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Resumen

El sindrome cardiorrenal (SCR) representa una compleja interaccion patoldgica
entre el corazon y los rifiones, donde una lesiéon aguda o cronica en uno de ellos
induce el dafio agudo o cronico en el otro. De los cinco subtipos, el tipo 1 de SCR
(SCR-1), que se caracteriza por una lesion aguda renal como consecuencia del
empeoramiento de la funcién cardiaca [1], tiene la mayor incidencia entre los
pacientes diagnosticados con SCR [2, 3]. Ademas, el desarrollo de SCR-1 en
pacientes se asocia con un aumento de los tiempos de hospitalizacion y con peor

pronostico clinico [4, 5].

Aunque se cree que los factores de riesgo tradicionales, como son la hipertension,
la obesidad o la diabetes, estan implicados en la patologia compartida del
corazon y los rifiones, en el SCR-1 abordar tinicamente estos factores ha mostrado
resultados insatisfactorios [6], lo cual sugiere la necesidad de evaluar factores de
riesgo no convencionales, asi como otros mecanismos subyacentes que podrian

ser relevantes en la fisiopatologia del dafio renal inducido por el SCR.

Esta tesis tiene como objetivo explorar los mecanismos subyacentes y las posibles
estrategias terapéuticas para manejar el dano renal en el contexto del SCR, con
un interés especial en la fibrosis debido a su importante implicacion en la
progresion del dano cardiorrenal y en el fallo organico [7]. Entre los mecanismos
que podrian contribuir al dafio renal en el SCR, nos hemos enfocado en si el estrés
de reticulo endoplasmico (ERE), la Galectina-3 (Gal-3) y las modificaciones post-
transcripcionales mediadas por microRNAs podrian participar en el remodelado

renal y en sus alteraciones funcionales.

Para ello, se utilizo un modelo de 4 semanas de infarto de miocardio (IM)
mediante la ligadura de la arteria coronaria descendente anterior izquierda en
ratas macho Wistar que se compard con un grupo de animales control que fueron
sometidos a una operacion simulada. De forma similar a lo observado en los
pacientes con IM, ademas de hipertrofia y disfuncion cardiaca, las ratas con IM

mostraron un aumento en el marcador de dano renal agudo NGAL a nivel
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Resumen

circulante y renal. Tras 4 semanas del IM los animales presentaron fibrosis renal,
estrés oxidativo e inflamacion, asi como también mostraban un incremento en los
niveles de Gal-3 y una activacion del ERE sin cambios en los niveles de creatinina

sérica.

Un estudio in-vitro realizado en fibroblastos renales murinos reveld el papel
mediador del ERE en los efectos perjudiciales del acido palmitico (AP) y la
Angiotensina II (Ang II), ya que la presencia del inhibidor farmacolégico del ERE,
acido 4-fenilbutirico (4-PBA; 4 uM) fue capaz de prevenir la up-regulacion en la
matriz extracelular, la producciéon de aniéon superdxido y los marcadores
inflamatorios inducidos tanto por AP (50-200 uM) como por Ang II (10® a 10°°
M). Todo ello respalda el posible papel del ERE en las alteraciones renales

asociadas al IM.

Dado que tanto el IM como la obesidad pueden inducir alteraciones estructurales
y funcionales a nivel cardiaco y a nivel renal, desarrollamos un modelo animal
de obesidad e IM para el cual ratas Wistar macho fueron alimentadas con una
dieta alta en grasas (HFD) durante 10 semanas. El IM se indujo como esta
previamente descrito [8] a las seis semanas de evolucion una vez se observaron
diferencias en el peso corporal. Ademas, para poder evaluar el posible papel de
la Gal-3 y el ERE en el dano renal asociado con el IM en el contexto de la obesidad,
desde el dia de la cirugia en adelante se administraron diferentes tratamientos:
un inhibidor de la actividad de la Gal-3 (MCP; 100 mg/Kg/dia); un inhibidor del
estrés del ER (4-PBA; 500 mg/Kg/dia) o vehiculo. Para este modelo también se

definié un grupo de ratas con operacion simulada y dieta estdindar como control.

Primero, evaluamos la posible implicacion de la Gal-3 en las consecuencias
renales del IM en el contexto de la obesidad y observamos que a nivel renal los
animales HFD-IM, a pesar de la ausencia de alteraciones en los niveles de
creatinina sérica, presentaron un incremento en la expresion renal de NGAL que

la inhibicién farmacoldgica de la Gal-3 fue capaz de prevenir. Este efecto
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Resumen

protector del MCP se acompafiaba ademas de una reduccion en la fibrosis renal,
el estrés oxidativo y la inflamacion, lo cual demuestra la implicacion de la Gal-3

en las alteraciones renales en este contexto patoldgico.

Ademas, el MCP previno no solo la disminucion renal en la expresion del
microRNA let-7f-5p en los animales HFD-IM, sino también la modulacion de
varias de las vias de sefalizacion en las que este microRNA podria estar
implicado segtn las predicciones in-silico, como la activacion del ERE y la via de
sefalizacion Hippo. Estudios in-vitro posteriores nos permitieron confirmar que
Gal-3 induce la regulacion negativa temprana del let-7f-5p, que se acompanaba
de la activacion del ERE y la modulacién de la via Hippo en células epiteliales

tubulares.

