFAT was selectively activated in the aorta of diabetic mice, with

a tendency to increased activation in kidneys, but no effect in

spleen, thymus, brain, heart or liver. A-285222 treatment was

effective only if NFAT had been previously activated as in the

aortic arch, and possibly in the kidneys. Diabetic mice had

significant hyperglycemia at this time-point, but unchanged body

weight and plasma lipids (Table 1). A-285222 had no effect on any

of these parameters (Table 1). As shown in Figure 4B, basal levels

of NFAT activity varied depending on the organ. Consistent with

what others have reported, the highest levels were observed in

brain, kidney and heart; and the lowest in spleen and liver [17].

Figure 5. In vivo NFAT inhibition reduces diabetes-induced elevation of plasma IL-6 levels. The effect of diabetes and NFAT inhibition on
plasma IL-6, IFN-c, IL-12p70, IL-1b, IL-10, KC, TNF-a, OPN and sVCAM-1 was studied 8 weeks after the first STZ/vehicle injection in female ApoE2/2

mice treated with A-285222 or saline for the last 4 weeks of the experiment (Protocol I, n = 9–12 mice/group). Only for IL-6, two-way ANOVA for the
effect of diabetes and the drug revealed a significant interaction between factors (*P,0.05). Bonferroni post-test yielded ***P,0.001 vs. non-diabetic
control and #P,0.05 vs. diabetic saline-treated group. All other cytokines except KC were increased by diabetes. For parametrically distributed data
(IL-1b and OPN), two-way ANOVA followed by Bonferroni post-test yielded **P,0.01 and ***P,0.01 vs. corresponding non-diabetic groups. For the
rest of the cytokines, which were non-parametrically distributed, Kruskal-Wallis followed by Dunn’s post-test yielded *P,0.05, **P,0.01 and
***P,0.01 vs. corresponding non-diabetic groups.
doi:10.1371/journal.pone.0065020.g005
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A separate set of NFAT-luc mice were fed HFD or chow diet for

4 or 8 weeks and NFAT-luciferase activity measured in the aorta

(PROTOCOL III). Even though plasma cholesterol levels were

significantly higher in mice fed HFD when compared to controls

(Table 1), no differences in NFAT-luciferase activity were

observed (Figure S4). Body weight increased with HFD, and a

small (3 mmol/L) but significant increase in blood glucose was

observed after 8 weeks of HFD, while triglycerides were not

significantly affected (Table 1).

Effect of Diabetes and NFAT-signaling Inhibition on
Systemic and Plaque Inflammation
Plasma cytokines, levels and phenotype of circulating monocytes

and expression of inflammatory genes in the aortic arch were

examined in ApoE2/2 mice undergoing PROTOCOL I. Plasma

IL-6, IFN-c, IL-12p70, IL-1b, IL-10, tumor necrosis factor (TNF)a,
OPN and sVCAM-1 were significantly increased in diabetic mice 8

weeks after the first STZ injection, whereas keratinocyte-derived

chemokine (KC) was not affected (Figure 5). Treatment with A-

285222 for 4 weeks blunted the effect of diabetes on IL-6 levels, but

had no significant effects on the other plasma cytokines (Figure 5).

Already early after the onset of diabetes, circulating monocytes were

elevated in diabetic ApoE2/2mice when compared to non-diabetic

controls, as evidenced by higher percentages of CD115 (M-CSF

receptor) expressing blood mononuclear cells (Figure 6B). Treat-

ment with A-285222 had no effect on blood monocyte levels.

Neither diabetes nor NFAT inhibition had any impact on the

fraction of CD115 positive cells expressing the adhesion molecule

CD62L (L-selectin) or on the fractions of inflammatory (CD115+
Ly6Chigh) or patrolling (CD115+ Ly6Clow) blood monocytes

(Figure 6C–E).

Also early after the onset of diabetes, several markers of

inflammation and endothelial activation including MCP-1,

VCAM-1, IL-1b, Cox2 and TF were significantly increased at

the mRNA level in the aortic wall of diabetic mice when compared

to controls; and trends towards increased IL-6 and ICAM-1 were

observed (Figure S5). Treatment with A-285222 for 4 weeks

significantly reduced IL-6, OPN, MCP-1 and ICAM-1 mRNA in

the aortic arch of diabetic mice, while levels of VCAM-1, IL-1b,
Cox2 and IL-10 were not affected (Figure 7A). Expression of the

macrophage marker CD68 and cellular TF were significantly

lowered after A-285222 treatment in diabetic mice, both at the

mRNA and protein level (Figure 7B–C).

To determine whether NFAT signaling inhibition affected the

capacity of immune cells to proliferate, splenocytes were isolated

from ApoE2/2 mice 5 weeks after the first STZ injection, after

Figure 6. Circulating monocyte levels are increased in diabetic ApoE2/2 mice but not affected by NFAT inhibition. (A) Left and middle
panels: Dot plots showing the gating strategy for monocyte identification from blood mononuclear cells based on the expression of CD115 (M-CSF
receptor). Right panels: Identification of monocytes expressing CD62L (L-selectin) and of Ly6Chigh and Ly6Clow subsets (blue lines); fluorescence-
minus-one controls (red lines). (B) Summarized data from flow cytometry experiments showing percentages of CD115+ monocytes in total blood
mononuclear cells from control and diabetic ApoE2/2 mice treated with the NFAT blocker A-285222 or saline for one week (Protocol I, n = 9–11 mice/
group). Two-way ANOVA revealed a significant effect of diabetes (P,0.01). Bonferroni post-test yielded *P,0.05 vs. non-diabetic control mice. (C–E)
No differences in the percentages of CD115+ mononuclear cells expressing CD62L+ (C) Ly6Chigh (D) or Ly6Clow (E) were found between treatment
groups.
doi:10.1371/journal.pone.0065020.g006
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receiving daily i.p. injections of A-285222 or vehicle for one week

(PROTOCOL I, 5 weeks group). No differences in their

proliferative capacity were found between groups, as assessed by

measurements of thymidine incorporation under non-stimulated

conditions or after stimulation with either anti-CD3/CD28 beads

or Con A (Figure S6A–B). Similar observations were made using

splenocytes isolated from control C57BL/6 mice treated with A-

285222 for 4 weeks (Figure S6C). Blood glucose, body weight and

plasma lipids were not affected in these animals (Table 1). We also

examined the effects of diabetes and A-285222 treatment on

cytokine secretion capacity of splenocytes under control non-

stimulated conditions and after stimulation with anti-CD3/CD28

beads (Table S1). Diabetes had no impact on the levels of

cytokines produced by non-stimulated splenocytes, but resulted in

significantly increased levels of TNF-a in cells stimulated with anti-

CD3/CD28 beads. A-285222 treatment on the other hand

resulted in decreased secretion of IL-2 in non-stimulated spleno-

cytes from non-diabetic mice and no effects in stimulated

splenocytes (Table S1). Percentages of CD3+CD4+CD8- spleno-

cytes expressing IFN-c after stimulation with PMA and ionomycin

were not affected by diabetes or NFAT inhibition (Figure S6E).

Moreover, no differences in spleen histology or size were detected

between treatment groups (Figure S6F–G).

Pharmacokinetics of A-285222
Previous studies in cynomolgus monkeys have demonstrated

that A-285222 is well tolerated when the plasma concentration is

maintained below 4 mg/mL (9.6 mmol/L), a level achieved by oral

administration of the drug twice daily at 5–7.5 mg/kg body weight

[30]. In our hands, a lower dose was sufficient for changes in

vascular OPN expression in normolipidemic BalB/c mice [6] and

for the effects on NFAT-transcriptional activity and on diabetes-

induced atherosclerosis described here (0.15–0.29 mg/kg body

weight). In previous ex vivo experiments using mouse arteries, A-

285222 blocked NFAT-transcriptional activity at 1 mmol/L [5].

To assess the actual plasma concentration of A-285222 after in vivo

treatment of ApoE2/2 mice, we collected blood by cardiac

puncture at different time points (30 min, 1, 2, 4, 6, 12 and 24

hours) after i.p. injection of the drug (0.29 mg/kg body weight). A-

285222 was identified and quantified with GC/MS, based on its

mass spectra and retention indexes (Figure S5). Plasma A-285222

levels peaked at 2 hours, were between 100–200 nmol/L for the

first six hours and no longer detected at 12 or 24 hours. We failed

to detect any A-285222 in mice from protocols I (5 and 8 weeks),

II and IV, from blood collected at the time of euthanasia

(i.e.,24 h after the last i.p. injection of A-285222), ruling out an

accumulation of the drug in the circulation. A comparison

between plasma levels of A-285222 measured 5 min after i.p.

injection of the drug (0.15 and 1.5 mg/kg) and after direct

injection into the circulation (i.c.), showed that levels were within

the same range regardless administration route (430 nmol/L vs.

480 nmol/L for the low dose; 770 nmol/L vs. 675 nmol/L for the

high dose), indicating high bioavailability.

Discussion

The present study demonstrates that inhibition of NFAT-

signaling completely suppresses accelerated atherosclerosis in the

aortic arch of diabetic ApoE2/2 mice and that this effect is

independent of changes in plasma glucose or lipid levels. This

finding suggests that NFAT may play a role in the development of

atherosclerosis in diabetes and identifies this signaling pathway as

a novel therapeutic target for the treatment of diabetic macro-

vascular complications.

The ApoE-deficient mouse is a well-established model for the

study of atherosclerosis. Mice develop spontaneous hypercholes-

terolemia and mimic the initial phases of human atherosclerosis,

even when fed a regular chow diet as in this study. The extent and

severity of the lesions increase with age, displaying all known

phases of atherogenesis. Monocyte adhesion takes place between

8–10 weeks of age, lipid deposition and development of fatty-

streaks starts at approximately 9 weeks of age, and progression to

intermediate and more mature fibrous plaques at ,15–20 weeks

of age [31]. As shown in Figure 2E, at the age when mice were

treated with the NFAT blocker A-285222 (26–30 weeks of age),

plaque size in the aortic arch was still increasing, and this was

clearly accelerated by diabetes. Interestingly, NFAT inhibition did

only affect the diabetes-driven aggravation of atherosclerosis, but

Figure 7. In vivo inhibition of NFAT reduces the expression of
markers of inflammation and endothelial activation and
macrophage infiltration in the aortic arch of diabetic mice.
(A) Gene expression analyses by qRT-PCR in the aortic arch of diabetic
ApoE2/2 mice treated with A-285222 or saline for 4 weeks (Protocol I,
hatched and black bars, respectively). HPRT and b-actin were used as
endogenous controls and data (Rel. mRNA) is expressed in relation to
the diabetic saline-treated group. (B) CD68 and (C) TF mRNA and
protein levels were decreased after treatment with A-285222. Left
graphs show relative CD68 and TF mRNA from the same animals as in A.
Middle panels show representative immunoblots for CD68 and TF (50
and 35 kDa) and loading controls. Right graphs show summarized
results from western blot experiments, with CD68 expression normal-
ized to a-tubulin and TF expression normalized to b-actin. Data (Rel.
protein) is expressed in relation to the diabetic saline treated group.
*P,0.05, **P,0.01 and ***P,0.001; n = 5–13 mice/group.
doi:10.1371/journal.pone.0065020.g007
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had no impact on atherosclerosis in non-diabetic mice, suggesting

potentially different mechanisms underlying plaque formation

under diabetic and non-diabetic conditions. The increased lesion

size observed in the aortic arch is in line with what others have

described in STZ-treated ApoE2/2 mice [32]. However, the effect

of diabetes on plaque area at the level of the aortic root was

modest when compared to those observed when mice are treated

with STZ at younger age (6 weeks [32] vs. 22 weeks in this study).

Along these lines, A-285222 treatment had a more distinct impact

on the aortic arch than in the aortic root, as exemplified by

decreased macrophage infiltration, TF and OPN expression in the

arch (Figure 7) but not in the root of the aorta (Figure S2). These

results highlight differential susceptibility to diabetes-induced

atherosclerosis in these two segments of the aorta and the need

for a diabetes-driven process for NFAT-inhibition to play a role.

Previous work from our group established that high extracel-

lular glucose (.15 mmol/L) activates NFATc3 in intact arteries ex

vivo by a mechanism involving the release of extracellular

nucleotides (i.e. UTP, UDP) acting on P2Y receptors, leading to

increased intracellular Ca2+ and subsequent activation of the

calcineurin/NFATc3 signaling pathway [5]. High glucose also

decreases the export of NFATc3 from the nucleus by inhibiting the

otherwise constitutively elevated kinase activity of glycogen

synthase kinase (GSK)-3b and c-Jun N-terminal kinase in the

arterial wall [5]. In a follow-up study, we demonstrated that

hyperglycemia readily activated NFATc3 in the arterial wall

in vivo, as evidenced by increased NFATc3 nuclear accumulation

in cerebral arteries after an i.p. glucose-tolerance test and by

increased NFATc3-dependent transcriptional activity in aorta 2

weeks after the induction of diabetes with STZ [6]. Here we show

that this diabetes-induced activation of NFAT in the aorta is

completely inhibited by in vivo treatment with A-285222

(Figure 4A), demonstrating that A-285222 is an effective blocker

of NFAT-transcriptional activity in this tissue. Even though NFAT

is expressed in many tissues and basal (non-diabetic) NFAT-

luciferase activity was detected in all tissues examined, the

diabetes-induced NFAT activation is not a generalized phenom-

enon. At least at this time point after the onset of diabetes (2

weeks), NFAT-luciferase activity seemed only elevated in the

aorta, whereas no changes were observed in the other organs

examined (Figure 4), an advantageous difference from the

therapeutic point of view.