También hemos demostrado que, aunque la activacion del ERE no tiene efectos
moduladores en la expresion del let-7f-5p, la sobreexpresion de este microRNA
en las células renales mejoro los efectos perjudiciales de la activacion del ERE a
través de la interaccion directa con uno de sus genes diana, ATF6[3.
Adicionalmente observamos que los niveles de ATF6[ en los animales HFD-IM
se correlacionaban con los niveles de Gal-3, NGAL, matriz extracelular, ERE y de
marcadores de la via Hippo, lo cual muestra la posible implicacion del ERE en
las alteraciones renales del contexto patologico de IM y obesidad conjunta. De
hecho, a pesar de no observarse modulaciones en los niveles del let-7f-5p, el
tratamiento con el inhibidor farmacologico del ERE fue capaz de prevenir no solo
el aumento en NGAL, sino también la fibrosis renal, el estrés oxidativo, la
inflamacion y la modulacion de la via Hippo que se observo en los animales
HFD-IM, demostrando que el ERE es un mediador downstream del efecto

perjudicial de la regulacion negativa del let-7f-5p en este contexto patologico.

Considerando todos estos resultados las conclusiones de este estudio son las

siguientes:



Resumen

1. Las alteraciones renales observadas en animales con infarto de miocardio
se acompanaron por una regulacion al alza de Gal-3 y por la activacion del

estrés del reticulo endoplasmico.

2. Gal-3 participa en el dafio renal asociado al infarto de miocardio en el
contexto de la obesidad promoviendo la fibrosis renal, el estrés oxidativo

y un ambiente proinflamatorio.

3. El infarto de miocardio en el contexto de la obesidad activa el estrés del
reticulo endoplasmico, lo que promueve la fibrosis renal, el estrés

oxidativo y un ambiente proinflamatorio.

4. El infarto de miocardio y la obesidad estan asociados con cambios en el

patrén de microRNAs.

5. La regulacion negativa de microRNA let-7f-5p surge como un mediador
potencial de los efectos perjudiciales renales de Gal-3 a través de la
activacion del estrés del reticulo endoplasmico y la via de sefalizacion

Hippo.

En conjunto, Gal-3, el estrés del reticulo endoplasmico y let-7f-5p emergen como
tres dianas farmacoldgicas diferentes para el manejo de las complicaciones
renales asociadas con el sindrome cardiorrenal en el contexto del infarto de

miocardio y la obesidad.
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Cardiorenal syndrome (CRS) represents a complex pathological interaction
between the heart and the kidneys, where acute or chronic injury in one of them
induces acute or chronic damage in the other. Out of the five subtypes, CRS type
1 (CRS-1), which is characterized by the worsening of cardiac function leading to
acute kidney injury [1], is known to have the highest incidence among the CRS
diagnosed patients [2, 3]. Moreover, development of CRS-1 is known to increase

hospitalization times and complicate clinical outcome in patients [4, 5].

Although traditional cardiovascular risk factors such as hypertension, obesity or
diabetes are believed to be implicated in the shared pathology of the heart and
the kidneys, targeting only these factors in CRS-1 has shown unsatisfactory
results [6], suggesting the need to assess non-conventional risk factors and other
underlying mechanisms that could be relevant in the pathophysiology of CRS-

induced renal damage.

This thesis aims to explore the underlying mechanisms and potential therapeutic
strategies for managing renal damage in the context of CRS, with a special
interest in fibrosis due to its key implication in cardiorenal damage progression
and organ failure [7]. Among the suggested mechanisms that could contribute to
CRS-induced renal damage, we focused on whether endoplasmic reticulum (ER)
stress, Galectin-3 (Gal-3) and microRNA-mediated post-transcriptional
modulations could participate in the renal remodelling and functional

alterations.

For this purpose, a 4-week model of myocardial infarction (MI) by ligation of the
left anterior descendent coronary artery in male Wistar rats was used and
compared to a group of control animals that underwent Sham operation. Similar
to what was observed in patients with MI, apart from cardiac hypertrophy and
dysfunction, MI rats showed an increase in the kidney injury marker NGAL at

circulating and renal level. 4-weeks post-MI animals presented renal fibrosis,
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oxidative stress and inflammation accompanied by enhanced levels of Gal-3 and

ER stress activation with no modulation in the serum creatinine levels.

An in-vitro study performed in renal fibroblasts revealed that ER stress mediates
the deleterious effects of palmitic acid (PA) and angiotensin II (Ang II), as the
presence of the ER stress inhibitor 4-phenylbutyric acid (4-PBA; 4 uM) was able
to prevent the up-regulation in extracellular matrix, superoxide anion production
and inflammatory markers induced by both PA (50-200 uM) and Ang II (108to
10 M). This supports the potential role of ER stress on renal alterations

associated with MI.

Given that both MI and obesity can induce structural and functional alterations
at both cardiac and renal level, we developed an animal model of concomitant
obesity and MI, for which male Wistar rats were fed a high-fat diet (HFD) for 10
weeks and, MI was induced as previously described [8] at six weeks once a
difference in body weight was observed. Furthermore, in order to evaluate the
role of Gal-3 and ER stress in the renal damage linked to MI in the context of
obesity, different treatments were administered from the day of the surgery
onward: A Gal-3 inhibitor (MCP; 100 mg/Kg/day); an ER stress inhibitor (4-PBA;
500 mg/Kg/day) or vehicle. A group of rats with sham operation and normal diet

were defined as control.

First, we assessed the potential involvement of Gal-3 in the renal consequences
of Ml in the context of obesity and observed that at renal level HFD-MI animals,
despite the absence of alterations in creatinine serum levels, presented a renal
increase in NGAL expression that the pharmacological inhibition of Gal-3 by
MCP was able to prevent. This protective effect of MCP was accompanied by a
reduction in renal fibrosis, oxidative stress and inflammation which
demonstrates the implication of Gal-3 in the renal alterations of this pathological

context.
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In addition, MCP was able to prevent not only the renal decrease in the
expression of microRNA let-7f-5p in HFD-MI but also the modulation of several
in-silico predicted pathways for let-7f-5p actions such as ER stress activation and
the Hippo signalling pathway. Moreover, subsequent in-vitro studies allowed us
to confirm that Gal-3 induces the early downregulation of let-7f-5p, which was
accompanied by the activation of ER stress and the modulation of the Hippo

pathway in tubular epithelial cells.

We also demonstrated that although ER stress activation has no modulatory
effects on let-7f-5p expression, overexpression of this microRNA in renal
epithelial cells improved the deleterious effects of ER stress activation through
direct interaction with its target gene ATF6[3. Furthermore, ATF6f levels in the
obese infarcted animals directly correlated to Gal-3, NGAL, extracellular matrix,
ER stress and Hippo pathway markers which show the possible implication of
ER stress in the renal alterations of the pathological context of concomitant
obesity and MI. In fact, despite no modulation in the let-7f-5p levels were
observed, treatment with a pharmacological inhibitor of ER stress prevented not
only NGAL increase but also the renal fibrosis, oxidative stress, inflammation
and Hippo pathway modulation seen in HFD-MI animals, demonstrating ER
stress is a downstream mediator of deleterious effect of the downregulation of

let-7£-5p in this pathological context.
Considering all these results, the conclusions of this study are as follows:

1. The renal alterations observed in animals with myocardial infarction were
accompanied by an upregulation of Gal-3 and the activation of

endoplasmic reticulum stress.

2. Gal-3 participates in the renal damage associated with myocardial
infarction in the context of obesity by promoting renal fibrosis, oxidative

stress and a proinflammatory environment.
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3. Myocardial infarction in the context of obesity activates endoplasmic
reticulum stress, which promotes renal fibrosis, oxidative stress and a

proinflammatory environment.

4. Myocardial infarction and obesity are associated with changes in the

microRNA pattern.

5. Downregulation of microRNA let-7f-5p appears as a potential mediator of
the renal deleterious effects of Gal-3 through the activation of endoplasmic

reticulum stress and the Hippo signalling pathway.

Altogether, Gal-3, endoplasmic reticulum stress and let-7f-5p emerges as three
different pharmacological targets for the management of the renal complications
associated with cardiorenal syndrome in the context of myocardial infarction and

obesity.
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Obesity predisposes the appearance of cardiovascular diseases such as myocardial infarction, which promotes
cardiac and renal alterations. Our findings portray not only the renal consequences associated with obesity and
myocardial infarction-induced cardiorenal syndrome type 1 but also reveal the implication and targeting relevance
of the Galectin-3/Let-7f-5p/Endoplasmic reticulum (ER) stress axis as a means to alleviating the renal damage in
such pathological context.
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Clinically, it is well known that the shared pathology of the heart and kidneys
has a strong impact on the clinical outcome, as it is associated with increased
morbidity and mortality rates [9, 10]. The existence of a relationship between the
heart and the kidney was first described in the 19t century by Robert Bright, who
reported structural changes in the heart in patients with advanced kidney disease
[11]. Since then, new discoveries have given insight into the interaction between
heart and kidney diseases in terms of shared risk factors (such as hypertension,
obesity, diabetes and atherosclerosis) and pathophysiological pathways involved

in each [12, 13].

The classic definition of Cardiorenal syndromes (CRS) was proposed in 2010 by
The Acute Dialysis Quality Initiative as a term that gathers the “disorders of the
heart and kidneys whereby acute or chronic dysfunction in one organ may
induce acute or chronic dysfunction of the other” [1]. Also, there is further
classification into different subtypes within the term according to the primary
organ dysfunction and to whether it is an acute or chronic situation [1]. However,
the appearance of risk factors that can affect both the heart and the kidney
complicate the clinical outcome, and with it the causal relationship of one to the

other.

Although CRS prevalence depends directly on demographic factors such as age
distribution, access to healthcare and main comorbidities, it is generally
considered that out of the five different types, Type 1 has the highest incidence

among the CRS diagnosed patients [2, 3].

I. CRS classification

1. CRS type 1 or acute cardio-renal syndrome

CRS type 1 (CRS-1) is characterized by the worsening of cardiac function leading
to acute kidney injury (AKI) and/or dysfunction of both organs [1]. Around 25-

30% of patients with acute decompensated heart failure (ADHF) present AKI,
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often after ischemic or non-ischemic heart disease [14, 15]. Patients that develop
CRS-1 have higher morbi-mortality and lengthier hospitalization [4, 16]. CRS-1
has a complex pathophysiology, with hemodynamic and non-hemodynamic
alterations for which the treatments show no improvements [17, 18], thus

demonstrating the need to discover and understand the mechanisms involved.

Faced with a drop in blood pressure levels due to the development of heart
failure (HF), the kidney responds to the decrease in cardiac output by retaining
sodium and water. Nevertheless, it has been demonstrated that an elevation of
the central venous pressure can result in impairment of renal function and
congestion of the kidneys [19]. In this context, neurohormonal activation through
the Renin-Angiotensin-Aldosterone System (RAAS) also has an important role,
as it is both an initially compensatory mechanism for the decrease in volume
consequence of the ventricular injury, and a long-term initiator of cardiovascular
and renal dysfunction [19, 20]. Other non-hemodynamic mechanisms such as
inflammation and oxidative stress have been established as common pathways

for cellular dysfunction in heart and kidney failure (Figure 1) [2, 19, 21].