Not only hyperglycemia, but hyperlipidemia, or the combina-

tion of both could be driving the accelerated atherosclerosis in

diabetes. To our knowledge, the effect of hyperlipidemia on

NFAT-transcriptional activity in the vasculature has never been

studied in vivo. A number of in vitro studies though, demonstrated

that NFAT activation can be triggered by lipids. Exposure to

triglyceride-rich very low-density lipoproteins increases NFATc3

nuclear accumulation in cultured rat aortic VSMCs [33], and

postprandial triglyceride-rich lipoproteins collected after an oral

fat load activate several transcription factors including NFAT in

cultured endothelial cells [34]. Also, incubation of T-lymphocytes,

macrophages, fibroblasts and endothelial cells with copper-

oxidized or monocyte-oxidized low-density lipoproteins increases

NFAT binding to DNA [35,36]. Here we show that a ,2-fold

increase in total cholesterol induced by HFD, had no effect on

NFAT-transcriptional activity in the aortas of NFAT-luc mice

(Figure S4). Interestingly, after 8 weeks of HFD mice had a mild

but still significant increase in blood glucose (from 9.7 to

12.7 mmol/L; Table 1), which did not translate in enhanced

luciferase activity. This is in line with previous data showing that

glucose levels .15 mmol/L are required for NFAT activation in

the vasculature [5,6]. Even though high cholesterol per se had no

effect on NFAT-transcriptional activity in vivo, it is still possible

that high triglycerides instead, or even higher absolute levels of

cholesterol (such as those observed in ApoE-deficient mice), or

higher degree of lipid oxidation as it may occur in the context of

diabetes, could trigger NFAT activation.

Inflammation is recognized as a critical regulator of atheroscle-

rotic plaque formation and progression. Along these lines, the

accelerated atherosclerosis in diabetic ApoE2/2 mice was

preceded by elevated blood monocytes and higher expression of

endothelial activation- and inflammatory markers in the aorta.

Already after 4 weeks of diabetes, a time-point when no changes in

aortic plaque size had yet occurred, expression of VCAM-1,

MCP-1, IL-1b, Cox2, TF and maybe also IL-6 and ICAM-1

(borderline significance) were higher than in control non-diabetic

mice. The enhanced pro-inflammatory burden in diabetic mice is

also reflected by the overall increased levels of circulating plasma

cytokines (IL-6, IFN-c, IL-12p70, IL-1b, IL-10, TNFa, OPN and

sVCAM-1; Figure 5) after 8 weeks of diabetes. One important

observation in this study was that A-285222 treatment for 4 weeks

significantly reduced the diabetes-driven IL-6 levels in plasma as

well as mRNA expression in the aortic arch. IL-6 is one of the

most prominent pro-inflammatory cytokines, extensively studied in

the context of atherogenesis [37]. It can be generated locally by

cells within the lesions or released by adipose tissue into the

circulation, promoting endothelial dysfunction, VSMC prolifera-

tion and migration as well as recruitment and activation of

inflammatory cells, hence amplifying the inflammatory response.

Moreover, IL-6 stimulates the expression of scavenger receptors

SR-A and CD36, involved in the uptake of modified LDL and

formation of foam cells [38]. Lack of this positive stimulation due

to reduced IL-6 levels could explain the reduced plaque lipids

observed in diabetic mice after A-285222 treatment (Figures 2 and

3A). The reduced IL-6 expression after treatment with A-285222

is in line with previous studies by us and other investigators,

showing NFAT-dependent regulation of IL-6 gene expression in

VSMCs [10,39] and in human resistance arteries [7].

The NFAT blocker A-285222 belongs to a series of 3,5-bis

(trifluoromethyl)pyrazole (BTP) derivatives originally developed in

a search for safer immunosuppressive drugs. These drugs maintain

NFAT in a phosphorylated state, blocking its nuclear import and

subsequent transcription, without affecting NF-kB or AP-1

activation, or calcineurin phosphatase activity [40]. In vivo
administration of A-285222 completely blocked diabetes-induced

NFAT-transcriptional activity in the aorta, leading to reduced

expression of IL-6, OPN, MCP-1, ICAM-1, CD68 and TF, all

established players in atherogenesis, as well as to reduced diabetes-

induced atherosclerosis. This was achieved without any effect on

body weight, blood glucose or lipid levels and at concentrations

that had no impact on NFAT activity in spleen or thymus, on T-

cell proliferation rates or cytokine secretion capacity, ruling out

systemic immunosuppression as the mechanism behind reduced

atherosclerosis. A-285222 did not affect the number or phenotype

of circulating blood monocytes, nor did it alter the numbers of T-

regulatory cells in the spleen. The reduction of TF was particularly

interesting, given the lack of available systemic strategies that

target TF expression [41]. The dose of A-285222 used here and

plasma levels achieved upon treatment were far below those

required in cynomolgus monkeys for inhibition of T-cell cytokine

production, which is consistent with the negative T-cell cytokine

data presented here. Furthermore, non-diabetic ApoE2/2 mice

exhibited measurable levels of plasma cytokines, reflecting a low-

grade inflammation typical of this hyperlipidemic model, however,

A-285222 had no effect on these levels (Figure 5), speaking against

a general immunosuppressant effect of A-285222. Together,
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results suggest that NFAT inhibition affects the plaque phenotype

at the level of the plaque itself and not via systemic immunosup-

pression.

Calcineurin inhibitors (i.e. CsA and FK506) are commonly used

to prevent host-versus graft disease, a therapy often associated with

side effects, including increased risk of atherosclerosis. While the

immunosuppressive effects of these drugs are directly related to the

inhibition of NFAT in immune cells, the adverse cardiovascular

effects seem to be NFAT-independent and mediated via intracel-

lular cyclophilin and chaperone activities, extracellular cyclophilin

A and NFAT-independent transcriptional effects [42]. The

degrees to which these NFAT-independent pathways are engaged

seem to be dose-dependent [43]. Low-dose FK506 (,0.2 ng/mL)

inhibited collar-induced atherosclerosis progression and promoted

plaque stability in ApoE2/2 mice, whereas higher doses similar to

those given to transplant patients engaged instead NF-kB in

macrophages and consequently increased production of cytokines.

Other serious side effects associated with CsA treatment are

hyperlipidemia and diabetes [42]; but these were not observed

after treatment with A-285222.

Despite major advances in the treatment of cardiovascular

disease during the past decades, with the introduction of lipid

lowering, anti-thrombotic and anti-hypertensive drugs, there is still

no available therapy that specifically targets macrovascular

diabetic complications. Our data reveals the NFAT-signaling

pathway as a promising target for the treatment of accelerated

atherosclerosis in diabetes.

Supporting Information

Figure S1 Diabetes increases atherosclerosis in the
descending aorta, but the overall plaque area is lower
than in the aortic arch. Summarized data from measurements

of en face lesion area in the descending aorta for comparison with

the aortic arch data from the same animals included in Figure 2.

Results are from control and diabetic female ApoE2/2 mice that

had been treated for 4 weeks with the NFAT blocker A-285222 or

saline. Mice were 30 weeks old at the time of analysis, performed 8

weeks after the first STZ or vehicle injection. Data is expressed as

percentage of total aortic area (n = 9–12 mice/group). Two-way

analysis of variance for the effect of diabetes and the drug revealed

significant effect of diabetes (P,0.001). Bonferroni post-test

yielded **P,0.01 vs non-diabetic saline-treated group. The inset

shows corresponding data for the total aorta (i.e. arch and

descending).

(PDF)

Figure S2 Histological examination of subvalvular
plaques. (A) Representative cross-sections of the aortic root from
control and diabetic female ApoE2/2 mice treated with or

without A-285222 for 4 weeks (Protocol I) stained for monocytes/

macrophages (Moma-2), collagen, a-smooth muscle actin (a-
SMA), tissue factor (TF, red) and osteopontin (OPN, red). Moma-

2 and a-SMA stained sections were counter-stained with Harris

hematoxylin; TF and OPN stained sections were counter-stained

with SYTOX Green. Scale = 500 mm (Moma-2); = 100 mm (col-

lagen, TF, OPN); = 50 mm (a-SMA). (B, C) Summarized data

from confocal immunofluorescence experiments showing mean

fluorescence intensity for plaque TF and OPN. Three to six

sections for each animal were analyzed (n = 9–12 mice/group).

Two-way ANOVA revealed significant effect of diabetes on OPN

expression (P,0.0001). Bonferroni post-test yielded *P,0.05 and

**P,0.01 vs corresponding non-diabetic groups.

(PDF)

Figure S3 Lipid deposition in the liver is not affected by
NFAT inhibition. (A) Representative liver sections from diabetic

female ApoE2/2 mice treated with or without A-285222 for 4

weeks (Protocol I) were stained with hematoxylin-eosin (H&E) and

oil red O (ORO). Scale = 100 mm. (B) Lipid deposition in the liver

was evaluated from three ORO-stained sections per mouse using

computer-assisted image analysis (n = 6–7 mice/group).

(PDF)

Figure S4 High fat diet does not affect NFAT-dependent
transcriptional activity in the aorta. NFAT-luciferase

activity in the thoracic aorta from mice fed normal chow diet

(white bars) or a high fat diet (grey bars) during 4 or 8 weeks

(Protocol III). Values are expressed as RLU per mg protein (n = 7–

12 mice/group).

(PDF)

Figure S5 Diabetes leads to increased expression of
inflammatory and endothelial activation markers in the
aortic arch. Gene expression analyses by qRT-PCR in the aortic

arch of control and diabetic ApoE2/2 mice analyzed after 4

weeks of diabetes (Protocol I, n = 7–10 mice/group). HPRT and

b-actin were used as endogenous controls. Data (Rel. mRNA) is

expressed in relation to diabetic mice. *P,0.05 and **P,0.01.

(PDF)

Figure S6 In vivo A-285222 treatment does not affect
splenocyte proliferative capacity. (A–B) [Methyl-3H]thymi-

dine incorporation (counts per minute, cpm) after stimulation with

or without anti-CD3/CD28 beads (A) or 2.5 mg/mL ConA (B) in
splenocytes isolated from control and diabetic ApoE2/2 mice

treated for 1 week with the NFAT blocker A-285222 or saline

(Protocol I; n = 9–11 mice/group) (C). Proliferation after stimula-

tion with or without 2.5 mg/mL ConA in splenocytes from control

mice treated for 4 weeks with the NFAT blocker A-285222 or

saline (Protocol IV; n= 12–13 mice/group). (D) Flow cytometry

data showing percentages of CD4+CD25+Foxp3+ regulatory T-

cells (of total CD3+ splenocytes) in the same mice as in A. Two-

way ANOVA revealed significant effect of diabetes (P,0.001).

Bonferroni post-test yielded *P,0.05 vs. corresponding non-

diabetic groups. (E) Percentages of CD3+CD4+D8- splenocytes

expressing IFN-c after stimulation with phorbol myristate acetate

(PMA) and ionomycin in the same mice as in A. (F) Representative
spleen sections stained for hematoxylin-eosin and (G) spleen

weight in relation to tibia length from the same mice as in A.

Scale = 500 mm.

(PDF)

Figure S7 Identification and quantification of A-
285222 with GC/MS. A-285222 and the inactive analog
A-216491 were identified from their mass spectra and
retention indexes. (A) Total ion chromatogram showing

substances present in a plasma sample from a mouse injected i.c.

with 1.5 mg A-285222 per kg body weight. (B) Reconstructed ion

chromatogram from the same sample as in A, showing retention

indexes (s) of A-216491 (left peak, m/z= 295) and A-285222 (right

peak, m/z= 416). (C) Mass spectra for A-285222 including the

molecular ion (m/z= 416). Only the molecular ion was selective

and used for quantification. (D) Quantification of A-285222 in

plasma samples collected at different time points after i.p. injection

of 0.29 mg A-285222 per kg body weight (n = 2–4 mice/time

point).

(PDF)

Table S1 Effects of diabetes and A-285222 on splenocyte
cytokine production. Splenocytes were isolated from control

and diabetic mice that had been treated for 1 week with the
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NFAT blocker A-285222 or saline (Protocol I; n = 8–11 mice/

group) after which they were cultured either under control non-

stimulated conditions or with anti-CD3/CD28 beads for 48 hours.

Levels of interferon (IFN)-c, interleukin (IL)-1b, IL-2, IL-4, IL-5,
KC/GRO (keratinocyte chemoattractant; keratinocyte-derived

chemokine/growth related oncogene), IL-10, IL-12total and

tumor necrosis factor (TNF)-a. were measured in the culture

media collected at the end of the experiments. Data was analyzed

by two-way ANOVA (for the effects of diabetes and A-285222).

Values represent mean 6 SD; significant differences after

Bonferroni post-tests are indicated in the table. Diabetes had no

impact on the levels of cytokines produced by non-stimulated

splenocytes, while A-285222 treatment resulted in decreased IFN-

c and IL-2 (both P,0.05). Bonferroni post-test yielded

*P,0.05 only for IL-2. CD3/CD28 stimulated cells from diabetic

mice produced lower levels of IFN-c (P,0.05) and IL-5 (P,0.01)

but higher TNF-a. (P,0.05). Bonferroni post-test yielded

#P,0.05 for TNF-a. A-285222 treatment had no impact on

the ability of splenocytes to respond to CD3/CD28 stimulation.

(PDF)
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TABLE S1.  

Cytokine (pg/mL) Control  
(n=11) 

Diabetes   
(n=11) 

Control + A-285222 
(n=10) 

Diabetes + A-285222 
(n=8) 

Non-stimulated 
IFN- 1.36±1.22 1.06±0.30 0.78±0.56 0.33±0.17
IL-1 0.62±0.54 0.45±0.38 0.41±0.28 0.80±0.35
IL-2 33.0±23.8 18.7±11.1 15.3±8.9* 12.1±7.04
IL-4 1.04±0.87 0.87±0.83 0.40±0.55 0.70±0.61
IL-5 0.20±0.17 0.24±0.31 0.25±0.25 0.21±0.12
KC/GRO 3.25±1.90 3.24±2.14 4.52±4.12 4.70±2.69
IL-10 11.9±8.63 12.2±5.73 11.1±10.5 13.3±4.24
IL-12total 184±84.8 190±116 148±74.5 160±36.5
TNF- 0.43±0.86 0.79±1.51 0.26±0.62 0.29±0.54

CD3/CD28 stimulated 
IFN- 4197±941 3523±1110 4202±823 3408±889
IL-1 23.4±12.0 25.2±16.9 28.2±11.6 24.0±21.4
IL-2 74.2±28.1 106.2±44.3 116.9±47.4 92.8±35.4
IL-4 31.4±11.2 35.9±22.6 46.4±15.2 30.8±20.4
IL-5 62.1±39.3 35.9±14.4 58.6±35.9 29.7±11.6
KC/GRO 32.0±9.37 39.1±19.8 38.4±10.4 44.4±27.0
IL-10 282±129 203±59.3 242±65.0 214±78.1
IL-12total 287±89.3 269±93.1 243±56.6 256±67.0
TNF- 110.7±31.0 125.2±33.5 98.4±37.7 138.5±42.0#
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Introduction

Diabetes-induced macro- and microvascular complica-

tions are the major cause of morbidity and mortality in 

diabetic patients. Based on current trends, the rising inci-

dence of diabetes (expected to reach 700 million people 

worldwide by 2025) will undoubtedly equate to increased 

cardiovascular mortality.1 Diabetic patients have a much 

more widespread and aggressive form of atherosclerosis 

and, therefore, higher risk for myocardial infarction, 

peripheral vascular disease and stroke, but the molecular 

mechanisms leading to accelerated damage are still 

unclear.2,3

Previous studies from our laboratory identified the cal-

cium/calcineurin-dependent transcription factor nuclear 
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factor of activated T-cells (NFAT) as a potential mediator 

of vascular disease in the context of hyperglycaemia. 

NFAT is expressed in the vascular wall and is readily acti-

vated by modest elevations of extracellular glucose in con-

duit4 and medium-sized resistance arteries5 as well as in 

the microvasculature.6 Once activated, NFAT induces the 

expression of the pro-atherogenic cytokine osteopontin 

(OPN) in the arterial wall, as well as the expression of 

inflammatory mediators, such as cyclooxygenase-2 (COX-

2), interleukin 6 (IL-6), vascular cell adhesion molecule 1 

(VCAM-1), tissue factor (TF) and allograft inflammatory 

factor-1 (AIF-1).4,7–11 Clinical and experimental studies 

have implicated all these NFAT-targets in the development 

of vascular disease.4,7–11 More recently, we showed that in 
vivo treatment of streptozotocin (STZ)-induced diabetic 

female ApoE–/– mice with the NFAT blocker A-285222 for 

4 weeks abrogated- hyperglycaemia induced atherosclero-

sis in the aorta.10

A large number of studies over the past years have 

focused on the generation of oxidative stress as the patho-

genic mechanism linking diabetes to atherosclerosis.12 A 

shift in the balance between oxidant [i.e. reactive oxygen 

and nitrogen species (ROS and RNS)] and anti-oxidant or 

detoxifying agents [i.e. catalase and glyoxalase I (GLO1)] 

results in chronically elevated oxidative stress levels in 

diabetes.13 Key players in the generation of ROS in the 

arterial wall are the vascular isoforms of the NADPH oxi-

dase (NOX) family of proteins.14 In particular, NOX1 and 

NOX2 have been shown to be induced and promote ath-

erosclerosis in the context of diabetes, while NOX4 has 

recently emerged as an atheroprotective isoform in both 

humans and in mouse.15,16 Interestingly, in mouse kidney 

fibroblasts, the calcineurin/NFAT pathway has been shown 

to regulate NOX expression and activity in response to 

high glucose.17

Here, we investigated whether inhibition of NFAT had 

any impact on atherosclerosis in the context of type 2 dia-

betes, using a novel mouse model with a metabolic profile 

and plaque characteristics that better mimic human disease 

than other mouse models currently available.18 Moreover, 

we explore the potential link between NFAT signalling and 

oxidative stress in this setting.

Methods

Animals

IGF-II/LDLR–/–ApoB100/100 mice were originated by 

crossbreeding low-density lipoprotein (LDL) receptor–

deficient mice expressing only apolipoprotein B100 

(LDLR–/–ApoB100/100; C57BL/6x129/SvJae background) 

with C57BL6/SJL mice overexpressing IGF-II in pan-

creatic β-cells.19 Mice were either bred at the National 

Laboratory Animal Centre at the University of Eastern 

Finland or at Taconic Europe (Ejby, Denmark) after 

re-derivation from the University of Eastern Finland. 

Mice are characterized by hyperglycaemia, mild hyper-

insulinaemia, a human-like hypercholesterolaemic lipid 

profile, and advanced and complex atherosclerotic 

lesions, hence representing a model that better replicates 

human disease and a more appropriate model for the 

study of macrovascular complications in the context of 

type 2 diabetes.19 Animals were housed in groups and 

maintained in a temperature- and humidity-controlled 

environment with a 12-h light/dark cycle. This study was 

carried out in strict accordance with the recommenda-

tions in the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health. All proto-

cols were approved by the local ethics review board  

at Lund University and Malmö/Lund Animal Care  

and Use Committee (M29-12; M9-15), and by the 

National Animal Experiment Board in Finland 

(ESAVI-2012-001260).

Study protocol

The study protocol was carried out twice and referred to 

as Study I and Study II throughout the article (Figure 

1(a)). Study I: Young (15–16 weeks old, N = 30) IGF-II/

LDLR–/–ApoB100/100 mice bred at Taconic Europe were 

used at Lund University. Study II: Young (10 weeks old, 

N = 10) and old (46–74 weeks old, N = 17) IGF-II/LDLR–

/–ApoB100/100 mice were bred and used at the University 

of Eastern Finland. Mice at Lund University, but not at 

the University of Eastern Finland were housed in indi-

vidually ventilated cages. All animals were fed ad libitum 

and switched from a normal chow to high fat Western diet 

(TD 88137, Harlan Tekland: 42% of calories from fat and 

0.15% from cholesterol) at the start of the experiments. 

After 4 weeks on high-fat diet, mice were randomized 

based on blood glucose, body weight and plasma choles-

terol to receive daily intraperitoneal (i.p.) injections of 

the NFAT blocker A-285222 (0.29 mg/kg body weight) or 

vehicle (saline) for an additional 4 weeks. In Study II, 

brachiocephalic artery plaque size measured by ultra-

sound biomicroscopy (see below) before the start of 

A-285222 treatment was also included as parameter in

the randomization. A-285222 inhibits all NFAT family

members and was kindly provided by Abbott Laboratories 

(Abbott Park, IL). This drug belongs to a series of 3,5-bis 

(trifluoromethyl) pyrazole (BTP) derivatives demon-

strated to maintain NFAT in a phosphorylated state,

blocking its nuclear import and subsequent transcription, 

without affecting NF-kB or AP-1 activation, or calcineu-

rin phosphatase activity.20 Body weight, fasting (16 h)

and non-fasting venous blood glucose (saphenous or tail

vein) were measured using Contour Glucometer (Bayer)

before, during and at termination of the experiments. All

fluid and tissue processing and analyses for both studies
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I and II were done at Lund University to avoid inter-lab 

variability.

Ultrasound measurements

Brachiocephalic artery plaque size and lesion progression 

were assessed non-invasively using ultrasound biomicros-

copy as previously described and validated21,22 (Vevo2100, 

Visualsonics, Toronto, Canada), with a transducer fre-

quency of 40MHz (providing a theoretical resolution of 

40 μm at a frame rate of 32Hz). Prior to the scan, animals 

were anaesthetized with isoflurane (4.5% isoflurane 450 mL 

air for induction, 2% isoflurane 200 mL air for mainte-

nance; Baxter International Inc., IL, USA). The brachioce-

phalic artery was visualized in a cross-sectional short axis 

view and atherosclerotic lesion size was measured within 

the proximal 200 μm from its bifurcation from the aortic 

arch. All measurements were performed blinded by one 

operator (intra-individual coefficient of variance = 2.7%). 

Loops of at least 100 frames were stored and the frame with 

the largest plaque was chosen for off-line, blinded measure-

ments. At the end of the experimental protocol, mice were 

Figure 1. NFAT inhibition reduces plaque area and degree of stenosis in IGF-II/LDLR–/–ApoB100/100 mice. (a) Study protocol used 
for all conducted in vivo experiments (both for Study I and II): IGF-II/LDLR–/–ApoB100/100 mice were fed high-fat diet (HFD, 42% of 
calories from fat and 0.15% from cholesterol) for 8 weeks and received daily i.p. injections of A-285222 (0.29 mg/kg body weight) 
or vehicle (saline; control) for the last 4 weeks of the HFD period. Arrows indicate the time of the ultrasound biomicroscopy 
measurements (US) performed in Study II. (b–c) Histologically determined plaque size and degree of stenosis in the brachiocephalic 
arteries of young (10–16 weeks old) mice. Data represent merged results from Studies I and II, normalized to each control (N = 10 
mice/condition, except N = 9 in control females). (d) Representative Elastin van Gieson stained sections from the brachiocephalic 
artery of young male mice in Study II after treatment with A-285222 or vehicle. Scale bar = 200 μm. (e) Plaque size determined 
non-invasively by ultrasound biomicroscopy in young mice before and after treatment with A-285222. (f) Change in plaque size from 
week 4 to week 8 for control and A-285222 treated mice. N = 4–6 mice/group; *p < 0.05.
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anaesthetized with ketamine hydrochloride and xylazine 

(i.p.; 7.5 mg and 2.5 mg/100 g body weight, respectively) 

and euthanized by exsanguination through cardiac puncture 

for blood collection and perfused with phosphate-buffered 

saline before tissue harvesting. Depth of anaesthesia was 

assessed by toe-pinch procedure and absence of muscular 

tone. All efforts were made to minimize suffering.

Plasma cholesterol, triglycerides, insulin and 
OPN measurements

Total plasma cholesterol and triglycerides levels were 

measured in overnight fasting blood samples before and 

after treatment by colorimetric assays (InfinityTM-

Cholesterol and InfinityTM-Triglyceride; Thermo 

Scientific, Middletown, VA, USA). Plasma insulin and 

OPN were determined after overnight fasting at the end of 

the treatment using Mercodia mouse insulin enzyme-

linked immunosorbent assay (ELISA) kit (Mercodia AB, 

Uppsala, Sweden) and Quantikine mouse OPN ELISA kit 

(R&D Systems, Abingdon UK), respectively. All assays 

were performed according to the manufacturer’s instruc-

tions and the lower limits of detection were 0.2 μg/L for 

insulin and 5.7 pg/mL for OPN.

Histological evaluations of plaque size and 
plaque composition

Brachiocephalic arteries and hearts were immersion-fixed 

with 4% buffered paraformaldehyde (PFA, pH 7.4) and 

thereafter embedded in paraffin. Plaque and media con-

tents of smooth muscle, collagen and elastin were evalu-

ated in cross-sections (5 μm) stained with haematoxylin 

and eosin (H&E), as well as with Elastin van Gieson 

(EvG). Plaque macrophage contents were evaluated both 

in cross-sections (5 μm) of the brachiocephalic artery and 

of the subvalvular region of the aortic root, using rat anti-

MOMA-2 (monocytes/macrophage 2) primary antibody 

(1 μg/mL, BMA Biomedicals, Augst, Switzerland), bioti-

nylated rabbit anti-rat secondary IgG antibody (1:70, 

BA-40011, Vector Laboratories, Burlingame, CA) and 

immPACT-DAB (Vector Laboratories, Burlingame, CA) 

for visualization. No staining was detected when primary 

or secondary antibodies were omitted from the protocols. 

Sections were counterstained with Mayer’s haematoxylin. 

Plaque and media areas (mm2), degree of stenosis and 

media thickness (μm) were measured under blinded condi-

tions using computer-aided morphometry (BioPix iQ2.3.1 

software, Biopix AB, Gothenburg, Sweden). Stenosis is 

expressed as the percentage of area within the internal 

elastic lamina occupied by atherosclerotic plaque. For 

media thickness, tiff-files were imported into NIS Elements 

BR Analysis 3.2 64-bit software and a wheel (Rose binary) 

grid with 16 spokes was centred in the lumen. An average 

of the media thickness measured at each of the 16 posi-

tions where the spokes met the media was calculated.

Cell culture

Vascular smooth muscle cells (VSMCs) were obtained by 

outgrowth from aorta explants from BalB/c NFATc3–/– and 

wild-type (WT; NFATc3+/+) mice23 as previously 

described.8 Briefly, mice were anaesthetized with ketamine 

hydrochloride and xylazine (i.p.; 7.5 mg and 2.5 mg/100 g 

body weight, respectively) and euthanized by cervical dis-

location. After reaching confluence, VSMCs (passages 

10–15) were seeded in 24-well plates (7.5 × 104 cells/well) 

and cultured for 24 h in Dulbecco’s Modified Eagle Medium 

(DMEM) containing 5 mmol/L D-glucose and supple-

mented with 10% FBS before stimulations. Hydrogen per-

oxide (H2O2, 500 μmol/L; Sigma-Aldrich, Darmstadt, 

Germany) or 3-Morpholinosydnonimine hydrochloride 

(SIN-1, 100 μmol/L, Sigma-Aldrich) were used to induce 

oxidative stress. After stimulation, cells were harvested for 

gene expression analyses. Oxidative stress levels were 

measured in culture media using OxiSelect™ In Vitro ROS/

RNS Assay Kit (Cells Biolab, Inc., San Diego, CA, USA), 

according to the manufacturer’s instructions. H2O2 levels 

were determined in culture medium using Amplex Red 

Hydrogen Peroxide/Peroxidase Assay Kit [Molecular 

probes, Eugene, OR, USA] in VSMCs cultured as above or 

in human microvascular endothelial cells [HMEC-1, 

Centers for Disease Control and Prevention (CDC)/Emory 

University] cultured in M200 medium supplemented with 

low serum growth supplement (LSGS).

RT-qPCR

Total RNA was extracted from intact, snap-frozen aortas 

from IGF-II/LDLR–/–ApoB100/100 mice using TRI Reagent 

BD (Sigma-Aldrich, St Louis, MO, USA) or from cultured 

VSMCs using RNeasy® Plus Mini Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. 

cDNA synthesis (RevertAid M-MuLV Reverse 

Transcriptase; Fermentas GMBH, St Leon-Rot, Germany) 

and real-time PCR were performed as previously described24 

using TaqMan Gene Expression assays for OPN 

(Mm00436763), IL-6 (Mm00446190_m1), ICAM 

(Mm00516023), CD68 (Mm03047340_m1), TF 

(Mm00436948_m1), GLO1 (Mm00844954_s1), NOX1 

(Mm00549170_m1), NOX2 (Mm01287743_m1), NOX4 

(Mm00479246_m1) and catalase (Mm00437992_m1) with 

HPRT (Mm0046968_m1) and β-actin (Mm00607939_s1) 

as endogenous controls.

Statistics

Results are expressed as mean ± SEM unless otherwise 

specified. Analyses of distributions were performed before 

statistical tests were performed using GraphPad software 

(Prism 7.0). For parametric data, significance was deter-

mined using Student’s t-test, one- or two-way analysis of 

variance (ANOVA), followed by Bonferroni post-tests. 
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Non-parametric data were analysed using Mann–Whitney 

or Kruskal–Wallis test followed by Dunn’s post-test.