Hemodynamics changes

Neurohormonal activation

Inflammation and

HF AKI

¥ GFR
1 Na*and water resorption

‘ § Cardiac output

Figure 1. Schematic representation of Cardiorenal syndrome type 1. GFR: glomerular
filtration rate. Figure adapted from Delgado-Valero B. et al., cells 2021 [22].

2. CRS type 2 or chronic cardio-renal syndrome

CRS type 2 is defined as chronic cardiac dysfunction that leads to progressive

appearance of renal impairment which promotes the development of chronic
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kidney disease (CKD) [23, 24]. CKD was defined in 2012 by The Kidney Disease:
Improving Global Outcomes (KDIGO) as an abnormality in kidney function or
structure that is present for more than 3 months and has implications in health.
It is classified based on cause, GFR of <60 ml/min per 1.73 m? and the degree of
albuminuria [25]. Albuminuria evaluation in addition to GFR has proven to
positively influence nephrological care [26, 27]. A meta-analysis by Damman et
al. showed that almost a third (32%) of the total of 1 million HF patients studied
presented CKD, and 23% had worsening renal function [28], confirming that

renal dysfunction is an important contributor to the comorbidities in HF.

The pathological process implicated in CKD secondary to HF is consequence of
the renal response to preserve the glomerular filtration rate (GFR) (Figure 2). The
combination of renal congestion, hypoperfusion and the increased right atrium
pressure promotes renal dysfunction in HF patients [18, 23]. It has been
suggested that the correct diagnosis of this CRS should be based on HF aetiology,
HF with preserved ejection fraction (HFpEF) or with reduced ejection fraction
(HFrEF), and on biochemical parameters of renal dysfunction such as high
creatinine levels [29, 30]. However, as the interactions between the heart and
kidney are bidirectional, is not always easy to assess the inciting event from the
secondary damage, thus making it difficult to differentiate CRS type 2 patients
from CRS type 4 ones [18, 29].

Increased renal vascular resistance

Chronic hypoperfusion

GFR <60 ml/min per 1,73 m?
Renal congestion

Low cardiac output

Endothelial dysfunction and

CHF CKD

Figure 2. Schematic representation of Cardiorenal syndrome type 2. GFR: glomerular
filtration rate. Figure adapted from Delgado-Valero B. et al., cells 2021 [22].
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3. CRS type 3 or acute reno-cardiac syndrome

CRS type 3 occurs when there is an acute worsening of kidney function secondary
to AKI, ischemia or glomerulonephritis that leads to acute heart injury and/or
dysfunction (Figure 3) [18, 23]. AKI may produce cardiac events as a consequence
of the fluid overload, hyperkalaemia or metabolic acidosis, but the exact cause of
the damage is difficult to establish, as there are shared comorbidities and

variability in the risk factors for AKI [18, 23, 31].

There are multiple definitions of AKI according to urine output and serum
creatinine levels (SCr), all of which have limitations in their clinical application
[32, 33]. It is due to the differing definitions of AKI that make it difficult to
identify this type of CRS. Despite the lacking criteria, the incidence of AKI is
increasing in hospitalized patients, and is associated with an 86% increased risk

of cardiovascular mortality and a 38% increased risk of major cardiovascular

events [3].
Neurohormonal activation
1 GrR Fluid overload, hyperkalaemia t Preload and afterload
T Na* and water retention 1 LV dysfunction
Inflammation and
AKI HF

Figure 3. Schematic representation of Cardiorenal syndrome type 3. GFR: glomerular
filtration rate; LV: left ventricle. Figure adapted from Delgado-Valero B. et al., cells 2021
[22].

4. CRS type 4 or chronic reno-cardiac syndrome

CRS type 4 is characterized by cardiovascular damage in patients with CKD at
any stage [18]. Itis well established that renal dysfunction is an independent risk
factor for cardiovascular disease (CVD), with the risk for myocardial infarction
(MI) and sudden death being higher in CKD patients [34, 35]. Numerous studies

have found there is an independent association between the severity of CKD,
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evaluated by the degree of decline in kidney function, and the subsequent cardiac
events [12, 35], which could suggest that CKD likely accelerates the risk and
development of CVD. Statistics show that 37% of patients with healthy kidney
function suffer from CVD, whereas in CKD patients, the percentage is increased

to 63-75% depending on the reduction in kidney function [36].

CKD has been demonstrated to be associated with inflammation and other
cardiovascular factors such as hypertension, activation of RAAS and volume
overload, that usually go in parallel with a decline in GFR (Figure 4) [12, 37].
Pressure and volume overload in CKD patients leads to left ventricular
hypertrophy (LVH), which is a common feature that is accompanied by fibrosis
and other histological changes. These structural changes consequently cause
diastolic dysfunction and increased oxygen demand and could also explain these

patients” predispositions to arrhythmias and sudden death [35, 38].

Neurohormonal activation

Pressure and volumen overload € T LV hypertrophy
1 LV dysfunction

¥ GFR
T Proteinuria

Chronic inflammation and

_ Endothelial dysfunction

CKD CHF

Figure 4. Schematic representation of Cardiorenal syndrome type 4. GFR: glomerular
filtration rate; LV: left ventricle. Figure adapted from Delgado-Valero B. et al., cells 2021
[22].

5. CRS type 5 or secondary cardiorenal syndrome

CRS type 5 (CRS-5) represents simultaneous injury and/or dysfunction of the
heart and kidneys as a result of a systemic condition such as sepsis, drug toxicity,
lupus, cirrhosis or amyloidosis (Figure 5) [33, 39]. Although many pathways have

been proposed, it is challenging to identify the mechanisms that are involved in
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CRS-5 due to the multitude of contributing factors and the sequence of organ

involvement [39].