Results

In vivo inhibition of NFAT effectively leads to 
plaque regression in the brachiocephalic artery 
of IGF-II/LDLR–/–ApoB100/100 mice

Histological evaluation of the brachiocephalic arteries of 

young mice revealed reduced plaque area and degree of 

stenosis after 4 weeks of treatment with the NFAT blocker 

A-285222 (Figure 1(b) to (d)). The effects of the blocker

were significant in the males only (Figure 1(b) to (d)). The 

same pattern was observed in Study I and II (Supplemental 

Figure 1(A) and (B)). No significant differences in media

area or thickness were observed after NFAT inhibition

(Supplemental Figure 1(C) to (H)). Male IGF-II/LDLR–/–

ApoB100/100 mice exhibited larger atherosclerotic plaques

than female mice. Interestingly, despite being younger,

male mice in Study II had considerably larger plaques

than males in Study I, maybe due to different breeding or

housing environments.

Non-invasive longitudinal ultrasound measurements in 

Study II revealed that the effects of NFAT inhibition on 

atherosclerosis may not only be due to limited plaque 

progression but also to plaque regression, as evidenced by 

smaller plaque size after treatment with A-285222 when 

compared to plaque size in the same mice before treatment 

(Figure 1(e) and (f)). Ultrasound experiments also showed 

significantly smaller brachiocephalic artery plaque size in 

mice treated with A-285222 when compared to control 

mice (Figure 1(e)), in line with the histological results.

The reduction in plaque size was unlikely due to lower-

ing effects of A-285222 on plasma glucose, cholesterol or 

triglyceride levels, since these were not significantly 

reduced by the treatment (Table 1). In male mice, we even 

observed a small elevation in fasting blood glucose in the 

A-285222 treated group (Table 1), which would instead

counteract any beneficial effect of the NFAT blocker. We

have seen a similar effect of the NFAT blocker on blood

glucose in STZ-induced diabetic BalB/c mice: an effect

that was no longer evident after lowering the dose of

A-285222 from 0.29 to 0.15 mg/kg.4 We have not observed 

this effect in other diabetic mouse models or strains.10 This 

could potentially be attributed to direct effects of A-285222 

on pancreatic β-cells, where the involvement of NFAT in

the regulation of insulin transcription is well established.25 

This effect was only evident under fasting conditions and

no effects on plasma insulin or body weight were detected 

after treatment with A-285222 (Table 1). Male mice had

higher body weight than female mice and higher plasma

Table 1. Metabolic parameters of young IGF-II/LDLR–/–ApoB100/100 mice on HFD.

Control A-285222

Glucose (mmol/L)
 Fasted Males 7.16 ± 0.99 8.92 ± 2.09*

Females 6.77± 1.19 6.69 ± 0.93
 Fed Males 9.47 ± 3.14 9.17 ± 1.80

Females 8.46± 1.79 7.96 ± 1.69
Insulin (μg/L)

Males 0.549± 0.37 0.492 ± 0.37
Females 0.383± 0.12 0.323 ± 0.18

Triglycerides (mmol/L)
Males 2.39± 0.99 2.28 ± 1.35
Females 1.55± 0.50 1.28 ± 0.62

Cholesterol (mmol/L)
Males 33.9± 6.81 33.7 ± 9.00
Females 34.8± 9.44 33.9 ± 7.43

OPN (ng/mL)
Males 151± 37 135 ± 25
Females 136± 23 122 ± 19

Body weight (g)
Males 34.4± 2.7 33.1 ± 2.5
Females 24.5± 3.3 24.7 ± 2.6

HFD: high-fat diet; OPN: osteopontin.
Values are expressed as mean ± SD (N = 8–11 mice/group from Study I and II) and represent values after overnight fasting measured at the end of 
the treatment (week 8 of study protocol). Blood glucose values under non-fasting conditions are also shown (measured during week 7 of study 
protocol).
*p < 0.05 versus control. Two-way ANOVA for the effect of gender and treatment revealed significant effects of gender on plasma triglycerides 
(p = 0.0035) and body weight (p < 0.0001).
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triglycerides: this last, potentially contributing to their 

larger atherosclerotic plaques (Table 1).

We also evaluated if inhibition of NFAT had any impact 

on plaque composition, but we did not detect any differences 

in plaque muscle, collagen or macrophage contents after 

treatment with A-285222 in Study I (Figure 2(a) to (d)). No 

significant differences were observed regarding media mus-

cle, collagen or elastin contents (Figure 2(a) and (e) to (g)). 

Figure 2. Composition of atherosclerotic plaques. (a) Representative images showing plaque and media regions of brachiocephalic 
arterial sections from young mice in Study I, stained with Elastin van Gieson (left and right panels in each row) and MOMA-2 
(middle panels). Sections from control mice are shown in the upper row, while sections from A-285222 treated mice are shown in 
the lower row. Graphs summarize morphometric data showing plaque (b) to (d) and media (e) and (f) composition. Muscle (b) and 
(e), collagen (c) and (f), macrophage (d) and elastin (g) contents in μm2 are expressed as percentage of plaque area. N = 7–8 mice/
group; scale bars = 50 μm.
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Similarly, no significant differences were observed when 

corresponding measurements were performed in vessels 

from Study II (Supplemental Figure 2).

In vivo inhibition of NFAT signalling induces 
changes in the expression of oxidative stress 
and inflammatory targets in the arterial wall of 
IGF-II/LDLR–/–ApoB100/100 mice

In agreement with previous work, both NOX2 and NOX4 

were expressed in mouse aorta.16 Treatment with the NFAT 

blocker A-285222 for 4 weeks significantly increased the 

expression of the atheroprotective isoform NOX4 in the 

aorta of male mice (Figure 3(a)), while changes in NOX2 

were not significant (Figure 3(b)). We also examined the 

expression of the detoxifier protein glyoxalase I (GLO1), 

which metabolizes methylglyoxal (MG), a major source of 

intracellular and plasmatic advanced glycation end prod-

uct (AGE) formation, into the unreactive D-lactate. But 

neither changes in GLO1 expression (Figure 3(c)) nor in 

the expression of another detoxifier enzyme, catalase 

(Figure 3(d)), were significant. Consistent with results 

obtained in our previous studies in which STZ-induced 

diabetic ApoE–/– female mice were treated with A-285222,10 

expression of the macrophage marker CD68 was signifi-

cantly reduced by NFAT inhibition in the aortas of IGF-II/

LDLR–/–ApoB100/100 female mice (Figure 3(e)), along with 

tendencies to reduced IL-6 and OPN (Figure 3(f) to (g)). In 

line with previous studies,10 plasma OPN was not affected 

by treatment with A-285222 (Table 1), suggesting the 

effects of the blocker are targeted to the vessel wall and not 

due to lower systemic inflammation.

The analysis of the expression data also revealed 

sex-dependent differences in the IGF-II/LDLR–/–

ApoB100/100 model, as assessed in the aortas of vehicle 

treated mice. Levels of NOX2 were relatively higher in 

males than in females, while arteries from female mice 

expressed relatively higher levels of atheroprotective 

NOX4, catalase and GLO1 (Supplemental Figure 3): 

maybe underlying the differences in overall plaque bur-

den observed between sexes (Supplemental Figure 1(A) 

and (B)).

NFAT modulates the expression of NOX4 
and catalase in a powerful oxidative stress 
environment

Next, we explored whether inhibition of NFAT could alter 

the expression of oxidative stress related genes in VSMCs 

cultured under controlled oxidative stress conditions. 

VSMCs were incubated either with hydrogen peroxide 

(H2O2; 500 μmol/L) or with peroxynitrite donor 3-mor-

pholinosydnonimine (SIN-1; 100 μmol/L) for 48 h to 

induce oxidative stress, in the presence or absence of 

A-285222 (1 μmol/L). Figure 4 shows that inhibition of

Figure 3. In vivo inhibition of NFAT modifies the expression of 
oxidative stress and inflammatory markers in the aorta of young 
IGF-II/LDLR–/–ApoB100/100 mice. Gene expression of oxidative 
stress targets (a) NOX4, (b) NOX2, (c) GLO1 and (d) catalase, 
as well as inflammatory targets (e) CD68, (f) IL-6 and (g) OPN 
were quantified by qPCR in the aortas of young IGF-II/LDLR–

/–ApoB100/100 mice from Study I and II. HPRT and -actin were 
used as endogenous controls and data were expressed relative 
to each control group. N = 5 and 7 for control and treated males, 
respectively; N = 8 for female groups.
*p < 0.05 and **p < 0.01.
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NFAT effectively increased expression of NOX4 in 

VSMCs exposed to H2O2 and of catalase in VSMCs 

exposed to SIN-1, suggesting involvement of NFAT in the 

modulation of these genes under strong oxidative stress 

conditions. Inhibition of NFAT with A-285222 had no 

impact on H2O2 levels measured during culture of VSMCs 

or endothelial cells (Figure 4(c)). Interestingly, ROS/RNS 

levels are significantly lower in the culture medium of 

VSMCs from NFATc3 knockout (NFATc3–/–) mice cul-

tured in high glucose (25 mmol/L) for 48 h, when com-

pared to levels measured in the medium of NFATc3 

competent (NFATc3+/+) cells (Figure 4(d)). H2O2 levels 

Figure 4. In vitro inhibition of NFAT increased the expression of the anti-oxidant enzymes NOX4 and catalase in VSMCs. Mouse 
VMSCs were incubated with (a) H2O2 (500 μmol/L) or (b) SIN-1 (100 μmol/L) for 48 h in the presence or absence of A-285222 
(1 μmol/L). The expression of oxidative stress targets NOX4, NOX1, NOX2, catalase and GLO1 was measured using qPCR and 
are expressed relative to untreated control cells. N = 4–7 experiments/condition *p < 0.05. (c) H2O2 levels were measured in the 
medium of VSMCs and HMEC-1 cells after 24 h in high glucose (25 mmol/L; HG) in the presence or absence of A-285222 (1 μmol/L). 
H2O2 levels were normalized to protein and expressed relative to control without A-285222 (N = 6–16 experiments/condition). (d) 
ROS/RNS levels, expressed as relative fluorescence units (RFU) were measured in the cell culture medium of VSMCs from NFATc3 
competent (NFATc3+/+) and knockout (NFATc3–/–) mice in the presence of high glucose concentration (25 mmol/L) during 48 h. 
The dashed line shows ROS/RNS levels measured under low glucose conditions (5 mmol/L) as a reference (N = 9 experiments/
condition).
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Figure 5. In vivo treatment with the NFAT blocker A-285222 reduces plaque size in the brachiocephalic artery of old female 
IGF-II/LDLR–/–ApoB100/100 mice. (a) Histologically determined plaque size and (b) stenosis in the brachiocephalic artery of old 
mice treated with A-285222 (0.29 mg/kg) or vehicle (saline) for 4 weeks according to the same protocol detailed in Figure 
1(a). N = 3 males, N = 4–7 females; *p < 0.05. (c) and (d) Plaque size determined non-invasively by ultrasound biomicroscopy 
before (baseline, week 4 of the experiment) and after treatment (week 8 of the experiment; N = 7–10 mice/group). (d) Change 
in plaque size from week 4 to week 8 for each group. (e) Young IGF-II/LDLR–/–ApoB100/100 mice had higher proportion of 
macrophage infiltration in subvalvular aortic plaques when compared to old mice (N = 4–6 young mice, N = 7–10 old mice). (f) 
Representative MOMA-2 stained sections of the subvalvular aorta from untreated young and old mice. Scale bar = 400 μm. (g) 
and (h) Gene expression of oxidative stress targets NOX4, NOX2, catalase and GLO1 (g) and inflammatory targets OPN, 
IL6, ICAM-1 and TF (h) in the aorta of old mice (N = 2–7 mice/group and sex). HPRT and -actin were used as endogenous 
controls. *p < 0.05; **p < 0.01; and ***p < 0.001.



Blanco et al. 311

were below detection in the culture media of VSMCs from 

NFATc3–/– mice.

In vivo inhibition of NFAT signalling in old IGF-
II/LDLR–/–ApoB100/100 mice have modest effects 
on plaque size

Treatment of older mice for 4 weeks with A-285222 (0.29 mg/

kg) resulted in reduced histologically assessed plaque area 

only in female mice (Figure 5(a)). This smaller plaque size 

was not translated in a significantly larger arterial lumen 

(Figure 5(b)). We were not able to detect differences in 

plaque size by ultrasound biomicroscopy (Figure 5(c) and 

(d)), maybe due to the lower sensitivity of the method when 

compared to histology. Old IGF-II/LDLR–/–ApoB100/100 mice 

had significantly lower macrophage infiltration in subvalvu-

lar aortic plaques than young mice, as expected to be the case 

during later phases of the atherogenic process (Figure 5(e) 

and (f)), but higher circulating levels of OPN (222 ± 70 ng/

mL and 185 ± 42 ng/mL for males and females, respectively; 

Supplemental Table 1) reflecting increased plasma inflam-

matory burden when ageing.

Despite reduced expression of CD68 in the aortas of 

younger mice (Figure 3(e)), treatment with A-285222 did 

not translate into reduced macrophage infiltration in sub-

valvular plaques regardless the age of the mice (Figure 

5(e)). This lack of effect at the level of the aortic root is in 

line with previous data in diabetic ApoE–/– mice.10 

Treatment with the NFAT blocker had no impact on elastin 

or collagen contents in the subvalvular plaques (data not 

shown) or on elastin and collagen contents or vessel mor-

phometry in the brachiocephalic arteries (Supplemental 

Figure 4). No significant differences in gene expression 

were found in the aortas of older mice treated with 

A-285222 when compared to vehicle-treated mice (Figure 

5(g) and (h)). In line with findings in the young mice, no

significant effects on body weight or on metabolic param-

eters that could explain changes in plaque size were found 

after treatment with A-285222 (Supplemental Table 1).

Discussion

This study demonstrates that inhibition of NFAT signalling 

in IGF-II/LDLR–/–ApoB100/100 mice reduces atherosclero-

sis in the brachiocephalic artery, a particularly disease-

prone vascular segment in mice, independently of changes 

in plasma glucose, insulin or lipid levels. This may not 

only be due to limited plaque progression but also due to 

plaque regression, as evidenced in the ultrasound biomi-

croscopy experiments by smaller plaque size after treat-

ment with A-285222 when compared to plaque size in the 

same mice before treatment. These findings are in line 

with previous work from our laboratory showing abroga-

tion of diabetes-induced aggravation of atherosclerosis in 

the aortic arch of STZ-induced diabetic ApoE–/– mice. This 

study goes beyond a toxin-induced type 1 diabetes model 

and supports a role for NFAT in the development of athero-

sclerosis in the context of type 2 diabetes and in an animal 

model that better replicates human disease than the STZ 

model.

Experimental models of atherosclerosis and diabetes are 

very susceptible to the housing environment, often translating 

into differences in the severity of the disease phenotype (i.e. 

atherosclerotic plaque size, degree of hyperglycaemia) when 

the same strain is studied in different animal facilities.18 This 

issue adds to the complexity of using animal models in medi-

cal research, potentially having an impact on study results and 

their interpretation, and to some extent, contributing to the 

poor translation of preclinical in vivo results into successful 

clinical trials and higher approval rates of new drug candi-

dates. Among other explanations for this limited translational 

value [e.g. shortcomings in the design of clinical trials, over-

optimistic conclusions from methodologically flawed animal 

studies, animal models that do not reflect human disease 

(reviewed in Van der Worp et al.26)] is the fact that validation 

studies are not traditionally conducted in the animal experi-

mental field (when it is an absolute requirement for all other 

steps leading to the establishment of new therapies). A 

strength of this study is that the inhibitory effect of the NFAT 

blocker on atherosclerosis was replicated in two independent 

mice cohorts undergoing the same experimental protocol at 

different animal facilities.

Plaque size is the preferred primary readout in animal 

models and is typically determined histologically at the 

end of the experiments. Advances in ultrasound techniques 

have made possible the measurement of plaque progres-

sion/regression non-invasively in rodents, allowing for 

longitudinal studies which help reduce the number of ani-

mals required for statistical power. At termination, com-

plementary evaluations of plaque area have shown good 

correlation between the histological and the non-invasive 

measurements in the brachiocephalic artery, the aorta and 

carotid arteries.22,27 Here, we also found a good correlation 

between the two techniques in the brachiocephalic arteries 

of young mice but were not able to dissect the histological 

difference in plaque size observed in the old female mice 

(Figure 5), probably because the effect size of the NFAT 

blocker was smaller in older mice than in younger mice 

and due to lower number of mice in the older cohort. 

Nevertheless, ultrasound biomicroscopy should be consid-

ered as an attractive non-invasive method to assess the 

effects of interventions in rodents.

In the ApoE-deficient mouse, it is well established that 

atherosclerotic lesions progress with age through all 

phases of atherogenesis, from monocyte adhesion, then 

lipid deposition and formation of fatty streaks to more 

mature and fibrous plaques;28,29 and that the pace at which 

this happens can vary depending on the vascular segment 

(e.g. more advanced lesions in the aortic root vs the  

aortic arch;10 slowest progressing lesions in the coronary 

arteries29). Our previous work highlighted differential 

susceptibility to STZ-induced atherosclerosis depending 
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on the age of the lesions, with more pronounced effects 

of hyperglycaemia on plaque size in early stage lesions, 

such as those in the aortic arch, when compared to the 

effects on more advanced plaques such as those in the 

aortic root.10 In line with NFAT being activated by hyper-

glycaemia as we previously established,4,5 the effects of 

A-285222 had a more distinct impact on the aortic arch

than on the aortic root of STZ-diabetic ApoE–/– mice,

stressing the need for a diabetes-driven process for NFAT-

inhibition to play a role.10 Here, we found in the IGF-II/

LDLR–/–ApoB100/100 mice, a model in which the extent

and severity of the lesions progress with age,19 a clear

effect of A-285222 in the younger cohorts but only mod-

est effects of NFAT-inhibition in the older mice (Figure 1 

vs 5). Young mice exhibited more dynamic lesions char-

acterized by an active inflammatory process with higher

degree of macrophage infiltration than old mice (Figure

5(e) and (f)). It is possible that the reduction in plaque

size observed after inhibition of NFAT signalling could

be, at least in part, driven by reduced inflammation. Even 

though the proportion of the plaque occupied by mac-

rophages was not affected by A-285222 treatment (Figure 

2(d)), the reduction in plaque size observed in the males

inevitably translated into reduced total macrophage con-

tent (from 7474 ± 2497 μm2 to 2239 ± 939 μm2 in males,

p = 0.08).

IGF-II/LDLR–/–ApoB100/100 mice included in this study 

have elevated fasting blood glucose levels in line with 

previously reported values;19,30,31 however, they exhibited 

only moderate non-fasting hyperglycaemia compared to 

the values originally reported when the model was gener-

ated (~16 mmol/L)19. This discrepancy could be attributed 

to genetic drift, which should not be neglected even in 

inbred strains. The combination of impaired glucose toler-

ance and impaired fasting glucose31 makes the IGF-II/

LDLR–/–ApoB100/100 mice a relevant model of pre-diabe-

tes, a condition associated with higher risk of developing 

type 2 diabetes and cardiovascular disease. In previous 

work, we showed a clear dose-dependency of glucose-

induced NFAT transcriptional activity, with modest eleva-

tions of a few mmol/L of extracellular glucose being 

sufficient for significant NFATc3 activation in the arterial 

wall.5 In light of this dose-dependency and the need of a 

hyperglycaemia-driven process to occur for NFAT-

inhibition to have effects, it was reasonable to find that the 

same treatment with A-285222 had a more profound 

inhibitory effect on the expression of inflammatory mark-

ers in the aorta of STZ-diabetic ApoE–/– mice (a model 

characterized by profound hyperglycaemia) than of 

IGF-II/LDLR–/–ApoB100/100 mice with their milder hyper-

glycaemic phenotype.

NOX4 has recently been shown to protect against 

endothelial dysfunction and atherosclerosis in LDLR defi-

cient mice.32 It was suggested that hydrogen peroxide 

derived from NOX4 acted via pAKT1 phosphorylation on 

eNOS activation. Here, we showed that inhibition of NFAT 

signalling in VSMCs exposed to a strong oxidative stress 

environment, significantly increased NOX4 expression 

(Figure 4(a)). The cell experiments also suggest that the 

observed upregulation of NOX4 expression in the aorta of 

male IGF-II/LDLR–/–ApoB100/100 mice (Figure 3(a)) after 

treatment with A-285222 could at least in part be due to 

direct effects of the NFAT blocker on the vascular cells. A 

similar NFAT-dependent regulation of NOX4 has been 

demonstrated in immortalized human podocytes stimu-

lated with insulin using three complementary approaches 

to inhibit NFAT-signalling (tacrolimus, cyclosporine A and 

VIVIT peptide).33 Using another inducer of oxidative 

stress (SIN-1), we also found that inhibition of NFAT sig-

nalling resulted in enhanced catalase expression in VSMCs 

(Figure 4(b)).

This study shows that inhibition of NFAT signalling in 

IGF-II/LDLR–/–ApoB100/100 mice not only limits the pro-

gression of atherosclerosis but, more importantly, it leads 

to atherosclerosis plaque regression. The effects are not 

due to changes in plasma glucose, insulin or lipid levels 

but may be attributed to reduced inflammatory burden and 

improved anti-oxidant defences such as NOX4 and cata-

lase. Vascular NFAT may be considered as a novel thera-

peutic target for the treatment of diabetic macrovascular 

complications.
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Supplemental figure 1. Summarized morphometric data showing plaque size (A-B),
degree of stenosis (C-D), media area (E-F) and media thickness (G-H) determined
histologically in the brachiocephalic arteries of young mice from study I (left graphs A, C,
E and G; N=7-8 mice/group) and from study II (right graphs B, D, F and H; N=2-3
mice/group). *p<0.05.



6.0

4.0

2.0

0

Pl
aq

ue
 m

us
cl

e 
(%

)
A B

50

40

20

10

0
Pl

aq
ue

 c
ol

la
ge

n 
(%

)

30

10

20

5

0

M
ed

ia
 m

us
cl

e 
(%

)

15

C
40

20

10

0

30

M
ed

ia
 c

ol
la

ge
n 

(%
)

D
50

40

20

10

0

30

M
ed

ia
 e

la
st

in
 (%

)

E

A-285222
Control

Supplemental figure 2. Summarized histological data showing muscle and collagen
contents in plaques (A-B), and muscle, collagen and elastin contents in the media (C-E)
of brachiocephalic arteries from young mice in study II, determined in sections stained
with Elastin van Gieson (N=2-3 mice/group).
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Supplemental figure 3. Sex-dependent differences in oxidative stress burden in
mouse aorta. The bar graph shows the relative mRNA expression of the oxidative
stress targets NOX4, catalase, GLO1 and NOX2 in the aortas of female (left side of
x-axis) and male (right side of x-axis) IGF-II/LDLR-/-ApoB100/100 mice from
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part of the figure are for visualization purposes only and show the abundance of the
pro-atherosclerotic oxidative stress target NOX2 relative to the three measured
atheroprotective targets (NOX4, catalase and GLO1) for each gender.
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The pathogenesis of diabetic retinopathy (DR) remains unclear but hyperglycemia is an established risk factor. Endothelial
dysfunction and changes in Ca2+ signaling have been shown to precede the onset of DR. We recently demonstrated that high
extracellular glucose activates the Ca2+/calcineurin-dependent transcription factor NFAT in cerebral arteries and aorta, promoting
the expression of inflammatory markers. Here we show, using confocal immunofluorescence, that NFAT is expressed in the
endothelium of retinal microvessels and is readily activated by high glucose. This was inhibited by the NFAT blocker A-285222
as well as by the ectonucleotidase apyrase, suggesting a mechanism involving the release of extracellular nucleotides. Acute
hyperglycemia induced by an IP-GTT (intraperitoneal glucose tolerance test) resulted in increased NFATc3 nuclear accumulation
and NFAT-dependent transcriptional activity in retinal vessels of NFAT-luciferase reporter mice. In both Akita (Ins2+/−) and
streptozotocin- (STZ-) induced diabetic mice, NFAT transcriptional activity was elevated in retinal vessels. In vivo inhibition
of NFAT with A-285222 decreased the expression of OPN and ICAM-1 mRNA in retinal vessels, prevented a diabetes driven
downregulation of anti-inflammatory IL-10 in retina, and abrogated the increased vascular permeability observed in diabetic mice.
Results identify NFAT signaling as a putative target for treatment of microvascular complications in diabetes.

1. Introduction

Diabetic retinopathy (DR) is still one of the leading causes
of vision loss worldwide. Even though the underlying patho-
genesis is not clear, hyperglycemia is an important risk
factor [1]. We have recently demonstrated that modest eleva-
tions of extracellular glucose activate the Ca2+/calcineurin-
dependent transcription factor NFAT (nuclear factor of acti-
vated T cells) in smoothmuscle cells of conduit and resistance
arteries [2, 3]. The effect of glucose involved the local release
of extracellular nucleotides, such as ATP and UTP, acting
on P2Y receptors, leading to increased intracellular Ca2+
([Ca2+]i) and subsequent activation of calcineurin and NFAT
[2]. ATP and UTP are vasoactive signals able to increase
[Ca2+]i in the retina, via stimulation of purinergic receptors
including P2Y4 [4]. Also, high glucose has been shown to

increase extracellular ATP in rat retinal cell cultures [5].
Therefore, we hypothesize that hyperglycemia may activate
NFAT in retinal microvessels.

Inflammation and endothelial activation are important
early steps in the development of DR, leading to leukosta-
sis, platelet activation, and upregulation of inflammatory
cytokines [6]. The NFAT family (NFATc1–c4) plays a central
role in the production of cytokines in immune cells and
in the regulation of T-cell proliferation. We and others
have shown that in conduit and resistance arteries and in
cultured vascular cells NFAT regulates the expression of
inflammatory genes, such as IL-6, allograft inflammatory
factor 1 (AIF-1), tissue factor (TF), cyclooxygenase 2 (Cox-2),
and osteopontin (OPN) [3, 7–9]. Expression of endothelial
activation markers, such as VCAM-1 and E-selectin, is also
dependent on NFAT signaling in cultured smooth muscle
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and endothelial cells, respectively [10, 11]. More recently, we
showed that in vivo inhibition of NFAT signaling reduces
ICAM-1 mRNA expression in the aortas of diabetic Apoe−/−
mice [9], a leukocyte adhesion molecule that is elevated in
retinal vessels from diabetic mice and patients [6, 12].

Another early feature of DR is the breakdown of the
blood-retinal barrier (BRB) [13], which results in vascular
leakage and development of retinal edema. Earlier investiga-
tions focused on vascular endothelial growth factor (VEGF),
shown to induce rapid phosphorylation of tight junction
proteins and increased retinal permeability [14]. However,
recent in vivo kinetic data show that the retinal barrier
function is compromised before VEGF levels are increased
and use of a neutralizing anti-VEGF antibody is not effective
at reducing permeability at early stages of diabetes (8 weeks)
[15]. In the context of angiogenesis [16, 17], VEGF appears to
be an upstream activator of NFAT, but both VEGF and its
receptor VEGFR2 are also downstream targets of NFAT in
endothelial cells [18, 19]. Hence, a role of NFAT in the early
changes of DR cannot be ruled out.

Here, we investigated the effects of high glucose and dia-
betes on NFAT activation in a streptozotocin (STZ) model of
diabetes and in hyperglycemic Akita (Ins2+/−) mice. We also
explored the effects of in vivo NFAT-signaling inhibition on
the expression of inflammatory mediators, endothelial adhe-
sion molecules, and vascular permeability in diabetic mice.