CRS-5 has been divided into four stages according to severity: hyperacute (0-72
h after diagnosis), acute (3-7 days), subacute (7-30 days) and chronic (beyond 30
days) [33, 40]. The existing studies of CRS-5 are usually those of hyperacute or
acute stages, as these evaluate the effects of sepsis. Sepsis, defined as a life-
threatening organ dysfunction caused by deregulated host response to infection
[41], is one of the most common causes of death among hospitalized patients,

among whom the prevalence of CRS-5 is high [1, 42].

In early stages of sepsis microcirculatory changes are developed despite normal
systemic hemodynamic [43]. Those alterations, along with inflammation, are
important in the cardiac and renal dysfunction given in this type of CRS [44]. For
instance, the increase in pro-inflammatory cytokines during sepsis and the
decrease in renal blood flow lead to tubular necrosis, reduction in GFR and severe
kidney failure [45, 46]. Sepsis is also related to autonomic nervous system
dysfunction and RAAS activation [33, 39]. This complex environment makes
differentiating between the cardiorenal crosstalk effects and sepsis effects very

difficult.

Neurohormonal activation

Systemic Hemodynamics changes Organ
injury damage

) \lnﬂamj‘u \

Figure 5. Schematic representation of Cardiorenal syndrome type 5. Figure adapted from
Delgado-Valero B. et al., cells 2021 [22].
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II. Animal models of CRS

In addition to the hemodynamic and neuro-hormonal factors, many
pathophysiological mechanisms have been speculated to have a role in the

complexity of CRS; however, its implications have not been fully identified [47].

Most of the available information on CRS has been obtained from
epidemiological and clinical data, yet the observational character and the design
of most clinical studies makes it challenging to study the underlying
pathophysiological changes and to assess new therapeutic approaches [48, 49].
Therefore, as further research is needed to obtain mechanistic insight into the
pathophysiology of CRS that allows us to evaluate possible treatments for it,
numerous animal models have been developed. The existing animal models for
CRS study can be differentiated into i) animal models of CRS with primary
cardiac injury, ii) animal models of CRS with primary renal disease and iii)

animal models of CRS with renal and cardiac damage.

Out of the designed animal models, a vast majority is based on the use of rodents
due to the accessibility in terms of housing conditions and availability. Induction
of cardiac dysfunction in rodents can be done in various ways, as depicted in
Table 1; however, the most commonly used methodology consists of ligation of
the left coronary artery to induce MI [50]. The main advantage of this animal
model is the similarity to the pathophysiological alterations in the human, as not
only the hemodynamic and neurohormonal changes, but also the decrease in
cardiac output resembles those observed in patients [48, 50]. The applicability of
these animal models has proved effective for example in the assessment of the
beneficial effects of RAAS blockade, which is considered a gold-standard in the
treatment of cardiovascular alterations, as it was first evaluated in animals with

MI and then confirmed in clinical trials [51, 52].
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Table 1. Animal models of CRS with primary cardiac injury

Model Pathophysiological changes CRS type References
Decreased cardiac output and blood pressure
Systemic inflammation and ROS production
Myocardial Cardiac remodelling CRS-1 or CRS-2
. ] RAAS and SNS activation depending on Mouse [53, 54] and rat [8]
infarction (MI) L
Decreased GFR evolution time

Tubulointerstitial injury

ATP depletion, Ca?* and Na* overload
Systemic inflammation and ROS production
) Cardiac remodelling
Cardiac Decrease in cardiac function
Ventricular arrhythmias Mainly CRS-1 Rat [55], Pig [56]

ischemia-
reperfusion (I/R) RAAS and SNS activation
Tubular and glomerular injury without GFR
loss
Acute HF and cardiogenic shock
CA/CPR Ischemic injury to brain, heart, and kidneys CRS-1 01" CRS-2
Oxidative stress and inflammation depending on Mouse [57, 58], rat [59]
Decreased GFR and increased sCr evolution time
Increased cardiac workload
Decreased cardiac output
Hypertension- Cardiac remodelling CRS-1 or. CRS-2
induced HF RAAS and SNS activation depen.dmg. on Rat [60, 61]
Renal hypoperfusion evolution time
Hypertensive organ failure
Pressure overload
Decreased cardiac output
TN ETEe AETHE Cardiac remodelling and dysfunction CRS-1 or CRS-2
T RAAS and SNS activation depen.dmg. on Mouse [62-64]
Renal hypoperfusion evolution time
Tubulointerstitial injury
HF by impaired contractility
Reduced cardiac output
Rapid ventricular Cardiac remodelling CRS-1 01'. CRS-2 .
pacing RAAS and SNS activation depen.dmg. on Dogs [65], pigs [66]
Renal hypoperfusion evolution time
Tubulointerstitial injury
LV volume overload
) Decreased cardiac output CRS-1 or CRS-2
Mitral valve Cardiac remodelling and HF depending on Rats [67]
regurgitation RAAS and SNS activation evolution time
Renal hypoperfusion
Cardiotoxicity, congestive HF
Cardiac remodelling
RAAS and SNS activation CRS-1 or CRS-2
Doxorubicin Systemic inflammation and ROS production depending on Rats [68, 69]
Mitochondrial dysfunction evolution time

Renal hypoperfusion and nephrotoxicity
Glomerular and tubulointerstitial injury
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RAAS: Renin angiotensin aldosterone system; SNS: Sympathetic nervous system; GFR: Glomerular
filtration rate; CRS: Cardiorenal syndrome; CA/CPR: Cardiac arrest/Cardiopulmonary resuscitation;
HF: Heart failure; sCr: serum creatinine; ROS: reactive oxygen species.