2. Research Design and Methods

2.1. Animals. All animal protocols in this study were
reviewed and approved by Institutional Animal Care and Use
Committees, University of New Mexico, School of Medicine
and Lund University, Sweden. The following mice strains
(number of animals per strain indicated) were bred in our
animal facilities: FVBN 9x-NFAT-luciferase reporter (NFAT-
luc [2, 7, 20]; 𝑁 = 133), Akita (Ins2+/−), and wild-
type (Ins2+/+) littermates (stock number 003548, C57Bl/6J
background, Jackson Laboratories, Maine, here referred to as
Akita and WT; 𝑁 = 31). We also generated Akita/NFAT-
luc mice and WT/NFAT-luc littermates (𝑁 = 43), which
were backcrossed at least four generations into the C57Bl/6J
background. Wild-type adult BALB/c (𝑁 = 76), C57Bl/6
(Taconic, Europe; 𝑁 = 12), and ApoE−/− (B6.129P2-
Apoetm1Unc/J; Charles River, Sulzfeld, Germany;𝑁 = 22)mice
were also used. Animals had free access to tap water and were
fed normal chow diet. Retinas, cerebral arteries, aortas, and
plasma were used. Both eyes were enucleated from all mice
included in this study; however, not always both eyes were
used (some were stored for future studies). If both eyes were
used, each eye was processed differently for the various types
of measurements detailed below. For in vivo experiments
using A-285222, the drug was administered intraperitoneally
(i.p.) once a day for the duration of the experiments, at 0.15–
0.29mg/kg body weight depending on the mouse strain and
based on previous studies [3]. A-285222 is a low molecular
weight (461 daltons), cell permeable organic compound
that inhibits all NFAT family members and was provided
by Abbott Laboratories (Abbott Park, IL). For experiments

involving collection of blood at termination,micewere anaes-
thetized by i.p. injection of 7.5mg ketamine hydrochloride
and 2.5mg xylazine per 100mg body weight and euthanized
by exsanguination through cardiac puncture. For all other
experiments, mice were euthanized by cervical dislocation or
pentobarbital injection (200mg/kg) followed by decapitation.

2.2. Isolation of Retinal Vessels. Eyes were enucleated and
retinas dissected in ice-cold Ca2+-free physiological saline
solution (PSS; in mmol/L: NaCl, 135; KCl, 5.9; MgCl2, 1.2;
Hepes, 11.6; glucose, 2.0; pH 7.4). Retinal vessels were isolated
from one eye as previously described [21]; the second eye
was used for measurements in whole retina (see below). A
total of 194 eyes were used for isolation of retinal vessels.
Vessel integrity after isolation was confirmed by staining
the vessel networks with smooth muscle 𝛼-actin antibody
and the fluorescent nucleic acid dye SYTOX green (1 : 3000,
Molecular Probes, Invitrogen, Paisley, UK). Intact retinal
endothelial and smooth muscle cells were visualized by
confocal microscopy as described below. Potential residual
levels of neuronal and glial contamination were assessed by
quantitative RT-PCR measuring Tau and GFAP expression,
respectively, using 18S as endogenous control.

2.3. RNA Isolation, Conventional RT-PCR, and Quantitative
Real Time PCR. Total RNAwas extracted fromwhole retinas,
isolated retinal vessels, and aortas from mice and from
human retinal microvessel endothelial cells (HRMVECs) as
previously described [3, 21]. HRMVECs (catalog number
ACBRI 181) were purchased from Cell Systems (Kirkland,
WA) and grown in Medium 131 containing microvascu-
lar growth supplement (Gibco, Life Technologies Corp.,
Carlsbad, CA), 50U/mL penicillin, and 50 𝜇g/mL strepto-
mycin at 37∘C, 95% air, and 5% CO2. For conventional
RT-PCR, RNA extraction was followed by reverse tran-
scription using RevertAid (Fermentas GMBH, St. Leon-
Rot, Germany) and oligo-dT primers. cDNA was amplified
(HotStarTaq Master Mix Kit, Qiagen) using NFAT isoform
specific primers as previously described [7]. PCR products
were separated by agarose gel electrophoresis and confirmed
by sequencing. Equal amounts of RNA for whole retina
and isolated retinal vessel preparations were used for the
reverse transcription reactions. For quantitative real time
PCR, cDNAwas synthesized using random hexamer primers
and amplified on a 7900HT TaqMan system (Applied Biosys-
tems, Carlsbad, CA) using TaqMan Gene Expression assays
for Tau (Mm00521988 m1), GFAP (Mm01253033 m1), OPN
(Mm00436767 m1), ICAM-1 (Mm00516023 m1) with 18S
(Hs999999021 s1), HPRT (Mm00446968 m1), Cyclophilin B
(Mm00478295 m), and GAPDH (4352339E) as endogenous
controls. Relative quantities of target genes were calculated
using the comparative threshold method (ΔΔC𝑡) and experi-
ments were performed in triplicate.

2.4. Intraperitoneal Glucose Tolerance Test (IP-GTT). BALB/c
mice fasted for 16 hours followed by i.p. injection of glucose
(2 g/kg body weight) or saline (vehicle). Blood glucose was
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measured in whole venous blood from the tail vein (One-
Touch glucometer, LifeScan, Inc., CA). Mice were euthanized
30minutes or 6 hours after the glucose bolus, after which eyes
were enucleated and retinas were dissected free and used for
measurements of NFATc3 nuclear accumulation by confocal
immunofluorescence microscopy or for measurements of
luciferase activity as explained below, respectively.

2.5. Streptozotocin (STZ) Treatment. Mice were injected i.p.
with STZ (60mg/kg body weight in citrate buffer, pH 4.5)
or vehicle (citrate buffer), once a day during 4 or 6 days, for
NFAT-luc and BALB/c, respectively, as previously described
[3]. Mice were weighed and glucose levels measured at
various time points. NFAT-luc mice (control, diabetic, and
diabetic treated with the NFAT blocker A-285222) were
euthanized at different time points as specified in the results.
BALB/cmice (control and diabetic with or without A-285222,
resp.) were euthanized 4 weeks after the first STZ/vehicle
injections.

2.6. Confocal Immunofluorescence. For measurements of
NFATc3 nuclear accumulation, retinas and cerebral arteries
from BALB/c mice were dissected in ice-cold Ca2+-free PSS
and treated ex vivo as described in Results section. Alterna-
tively, retinas were fixed directly after IP-GTT. Whole retinas
were fixed with Histochoice MB (AMRESCO Inc., Solon,
OH), blocked and permeabilized with 2% BSA containing
0.2% Triton X-100 in PBS for 2 hours, and incubated with
rabbit polyclonal anti-NFATc3 (1 : 100, Santa Cruz Biotech-
nology, Santa Cruz, CA) overnight at 4∘C and with Cy5-anti-
rabbit IgG (1 : 500, Jackson ImmunoResearch, West Grove,
PA) for 2 hours at room temperature. Human umbilical vein
endothelial cells (HUVEC; Gibco, Life Technologies Corp.,
Carlsbad,CA) andHRMVECswere grownon glass coverslips
and stained with goat polyclonal anti-NFATc2 (Santa Cruz
Biotechnology, Santa Cruz, CA) and with Cy5-anti-goat IgG
(1 : 500, Jackson ImmunoResearch, West Grove, PA). Nuclei
were stained with SYTOX Green. Cerebral arteries were
processed as previously described [2, 3]. NFATc3 or NFATc2
and nuclear regions were detected by monitoring Cy5 and
green fluorescence, respectively, on a Zeiss LSM 5 laser
scanning confocal microscope. Images were obtained at 63x
magnification and mean fluorescence intensity of nuclear
NFATc3 or NFATc2 was quantified using the Zeiss LSM 5
analysis software as previously described [3, 7]. Orientation
of the nuclei was used to distinguish endothelial from smooth
muscle cells. For visualization of colocalized image regions
or double tagged regions (red: NFATc3 tagged with Cy5
and green: nuclear regions tagged with SYTOX Green), the
crosshair function of the LSM program was used. This tool
leads to the distribution of all image pixels over 4 quadrants
in a scattergram according to their intensity levels, with the
background pixels sorted into the bottom left quadrant, the
single-tagged pixels (either red or green) into the upper
left and bottom right quadrants, and the pixels having
an intensity above the background in both channels (i.e.,
colocalized pixels) represented by the upper right quadrant.
The image pixels corresponding to the upper right quadrant

are then color-coded white in the original image to allow fast
identification of colocalized areas. Also, staining of retinal
whole-mounts with antibodies against vonWillebrand factor
(1 : 400, DAKO), smooth muscle 𝛼-actin (1 : 400, Sigma), and
platelet-derived growth factor 𝛽-receptor (PDGFR𝛽, 1 : 100,
Santa Cruz) was performed to identify endothelial, smooth
muscle cells and pericytes, respectively (see Supplementary
Figure 1 in the Supplementary Material available online
at http://dx.doi.org/10.1155/2015/428473). For quantification,
multiple fields for each retina, vessels, or coverslips were
imaged and analyzed under blind conditions.

2.7. Luciferase Reporter Assay. Luciferase activity was mea-
sured in intact retinas and in isolated retinal vessels as
previously described [2, 7]; optical density was measured
using a Tecan Infinite M200 instrument (Tecan Nordic AB,
Mölndal, Sweden) and data was expressed as relative light
units per microgram protein.

2.8. Cytokines in Plasma and Retina Homogenates. Cytokine
concentrations were measured in plasma and retina
homogenates using an inflammation 7-Plex kit (Meso Scale
Discovery, Rockville, MD). The lower detection limits were
within the range specified by the manufacturer. Plasma
OPN was assayed using Quantikine Mouse OPN ELISA kit
(R&D Systems, Abingdon, UK). Absorbance was measured
at 450 nm and the lower limit of detection was 5.7 pg/mL.
Plasma from OPN−/− mice [22] (kindly provided by Anna
Hultgårdh, Lund University) was used as negative control.

2.9. Quantitative Assessment of Blood-Retinal Barrier Per-
meability. FITC-labelled albumin (45mg/kg; Sigma) was
administered i.v. and 1 hour later, mice were anesthetized,
and a blood sample was collected from the left ventricle. Mice
were perfused with PBS and euthanized by cardiac puncture.
The fluorescence of retinal extracts and a 1 : 1000 dilution
of plasma were measured at 485 nm (Ex) and 515 nm (Em).
The concentration of FITC-albumin was calculated from a
standard curve of FITC-labelled albumin in PBS and the
blood-retinal barrier permeability was calculated as follows
and was expressed as (𝜇L/mg∗hr/eye):

FITC − albumin retina (mg) /Retina dry weight (mg)
[FITC − albumin] (mg) /Plasma (ul) × Circulation time (h)

.

(1)

2.10. Statistics. Results are expressed as means ± SEM unless
otherwise specified. Statistical analysis was performed using
GraphPad software (Prism 5.01). The use of parametric or
nonparametric tests was based on results from analyses of
distributions. Statistical significance was determined using
Student’s 𝑡-test; Kruskal-Wallis followed by Dunn’s multiple
comparison test for nonparametric data; or one- or two-
way ANOVA as stated in the figure legends, followed by
Bonferroni post hoc tests (∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 <
0.001). Pearson’s test was used for correlation analyses.
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Figure 1: Expression of NFATc transcription factor genes in whole retina and in retinal microvessels. (a) RT-PCR analysis of NFAT isoform
(c1–c4) expression in whole retinas and isolated retinal vessels from nondiabetic FVBN mice (𝑁 = 8). ((b)-(c)) All NFAT family members
are expressed in mouse aorta (b) and in cultured human retinal microvascular endothelial cells (HRMVECs, (c)). Markers (M) for 300, 500,
and 700 bp are indicated. (d)(i) Dark field/side illumination of a vascular network isolated from whole retina as described in material and
methods (Section 2.2). (d)(ii) Confocal image showing smooth muscle 𝛼-actin positive staining (red) and nuclei (green) of an isolated retinal
vessel preparation. Note the lack of surrounding nonvascular tissue (black background). (d)(iii) Confocal image of a smaller caliber vessel
network stained as in (d)(ii) showing the absence of smooth muscle 𝛼-actin positive cells. Scale bars = 500𝜇m for (d)(i); 20𝜇m for (d)(ii)-
(d)(iii). (e)-(f) Quantitative RT-PCR data showing expression levels of neuronal maker Tau (e) and glial marker GFAP (f) in whole retina and
in isolated retinal vessels, both normalized to 18S.𝑁 = 6 retinas/group.

3. Results

3.1. Expression of NFATc Transcription Factors in Mouse
Retina. RT-PCR was used to examine the expression of
NFATc transcription factors in mouse retina. NFATc2 and
NFATc3 were readily detected in whole retina from mouse,

whereas expression of NFATc1 was very low and of NFATc4
very low to undetectable (Figure 1(a)). Using the same primer
pairs as for retina, all four NFAT family members were
detected in intact mouse aorta (Figure 1(b)) and in cultured
human retinal microvascular endothelial cells (HRMVECs;
Figure 1(c)). In intact mouse retinal vessels (Figure 1(d)),
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virtually devoid of neuronal and glial cells (Figures 1(e)-
1(f)), both NFATc2 and NFATc3 were detected (Figure 1(a)).
Although the level of expression is not a determinant of
transcription factor activity, we chose to focus on NFATc3,
given that we previously established that this family member
is glucose sensitive and activated in aorta and cerebral arteries
in diabetic mice [2, 3, 9].

3.2. Acute Hyperglycemia Increases NFATc3 Nuclear Accu-
mulation and NFAT-Dependent Transcriptional Activity in
Retinal Microvessels. Raising the extracellular glucose con-
centration ex vivo from 2mmol/L to 20mmol/L for 30min
significantly increased NFATc3 nuclear accumulation in the
endothelium of retinal vessels (Figures 2(a)-2(b)). Exposure
to high glucose results in a 115% increase in mean fluo-
rescence intensity of nuclear NFATc3 when compared to
vessels incubated under low glucose conditions (Figure 2(c)).
This increase was prevented by the NFAT blocker A-285222
(1 𝜇mol) and also by the ectonucleotidase apyrase (3.6U/mL),
implicating extracellular nucleotides in the activation of
NFATc3 (Supplementary Figures 2(a)-2(b)). Mannitol and L-
glucose failed to induceNFATc3 nuclear accumulation, ruling
out a possible osmotic effect of glucose and indicating that
glucose needs to be metabolized in order to activate NFAT
signaling (Supplementary Figures 2(c)-2(d)). For compar-
ison, in Figure 2(d), a less dramatic NFATc3 activation is
observed in the endothelium ofmouse intact cerebral arteries
after 30min stimulation with HG, which was prevented by
the NFAT blocker.

We have not been able to perform a quantitative analysis
ofNFATc2 activation in retinalwhole-mounts due to substan-
tial nonspecific binding of the antibodies tested, resulting in
less reliable immunostaining. However, using HUVEC and
HRMVECs, we have not seen any significant effect of glucose
on NFATc2 nuclear accumulation (Supplementary Figure 3).