On the other hand, out of the various animal models available to induce renal
failure (Table 2), the most used animal design involves nephrectomies, which
consist of the removal of part of the kidney tissue. This procedure eventually
alters the function and/or structure of the heart. Unilateral nephrectomy (UNX)
consists of the removal of one of the kidneys which leads to mild renal function
impairment whereas in subtotal nephrectomy (SNX), also called
subnephrectomy, the removal of 5/6 of renal tissue generates severe dysfunction
that eventually translates into uremia and complications similar to the ones

observed in CKD patients [48, 70].
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Table 2. Animal models for cardiorenal syndrome of primary renal injury.

Introduction

Model

Pathophysiological changes

CRS type

References

SNX

UNX

Renal ischemia-
reperfusion (I/R)

Unilateral uretral
obstruction (UUO)

Diet or treatment
(Adenine/oxalate/cisplatin)

Alport syndrome
knockout models

Hypertension, albuminuria
Decreased GFR
Glomerulosclerosis, tubular atrophy, fibrosis
RAAS and SNS activation
Uraemic cardiomyopathy
Diastolic dysfunction
Cardiovascular remodelling

Hypertension, albuminuria
Decreased GFR
Glomerulosclerosis, tubular atrophy, fibrosis
RAAS and SNS activation
Uraemic cardiomyopathy
Diastolic dysfunction
Cardiovascular remodelling

Increased sCr
Glomerular and tubular injury, fibrosis
RAAS and SNS activation
Systemic inflammation and ROS production
Decrease in cardiac function
Cardiovascular remodelling
Ventricular arrhythmias

Hydronephrosis
Glomerular and tubular injury, fibrosis
Decreased GFR
Systemic inflammation and ROS production
RAAS and SNS activation
Cardiovascular remodelling
Impairment of cardiac function

Nephrotoxicity
Increased sCr, proteinuria
Glomerulosclerosis, tubular atrophy, fibrosis
Cardiac dysfunction
Cardiac remodelling

Cachexia, hematuria
Increased sCr, proteinuria
Glomerulosclerosis, tubular atrophy, fibrosis
Fluid overload and hypertension
Cardiac dysfunction
Cardiac remodelling (cardiomyopathy)

CRS-3 or CRS-4
depending on
evolution time

CRS-3 or CRS-4
depending on
evolution time

CRS-3

CRS-3 or CRS4
depending on
evolution time

CRS-3 or CRS-4

CRS-4

Mouse [70], Rat
[71, 72]

Mouse [70], Rat
[73, 74]

Mouse [75, 76],
rat [77]

Mouse [78, 79],
Rat [80]

Mouse [81-83],
rats [84, 85]

Mouse [86, 87]

SNX: Subtotal nephrectomy; GFR: Glomerular filtration rate; RAAS: Renin angiotensin aldosterone
system; CRS: Cardiorenal syndrome; UNX: Unilateral nephrectomy; I/R: ischemia reperfusion; sCr:
serum creatinine; ROS: reactive oxygen species.
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The aforementioned models are “single hit” approaches based in the induction
of a primary damage followed by an evolution period in which the alterations to
the secondary organ can be developed. However, “multifactorial hit” animal
models in which the injury to both the heart and the kidneys is simultaneous
have been proposed (Table 3). Depending on the CRS type of interest the
procedure done to one of the organs can be followed by another procedure to the
secondary one, for example, animals that undergo a UNX followed by MI after 1
week can be used as a model of CRS-3 whereas a model of CRS-1 could be MI
followed by UNX [70, 88]. In general, the damage seen in animal models of
simultaneous cardiorenal injury is more severe in a shorter progression period

than that of the models of damage induction to only one organ.
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Table 3. Animal models for cardiorenal syndrome of simultaneous cardiac and renal injury.

Model Pathophysiological changes References
Increased HF
Renal hypoperfusion
) ) Volume and pressure overload
Double ischemia- e e Rat [55, 89]

reperfusion injury

MI + UNX
or
UNX +MI

MI + SNX
or
SNX + MI

UNX, SNX or adenine
supplementation +
hyperlipidemia

UNX or SNX +
hypertension

Doxorubicin + SNX or
renal I/R

CKD + mineral bone
disorder

Inflammation and oxidative stress
Decrease in cardiac and renal function
Cardiac and renal remodelling

Accelerated cardiac and renal remodelling
and dysfunction due to the
pathophysiological changes explained in both
models individually

Accelerated cardiac and renal remodelling
and dysfunction due to the
pathophysiological changes explained in both
models individually

Hypercholesterolemia and atherogenesis
Hypertension
Renal dysfunction and remodelling
Cardiac dysfunction and remodelling

Increased cardiac workload
Decreased cardiac output
Renal hypoperfusion
Renal dysfunction and remodelling
Cardiac dysfunction and remodelling
RAAS and SNS activation
Hypertensive organ failure

Dilated cardiomyopathy
Nephro and cardiotoxicity
Increased oxidative stress
Inflammation and mitochondrial injury
Renal dysfunction and remodelling (Fibrosis,
tubular injury)

Renal impairment and remodelling
Mineral balance disturbance
Alterations in circulating levels of FGF23
Deficiency in Vitamin D and klotho
Anemia
Cardiac dysfunction and remodelling (LVH,
fibrosis)

Possible sudden cardiac death

Rat [90, 91]

Rat [92-94]

Mouse [88, 95]

Mouse [73, 88]

Rat [96, 97]

Mouse [98], Rat [70, 99]

HE: heart failure; sCr: serum creatinine; MI: myocardial infarction; UNX: Unilateral nephrectomy;

SNX: Subtotal nephrectomy; RAAS: Renin angiotensin aldosterone system; SNS: Sympathetic

nervous system; I/R: ischemia reperfusion.
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II1. Pathophysiology of CRS

The joint discoveries made in both preclinical and clinical studies have allowed
us to reach a deeper understanding of the pathophysiology of CRS. Currently it
is well known that due to the essential role of both the heart and kidney in the
maintenance of cardiovascular homeostasis, initial organ damage during a
disease state such as CRS can induce structural remodelling and functional

alterations in the other.