To test the effect of acute hyperglycemia on NFATc3
activation in vivo, i.p. glucose tolerance tests (IP-GTT)
were performed and NFATc3 nuclear accumulation was
determined in retinal vessels by confocal microscopy. Blood
glucose levels were significantly higher in mice after the IP-
GTT (Figure 3(a)), and this was accompanied by a 110%
increase in mean fluorescence intensity of nuclear NFATc3 in
the endothelium of mouse retinal microvessels (Figure 3(b))
compared to vehicle-injected mice. Levels of NFATc3 nuclear
accumulation correlated with blood glucose concentrations
(𝑟 = 0.600; 𝑃 = 0.017). Nuclear accumulation of NFAT trans-
lated into increasedNFAT-dependent transcriptional activity,
as evidenced by significantly increased luciferase activity
in isolated retinal vessels of transgenic NFAT-luc reporter
mice after an IP-GTT (Figures 3(c)-3(d)). Interestingly, we
could not detect any effect of acute hyperglycemia on NFAT-
dependent transcriptional activity when measured in whole
retina (Figure 3(e)), suggesting selective glucose-dependent
activation of NFAT in the vascular retina.

3.3. Chronic Hyperglycemia Increases NFAT-Dependent Tran-
scriptional Activity in Retinal Vessels in Two Different Models
of Diabetes. NFAT-lucmicewere injectedwith STZor vehicle

Table 1: A-285222 treatment does not affect plasma cytokine levels
in diabetic NFAT-luc mice.

Cytokine
(pg/mL)

Control
(𝑁 = 10)

STZ
(𝑁 = 13)

STZ + A-285222
(𝑁 = 8)

IL-10 22.0 ± 3.6 28.1 ± 7.0 29.4 ± 21.1
TNF-𝛼 0.7 ± 0.3 0.6 ± 0.5 0.2 ± 0.5
IFN-𝛾 1.3 ± 1.3 1.2 ± 0.5 1.4 ± 0.8
IL-12p70 3.9 ± 5.5 8.2 ± 9.0 32.7 ± 56.2
IL-1𝛽 1.0 ± 0.4 1.2 ± 0.5 1.1 ± 0.8
IL-6 13.3 ± 5.7 16.6 ± 5.8 25.0 ± 22.4
KC 51.4 ± 27.5 56.5 ± 17.7 64.1 ± 53.6
Data expressed as mean ± SD. Plasma cytokine levels (pg/mL) in control and
STZ-treated NFAT-luc mice that had been treated with the NFAT inhibitor
A-285222 (0.15mg/kg/day) or saline, measured 2 weeks after the first
STZ/vehicle injection. One-way ANOVA revealed no significant differences
between groups. Interleukin- (IL-) 10, tumor necrosis factor- (TNF-) 𝛼,
interferon- (IFN-) 𝛾, IL-12p70, IL-1𝛽, IL-6, and keratinocyte chemoattractant
(KC) were measured using multiplex technology.

once a day for 4 days and euthanized one week after the last
injection (day 12). At this time point, blood glucose levels
were significantly elevated in diabetic mice when compared
to controls (Figure 4(a)). This resulted in a 68% increase in
NFAT-dependent transcriptional activity in isolated retinal
microvessels (Figure 4(b)), which correlated with blood glu-
cose (𝑟 = 0.696,𝑃 = 0.037). NFAT-luciferase activity was also
measured in whole retinas at day 12, but no differences were
observed between diabetic and control mice (Figure 4(c)),
not even at earlier or later time points (days 7 and 16; data
not shown). Akita mice have a single amino acid substitution
in the insulin 2 gene that causes misfolding of the insulin
protein, progressive loss of 𝛽-cell function, and significant
hyperglycemia as early as 4-5 weeks of age [23]. In our hands,
at 6 weeks of age Akita/NFAT-luc mice had significantly
increased blood glucose levels compared to WT/NFAT-luc
mice (Figure 4(d)) and this was accompanied by a 148%
increase in luciferase activity in isolated retinal microvessels
(Figure 4(e)). Together, these results demonstrate activation
of NFAT signaling in retinal vessels in two different models
of type 1 diabetes.

3.4. Effect of NFAT-Signaling Inhibition on Inflammatory
Cytokines and Endothelial Activation. Nondiabetic (control)
and STZ-induced diabetic NFAT-luc mice received daily i.p.
injections of the NFAT blocker A-285222 (0.15mg/kg body
weight) or vehicle and were euthanized 16 days after the
first injections. Diabetes resulted in significantly reduced
levels of the anti-inflammatory cytokine IL-10 inwhole-retina
homogenates, whichwere completely restored inmice treated
withA-285222 (Figure 5(a)). Blood glucose levels were signif-
icantly higher in STZ-treatedmice when compared to control
mice (Figure 5(b)) but were not affected by treatment with
A-285222 (Figure 5(b)). The levels of other cytokines such
as IFN-𝛾, IL-12p70, IL-1𝛽, IL-6, GRO𝛼/keratinocyte-derived
chemokine (KC), and TNF𝛼 in whole-retina homogenates
were not significantly affected by diabetes or treatment with
A-285222 (Figures 5(c)–5(h)).When the same cytokines were
examined in plasma, no differences were detected between
diabetic mice treated with or without A-285222 (Table 1),
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Figure 2: High glucose activates NFATc3 in the endothelium of retinal vessels. (a) Representative confocal immunofluorescence images
of retinal whole-mounts, stimulated for 30min in low (LG; 2mmol/L; left panels) or high (HG; 20mmol/L; right panels) extracellular
glucose and stained for NFATc3 (red) and SYTOX green for identification of nuclei (green). Merged and individual channel images are
shown. Endothelial cells were identified by the orientation of their nuclei. (b) Higher magnification confocal images of retinal whole-
mounts stimulated and stained as in ((a), upper panels) and pseudocolored images to visualize colocalization of NFATc3 and SYTOX green
(white; lower panels). Scale bars = 50𝜇m. (c) Summarized mean fluorescence intensity data from experiments as in (a), showing NFATc3
nuclear accumulation after 30min stimulation in LG or HG in the presence or absence of A-285222 (1 𝜇mol), or apyrase (3.6U/mL), or after
stimulation with LG plus mannitol (18mmol/L), or LG plus L-glucose (18mmol/L).𝑁 = 21 and 22 retinas for LG and HG, respectively; 5–7
retinas for the other stimulatory conditions. ∗∗∗𝑃 < 0.001 versus all other groups. (d) Summarized mean fluorescence intensity data showing
NFATc3 nuclear accumulation in mouse cerebral arteries after 30min stimulation in LG or HG in the presence or absence of A-285222
(1 𝜇mol).𝑁 = 5/group. ∗𝑃 < 0.05 versus LG.

suggesting that the effect on retinal IL-10 is local, rather than
systemic.

In a separate set of experiments using BALB/c mice
and contrary to expectations, one month after the first

STZ injection we did not detect enhanced OPN or ICAM-1
mRNA in the retinal vessels of diabetic mice (Figures 6(a)-
6(b)). OPN levels in the aortas of these same diabetic mice
were elevated when compared to controls [3], suggesting
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Figure 3: Acute hyperglycemia increases NFATc3 nuclear accumulation andNFAT-dependent transcriptional activity in retinal microvessels.
(a) Blood glucose levels measured before and 30min after an i.p. injection of glucose (2 g/kg; IP-GTT, black bars) or saline (control, white
bars) in BALB/c mice, 𝑁 = 7-8 mice/group. (b) Summarized data from confocal immunofluorescence experiments in the mice described
in (a), showing increased NFATc3 nuclear accumulation in the retinal endothelium of hyperglycemic mice when compared to controls. (c)
Blood glucose levels measured before and 30min after an i.p. injection of glucose (2 g/kg; IP-GTT, black bars) or saline (control, white bars)
NFAT-luc mice. (d)-(e) NFAT-dependent transcriptional activity in isolated retinal vessels (d) and whole retinas (e) in the NFAT-luc mice
described in (c) measured 6 hours after i.p. injection of glucose or saline. Relative light units (RLU) in (d) and (e) were normalized to protein
content and expressed as percentage of vehicle-treated control. 𝑁 = 7–12 mice/group. ∗𝑃 < 0.05 and ∗∗∗𝑃 < 0.001 versus normoglycemic
control group.

differential regulation of OPN expression depending on the
vascular bed. Similar to what we observed in retinal vessels
from BALB/c mice, neither OPN mRNA in retinal vessels
(Supplementary Figure 4(a)) nor OPN protein levels in
whole-retina homogenates (data not shown) were changed
in NFAT-luc mice after 2 weeks of diabetes. Furthermore,
OPN mRNA in retinal vessels of Akita mice was not
changed (Supplementary Figure 4(b)). STZ-induced diabetes
in hyperlipidemic Apoe−/− mice, on the other hand, resulted
in a 2.1-fold increase in OPN mRNA in retinal vessels, 8
weeks after the first STZ injection (Supplementary Figure
4(c)), highlighting potential differences in the regulation of
OPN depending on mice strain, duration of diabetes, and/or
blood lipid levels. Despite the lack of diabetes-induced OPN
and ICAM-1 expression in BALB/cmice, daily injections with
A-285222 lowered the levels of OPN and ICAM-1 mRNA

(Figures 6(a)-6(b)). No changes in plasma levels of OPN, IL-
10, TNF𝛼, IL-12p70, IL-1𝛽, IL-6, and KC were observed in
response to diabetes or NFAT inhibition; however plasma
IFN-𝛾 was reduced in diabetic animals that had been treated
with A-285222 (Supplementary Table S1).

3.5. In Vivo Inhibition of NFAT Reduces Diabetes-Induced
Vascular Permeability. Vascular permeability was measured
in the retinas of 8-week-old Akita and WT mice that
had been treated with i.p. injections of A-285222 or saline
(control) for 2 weeks. Mean blood glucose was 10.0mmol/L
and 18.5mmol/L for control and Akita mice, respectively.
Vascular permeability was increased 2.1-fold in diabetic
versus control mice (Figure 7). Inhibition of NFAT signaling
with A-285222 completely abrogated the diabetes-induced
permeability (Figure 7).
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Figure 4: Chronic hyperglycemia increases NFAT-dependent transcriptional activity in retinal vessels from two different mouse models of
diabetes. (a) Blood glucose levels in NFAT-luc mice, treated with STZ (60mg/kg; black bars) or vehicle (citrate buffer; white bars), measured
12 days after the first injection. (b) NFAT-dependent transcriptional activity (RLU𝜇g−1) in isolated retinal vessels (𝑁 = 6-7mice/group) and
(c) in whole retinas (𝑁 = 4–7) from the mice in (a). Data is expressed as percentage of activity in normoglycemic control mice. (d) Blood
glucose levels inAkita/NFAT-lucmice (black bars) andWT/NFAT-lucmice (white bars) at 6weeks of age. (e)NFAT-dependent transcriptional
activity (RLU 𝜇g−1) in isolated retinal vessels from the same mice as in (d). Data is expressed as percentage of activity in WT control mice.
𝑁 = 11–15mice/group. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; and ∗∗∗𝑃 < 0.001 versus corresponding normoglycemic control groups.

4. Discussion

In this study we show that mouse retinal vessels express
NFATc3 and that this transcription factor is sensitive to
changes in extracellular glucose levels. In two mouse models
of diabetes, STZ-induced, and Akita mice, diabetes results in
increased NFAT-dependent transcriptional activity in retinal
vessels. Interestingly, levels of the potent anti-inflammatory
cytokine IL-10 were decreased in the retina of diabetic mice
and these were restored by treatment with the NFAT blocker
A-285222 for 2 weeks. The effects on retinal IL-10 were
achievedwithout any impact on blood glucose or on the levels
of circulating plasma cytokines (IL-10, IFN-𝛾, IL-12p70, IL-
1𝛽, IL-6, KC, and TNF𝛼). Moreover, inhibition of NFAT for
4 weeks resulted in decreased expression of basal OPN and

ICAM-1mRNA levels in retinal vessels. We also demonstrate
that inhibition of NFAT abrogates the increased vascular
permeability observed in diabetic Akita mice. Therefore, we
suggest that NFAT inhibition may exert a protective effect in
the retina of diabetic mice.

The pattern of expression of NFATc transcription factors
seems to vary depending on the vascular bed, with arteries
such as the aorta that express all NFATc family members
(Figure 1(c)), myometrial arteries expressing NFATc1,
NFATc3, and NFATc4 [7], or cerebral arteries which express
NFATc3 and NFATc4 [24]. NFAT transcription factors
were initially considered to have redundant functions, but
differential activation of NFAT proteins within a cell [25]
and varied expression profiles among cell types have been
observed, suggesting functions specific to the different NFAT
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Figure 5: In vivo inhibition ofNFAT restores levels of anti-inflammatory IL-10 in the retina of diabeticmice. (a) Levels of IL-10 inwhole-retina
homogenates from NFAT-luc mice, treated with STZ (60mg/kg) or vehicle (citrate buffer). Mice received daily i.p. injections of A-285222
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IFN-𝛾, IL-12p70, IL-1𝛽, IL-6, and KC levels were determined in whole-retina homogenates from the same mice as in (a). Cytokines levels
were normalized to protein content and are expressed as percentage of control. No significant differences were observed between the groups.

family members. In the intact mouse retina, all four isoforms
could be detected, whereas in isolated retinal vessels only
NFATc2 and NFATc3 were demonstrated. This suggests that
NFATc1 and NFATc4 may be of neuronal origin [26, 27] or
may be upregulated in culture, given that primary retinal
endothelial cells expressed all four isoforms. Our previous
work in conduit and resistance arteries focused on the effects
of glucose on NFATc3 in vascular smooth muscle cells [2],

but here we show that endothelial NFATc3 seems to be
sensitive to changes in extracellular glucose as well. NFATc2,
on the other hand, did not seem sensitive to glucose, at least
in cells (Supplementary Figure 2).

Diabetes is characterized by both sustained hyper-
glycemia and acute glucose fluctuations. There is cogent evi-
dence for the deleterious effects of sustained hyperglycemia,
but the role of glucose variability is less well documented
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Figure 7: In vivo inhibition of NFAT reduces diabetes-induced
vascular permeability. Vascular permeability (𝜇L/mg∗hr/eye) in the
retinas of 8-week-oldAkitamice andWTmice that had been treated
for 2 weeks with daily i.p. injections of A-285222 (0.29mg/kg) or
saline (control). 𝑁 = 8, 10, 7, and 7 for WT, Akita, WT + A-
285222, and Akita + A-285222, respectively. Two-way ANOVA with
Bonferroni post hoc test revealed ∗𝑃 < 0.05 versus WT and ##𝑃 <
0.05 versus Akita.