1. Renal alterations associated to heart failure

As explained before, CRS-1 and CRS-2 are characterized by progressive kidney
damage due to HF. Over 50% of HF patients have been reported to have renal
insufficiency. Indeed, even a modest reduction in renal function is associated
with higher mortality rate in CVD patients [30, 100]. The most currently used
diagnostic measurements for renal damage are GFR, albuminuria, serum

creatinine levels and urinary output.

The systolic blood pressure and effective arterial volume are reduced once HF
develops, which translates to a decrease in renal blood flow as well as GFR [30].
In order to preserve adequate blood flow, the kidneys autoregulate through
different mechanisms, including sympathetic nervous system (SNS) and RAAS
activation, which would act as vasoconstrictors of the afferent and the efferent
arterioles [30, 101]. In the long term this activation of the neurohormonal axis
could result in podocyte injury [102, 103], mesangial expansion [104], tubular and
glomerular damage and kidney dysfunction [105 106], which are often
associated with CKD and end-stage renal disease (ESRD).

It is common to use the term kidney failure in a clinical setting to refer to a
situation where there is a persistent decrease in estimated GFR in the short term

[107]. Another important concept is worsening renal function, which is
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considered to appear in those patients in which the serum creatinine levels
increase by 25% compared to the basal levels or the estimated GFR decreases by
more than 20% in a period of around 25 weeks [108, 109]. AKI is characterized by
a rapid loss of kidney function that can happen in HF patients when diuresis
decreases < 0.5 ml/kg/h in 6-12 hours or the basal serum creatinine levels

increases > 0.3 mg/dl for more than 24 hours [109].

In addition to traditional markers of decreased glomerular filtration and kidney
damage, such as creatinine and albuminuria respectively [27], other markers
such as cystatin C [110] and blood urea nitrogen (BUN) [2, 109, 111] have been
proposed as possible specific biomarkers of tubular damage. One of them is
Neutrophil Gelatinase Associated Lipocalin (NGAL), a small glycoprotein
expressed in renal and other cell types to which different functions have been
attributed [112]. Its involvement in renal pathologies and its role as a biomarker
comes from its rapid release in response to tubular lesion and its presence in
plasma, serum and urine, making it easy to quantify [112, 113]. Another proposed
molecule is Kidney injury molecule-1 (KIM-1), a transmembrane glycoprotein
expressed in low levels in healthy kidneys. Briefly, after tubular damage KIM-1
cleavage allows its secretion by the injured cells to the tubule lumen, resulting in
detection in the urine, to where it is excreted [114, 115]. Moreover, its role as a
biomarker has proved to be associated with inflammation and fibrosis in the
injured kidney, which would help monitor the degree of tubular damage [115,
116]. Interleukin-18 (IL-18) is a proinflammatory cytokine that is expressed in
activated macrophages, renal epithelial cells, and others [117]. Urinary IL-18 is
considered to be a marker of both short- and long-term injury in AKI, as it
increases within 6 hours of the insult or at least a day before serum creatinine

increase [117, 118].

- 36 -



Introduction

2. Obesity, myocardial infarction, and CRS

As previously reported, the highest prevalence among the diagnosed patients
with CRS can be found in those with CRS-1. The characteristical worsening of
cardiac function can be seen in CRS-1 patients due to different insults, such as
acute HF, cardiogenic shock, or acute coronary syndrome such as MI [1].
Moreover, acute HF and AKI stand as two of the most common complications in
hospitalized patients with MI, whose mortality has been shown to escalate
alongside AKI's severity. It has been shown that CRS-1 incidence rate in acute
coronary syndrome is that of 9-19%, and of approximately 16% in patients with

MI [119, 120].

MI, commonly known as heart attack, is a serious pathological condition that
usually happens due to the obstruction of a coronary artery. As a consequence of
the interruption of blood flow to a specific area of the heart, the lack of oxygen
leads to tissue damage and death. Each year Ml is developed in approximately 7
million individuals worldwide [121], with individuals over 65 years old being a
higher risk. Furthermore, MI development is usually concomitant to the presence
of obesity, a well-known risk factor that contributes to not only the occurrence of
adverse cardiovascular events, but also plays an important role in other co-

morbidities such as hypertension, atherosclerosis, or diabetes [122, 123].

In 2018, a consensus by The Obesity Society [124] defined obesity as a “multi-causal
chronic disease resulting from long-term positive energy balance with
development of excess adiposity that over time leads to structural abnormalities
and functional impairments”. Although obesity is related to an increase in body
weight, it is important to also assess body fat distribution independently of total
adiposity, as visceral deposition of fat pockets has been proven to correlate with

higher all-cause mortality [125, 126].
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While generalised obesity is usually evaluated using the body mass index (BMI)
in adult population (Table 4), adding other anthropometric indicators such as
waist circumference or waist-to-hip ratio into the patient evaluation provides
important information about visceral adiposity, usually referred to as central
obesity [127]. In the last decades, a high increase in the prevalence of central
obesity has been seen, reaching 41.5% of the global population [128], becoming

an epidemic that needs to be targeted to reduce the health burden it entails.