[28]. To our knowledge, nothing is known regarding the effect
of glycemic peaks and nadirs on transcriptional activity in
intact arteries. In mice, blood glucose reaches a maximum
value upon a single IP-GTT after 30 minutes and returns
to control levels after 120 minutes [29]. The results from
this study show that acute elevations in blood glucose, as
those induced by IP-GTT, efficiently induced NFAT nuclear

accumulation and NFAT-dependent transcriptional activity
in retinal vessels. Sustained hyperglycemia in STZ-treated
mice resulted in increased NFAT transcriptional activity in
retinal vessels. In contrast, NFAT transcriptional activity
in whole retinas was not changed after an IP-GTT or
after sustained hyperglycemia, suggesting different activation
requirements of NFAT proteins in the nonvascular retina.
Results also emphasize the importance of isolating retinal
vessels rather than using whole-retina preparations for the
study of pathological changes in the microvasculature.

The contribution of different cell types in the retina, as
well as the chronology of events in the pathogenesis of DR,
is still a matter of debate [6, 30, 31]. However, accumulating
evidence suggests that localized inflammatory processes play
a role in the early phases of DR [6], including increased
expression of adhesion molecules, cytokines, and growth
factors. For cytokine level quantificationwe chose amultiplex
assay designed to measure IL-10, IFN-𝛾, IL-12p70, IL-1𝛽,
IL-6, KC, and TNF𝛼. Except for KC, all of these cytokines
have been implicated in the pathogenesis of human diabetic
retinopathy [32–41]. In our study, 2 or 4 weeks of STZ-
induced diabetes had no significant effect on the levels
of circulating cytokines, despite the fact that animals had
significantly higher blood glucose levels. The reason why
this model fails to affect plasma cytokines as it could be
predicted from previous studies may be due to differences
between species. Rodents and in particular mice are known
to be resilient to hyperglycemia-induced changes and only
mimic early stages of diabetic retinopathy [42]. The plasma
cytokine results presented here for FVBN and BALB/c mice
are however in line with previous data obtained in C57BL/6,
where we showed that 8 weeks of STZ-induced diabetes does
not increase the levels of circulating inflammatory cytokines



Journal of Diabetes Research 11

[43]. Treatment with A-285222 for 2 weeks had no effect on
plasma cytokine levels, but 4-week treatment significantly
reduced plasma IFN-𝛾 concentration in diabetic animals
(Table S1).

To better resolve potential local changes in cytokine
production in the retina, we measured the same cytokines
in retina homogenates. In the STZ-mouse model of diabetes
that we used here, 2 weeks of diabetes resulted in decreased
levels of IL-10. The same results were obtained after 4 weeks
of diabetes in other strains (FVBN and BALB/c; data not
shown). This cytokine is produced by numerous immune
cells (i.e., T-helper cells, regulatory T cells, B cells,monocytes,
macrophages, and dendritic cells [44]) and plays a central
nonredundant role in limiting inflammation in vivo [45]. Also
local production of endogenous IL-10 has been suggested
to limit angiotensin-II-induced oxidative stress and vascular
dysfunction in mouse carotid arteries [46]. Our results
demonstrate that in vivo treatment for 2 weeks with A-285222
restores IL-10 levels, suggesting that NFAT inhibition may be
protective for the retina. Apart from IL-10, no other changes
in cytokine levels in retina or in the expression of ICAM-
1 mRNA in retinal vessels were observed in response to
diabetes, at least at these early time points and in these mice
strains.This contrasts with previous findings in C57Bl/6mice
at later time points after 8 weeks of diabetes, in which wewere
able to detect increased ICAM-1mRNA in retinal vessels and
enhanced levels of TNF𝛼, IL-6, and IL-1𝛽 mRNA in whole-
retina homogenates [21].

We have recently shown that hyperglycemia induces
the proinflammatory cytokine OPN in mouse aorta by
direct binding of NFATc3 to the OPN promoter [3]. OPN
protein was increased in subvalvular aortic sections and
in plasma of STZ-treated diabetic mice 8 weeks after the
onset of hyperglycemia [3]. OPN has been reported to be
increased in the vitreous of patients with DR compared to
nondiabetic patients [47] and in retinal endothelial cells after
in vitro stimulation with high glucose, resulting in enhanced
endothelial cell migration [48]. However, in the STZ-model
used here, no changes in the expression of OPN in retinal
vessels were observed at early time points, after 2 or 4 weeks
of diabetes. Hyperglycemia inAkitamice also failed to induce
OPN expression. In contrast, a 2.1-fold increase in retinal
microvessel OPN mRNA was observed in hyperlipidemic
Apoe−/− mice at 8 weeks after the first STZ injection, indicat-
ing that diabetes duration or metabolic state is of importance
for regulation of OPN in retinal microvessels. However,
despite the lack of diabetes-induced OPN expression in
BALB/c mice after 4 weeks of diabetes, in agreement with
previous results in larger vessels [3], in vivoNFAT-inhibition
for the duration of the experiment reduced the levels of OPN
mRNA in retinal vessels regardless of the diabetic condition,
indicating a potential NFAT-dependent regulation of OPN
under basal conditions in this tissue. NFAT inhibition
also reduced ICAM-1 mRNA levels in retinal microvessels,
highlighting a potential mechanism by which NFAT inhibi-
tion may prevent leukostasis and inflammation in diabetic
retinopathy.

An early feature of diabetic retinopathy is the breakdown
of the BRBwhich results in vascular leakage and development

of retinal edema. Clinical evidence from fluorescein angiog-
raphy in patient with diabetic retinopathy indicates that the
inner BRB, which is formed by junctions between endothe-
lial cells of the retinal capillaries, is the primary site of
vascular leakage. In agreement with previous studies [49],
we demonstrate that increased vascular leakage is an early
event in Akita mice. The fact that in vivo treatment with A-
285222 for 2 weeks prevented diabetes-induced changes in
retinal permeability suggests NFAT signaling to play a role
in the regulation of the BRB. In diabetes, increased BRB
permeability is associated with reduced expression of tight
junction (claudin-5, ZO-1, and occludin) and adherens (VE-
cadherin) proteins [50]. Interestingly, a high number ofNFAT
consensus binding sites were found in the promoter region of
claudin-5 (26 sites), theoretically making it a possible direct
target of NFAT regulation.

A-285222 is a low molecular weight (416 daltons) organic
compound [51]. Given its lipophilic nature and small size, it
crosses both the plasma membrane and the nuclear envelope
by simple diffusion. We have previously studied the phar-
macokinetics of A-285222 after i.p. administration in mice
using gas chromatography/mass spectroscopy (GC/MS) [9].
A comparison between plasma levels of A-285222 measured
5min after i.p. injection of the drug and after direct injection
into the circulation (intracardiac) showed that levels were
within the same range regardless of administration route,
indicating high bioavailability and confirming transport
across several membranes. Studies in cynomolgus monkeys
also confirm the cell-permeable nature of the compound, as
A-285222 was readily detected in plasma after oral admin-
istration [52]. As a cell-permeable compound A-285222 is
expected to reach the retinal circulation and enter the cells
in the vessel wall. The effects of treatment on vascular
permeability could therefore be due to direct effects of A-
285222 on vascular NFATc3 activation; however, indirect
effects cannot be ruled out.

In conclusion, these results suggest that NFAT acts as
a glucose-sensor in the wall of retinal microvessels, trans-
lating changes in extracellular glucose concentration into
changes in gene expression leading to enhanced inflamma-
tion, endothelial activation, and vascular permeability. Even
though tight blood glucose and blood pressure control are
key in preventing and/or slowing down the development of
diabetic macular edema and retinopathy, these are therapeu-
tic goals difficult to achieve. Standard of care still relies on
laser photocoagulation and intravitreal injections of corti-
costeroids or more recently anti-VEGF but these are invasive
procedures that can have complications [53]. Therefore, new
approaches beyond current standards of diabetes care are
necessary. Here, we have identified the NFAT signaling as a
putative target for treatment of microvascular complications
in diabetes.
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Table S1. Plasma cytokines 

(n=7) (n=8) (n=8) (n=8)

OPN  81.0±11.4 94.2±32.5 76.5±12.1 84.9±20.7 

IL-10  13.8±8.4 15.8±10.4 14.4±4.2 12.7±7.7 

TNF-   n.d. 0.2±0.7 0.2±0.4 n.d. 

IFN-   1.9±0.9 3.4±3.3 2.1±1.0 1.0±0.6* 

IL-12p70  6.7±8.9 8.7±8.5 4.8±7.8 16.6±27.6 

IL-1   0.6±0.3 1.1±0.8 0.8±0.2 0.7±0.4 

IL-6  2.9±1.9 7.8±1.4 4.6±4.4 3.3±3.9 

KC  39.0±5.6 60.6±41.5 68.2±17.1 68.1±27.5 

 

Cytokine levels are expressed in ng/ml for OPN and in pg/ml for all other cytokines. Values 

represent mean ± SD. Plasma cytokine levels in control and STZ-treated BALB/c mice that 

have been treated with the NFAT inhibitor A-285222 (0.29 mg/kg for 2 weeks followed by 

0.15 mg/kg for last 2 weeks) or saline, measured 4 weeks after the first STZ/vehicle injection. 

Interleukin (IL)-10, tumor necrosis factor (TNF)- , interferon (IFN)- , IL-12p70, IL-1 , IL-6 

and keratinocyte chemoattractant (KC) were measured using multiplex technology. n.d.; not 

detectable. Two-way ANOVA revealed no significant interactions, except for IFN- . For IFN-

, one-way ANOVA and Bonferroni post-test revealed *P<0.05 vs STZ-treated saline group.  

Confocal immunofluorescence images showing staining of retinal 

whole-mounts with antibodies against von Willebrand factor ( ; 1:400), smooth muscle -

actin ( ; 1:400) and platelet-derived growth factor -receptor ( ; PDGFR , 1:100) for 
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identification of endothelial, smooth muscle cells and pericytes, respectively. . Smooth 

muscle -actin and PDGFR  double staining of retinal whole-mounts.

Representative confocal immunofluorescence images of retinal 

whole mounts, stimulated for 30 min in high extracellular glucose (HG; 20 mmol/l)  in the 

presence of A-285222 ( ; 1 mol), or apyrase ( ; 3.6 U/ml), or after stimulation with low D-

glucose (LG; 2 mmol/l) plus mannitol ( ; 18 mmol/l), or LG plus L-glucose ( ; 18 mmol/l). 

Preparations were stained for NFATc3 (red) and SYTOX Green for identification of nuclei 

(green). Endothelial cells were identified by the orientation of their nuclei. Scale bars=50 m. 

Representative confocal immunofluorescence images 

of HUVEC stimulated for 30 min in low (LG; 2 mmol/l) or high (HG; 20 mmol/l; right 

panels) extracellular glucose with or without A-285222 (1 mol), stained for NFATc2 (red) 

and SYTOX Green for identification of nuclei (green). Summarized data from experiments 

as in (A), showing NFATc2 nuclear accumulation after 30 min stimulation in LG or HG in the 

presence or absence of A-285222 (1 mol), or after stimulation with LG plus mannitol (18 

mmol/l). . Summarized data from corresponding confocal experiments in HRMVECs, 

stimulated as in (A) and with VEGF (25 ng/ml) with or without A-285222 (1 mol).  

Expression of OPN mRNA in isolated retinal microvessels from 

normolipidemic (A-B) and dyslipidemic (C) diabetic mice, determined by quantitative RT-

PCR. . No differences between OPN mRNA expression levels in retinal vessels from 

diabetic and control NFAT-luc mice, measured 2 weeks after the first STZ/vehicle injection. 

HPRT was used as endogenous control. N=19 mice/group. No differences between OPN 
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mRNA expression in retinal vessels from Akita and WT littermate control mice 18S and 

Cyklophilin B were used as endogenous controls. N=12 and 4 for WT and Akita, respectively. 

 OPN mRNA expression was significantly higher in diabetic Apoe-/- mice when compared 

to non-diabetic Apoe-/- mice measured 8 weeks after the first STZ/vehicle injection. HPRT and 

GAPDH were used as endogenous controls. N=11 mice/group, *P<0.05.  
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Plasticity of NFATc2 expression in the arterial wall
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Genetic deletion of NFATc2 and NFATc3 differentially 
affects gene expression in VSMCs. 
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Compensatory changes in NFATc isoform expression 
in NFATc2 and NFATc3 knockout cells. 
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Differential effects of NFATc2 and NFATc3 deletion on 
Klf4, Klf5 and Gata4 gene expression

Deletion of NFATc3 leads to higher expression of Ace, 
Cnn1 and Tagln in VSMCs. 

NFATc2 WT
NFATc2 KO

Lipofectamine
pNFATc2-EGFP

Re
l. 

m
RN

A
(%

 o
f u

nt
re

at
ed

 W
T)

B
Gata4

0

50

100

150

- -
- -

+ +
- +

+ +
- +

WT KO WT KO

Klf4

0

100

300

400

- -
- -

+ +
- +

+ +
- +

WT KO WT KO

Klf5 

0

50

100

150

- -
- -

+ +
- +

+ +
- +

WT KO WT KO

NFATc3 WT
NFATc3 KO

Lipofectamine
pNFATc3-EGFP

Re
l. 

m
RN

A
(%

 o
f u

nt
re

at
ed

 W
T)

A
Gata4 

0

1000

2000

3000

- -
- -

+ +
- +

+ +
- +

WT KO WT KO

Klf4 

0

50

100

150

- -
- -

+ +
- +

+ +
- +

WT KO WT KO

Klf5

0

250

500

- -
- -

+ +
- +

+ +
- +

WT KO WT KO

200

*** *** ***

*** **
*

p=0.06



Lack of NFATc3 renders VSMCs with higher 
proliferative capacity
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Supplementary table 1. Genes included in the RT2 Profiler PCR Array.  



Supplementary table 2. Fold change differences in gene expression between aortic VSMCs from 
NFATc2 KO and WT mice, or from NFATc3 KO and WT mice. Numbers represent ratios between KO 
and WT for each strain. Genes upregulated >2-fold are indicated in red; genes downregulated >2-
fold are indicated in green. 









<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