Table 4. World Health Organization (WHO) criteria for BMI-based classification of obesity.

Classification BMI values
(Kg/m?)

Underweight <185
Normal weight 18.5-24.9
Overweight 25.0-29.9
Class I obesity 30.0-34.9
Class II obesity 35.0-39.9
Class III obesity > 40

Extensive epidemiological and clinical data has shown the existing association
between central obesity and cardiorenal and metabolic diseases such as MI [129,
130], hypertension [131], type 2 diabetes [132, 133], as well as with their
complications such as HF, MI, atrial fibrillation, CKD and respiratory diseases
[134, 135]. In recent years, the implication of obesity and metabolic syndrome in
the development of both cardiac and renal diseases has been coined as
“cardiorenal metabolic syndrome”, which is applied to pathological contexts of
adiposity-related CRS [13, 136]. In this sense, multiple studies have postulated
neurohormonal, hemodynamic, inflammatory, and fibrotic responses as the main

obesity- induced modulations that could lead to cardiorenal damage [136].

While some consider obesity to be a risk factor for the development of CVD due
to its interaction with comorbidities such as hypertension or dyslipidaemia,

others consider obesity to be an independent factor for the development of CVD
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[137, 138], which remains the leading cause of death globally. Moreover, the high
prevalence of overweight and obesity among patients with MI [139] and its
association with CVD-mortality [140] make of vital importance the study of its
interaction. Although there are numerous underlying mechanisms that could
explain the cardiovascular consequences of obesity, it is well known that, the
presence of ectopic fat deposits in the vessels, pericardium and epicardium in
obese patients is associated with important cardiovascular complications such as
increased blood pressure, systemic inflammation, atherosclerosis, insulin
resistance and dyslipidaemia [137, 141]. For example, the cytokines and
adipokines from epicardial adipose tissue generate an atherogenic environment
that could lead to coronary artery obstruction and secondary development of
ischemic cardiomyopathy [142]. In the atherogenic process the ingestion of
cholesterol by macrophage foam cells and its deposition in the vasculature wall
leads to fatty streak development, narrowing the vessel lumen and impeding
appropriate blood flow, possibly blocking irrigation to the heart, and leading to
cardiac cell death and MI [137, 143].

Furthermore, due to the increase in adipose tissue in obese individuals, several
adaptations such as hemodynamic overload, RAAS hyperactivation, SNS
activation and higher cardiac output are needed to reach the increased metabolic
needs [144]. Because of the sustenance of those adaptations, structural alterations
in the heart can occur, LV hypertrophy being the main complication as it could
lead to diastolic and systolic dysfunction and therefore to higher risk of

cardiovascular events [145, 146].

In addition, in the past years numerous studies have linked obesity and CKD,
considering it an important risk factor, as up to a 25% of overweight patients end
up developing CKD [147]. Current hypotheses explain the increased risk of CKD
development in obese patients due to the changes in hemodynamic, as the

hypervolemia, RAAS and SNS activation and systemic inflammation also impair
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renal function [148, 149]. However, other aspects of obesity such as ectopic fat
deposits, metabolic syndrome, insulin resistance and hyperlipidaemia have been
seen to affect the kidney [150, 151]. The deposits of fat not only in the
subcutaneous area of the abdomen but also in and around the kidneys can
physically compress the kidneys, which raises renal interstitial pressure,
compromising tubular blood flow and increases reabsorption of sodium by the
tubular cells, all of which can lead to RAAS activation and to the declining of
renal function [152, 153]. Along with it, inflammation, oxidative stress and
fibrosis within the renal parenchyma leads to some of the most common
alterations seen in the kidneys of obese patients, such as podocyte hypertrophy,
renal oxidative stress, mesangial expansion, fibrosis, glomerular hyperfiltration

and increased renal reabsorption of sodium by the tubular cells [148].

3. Fibrosis

A common structural alteration observed in both heart and kidney remodelling
in CRS is fibrosis, which is also considered a key contributor to the progression
of cardiac and renal failure [7, 154]. Fibrosis is an important process that can be
contemplated as aberrant extracellular matrix (ECM) deposition consequence of
the misbalance between ECM production and degradation [22]. The fibrotic
response to injury can be classified into reparative, when the scar is necessary to
stabilize the tissue defect, or reactive, when the mechanical stress and the
hormonal mediators facilitates the expansion of connective tissue in a remote
non-injured zone, compromising the correct function of the organ [155, 156]. The
main fibrosis effectors are the fibroblasts and myofibroblasts, both of which are
responsible for the synthesis and accumulation of interstitial ECM proteins.
While fibroblasts are mesenchymal cells ubiquitous in tissues and organs,
myofibroblasts are differentiated cells that are rarely found in non-pathological

environments [157]. The fibrotic scar composition is similar amongst different
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tissues, predominantly formed by collagens type I, III, IV and fibronectin,

proteoglycans and laminin [158, 159].

As a response to the damaged heart in cardiac ischemia, myocardial remodelling
occurs through the secretion of ECM components by the myofibroblasts.
Histopathologically, there are three types of cardiac fibrosis: replacement
fibrosis, interstitial fibrosis and perivascular fibrosis. Replacement fibrosis
provides structural support, as it consists of the removal of necrotic tissue and
generation of a fibrotic scar within the infarcted zone that compensates
cardiomyocyte loss [160, 161]. On the other hand, the widespread deposition of
ECM proteins in the endo and perimysium of remote areas of the infarct is what
is known as interstitial fibrosis [7]. The term perivascular fibrosis is used to
describe the increase of connective tissue around the cardiac microvasculature
[162], both of which are types of fibrotic lesions that could not be consequence of

cardiomyocyte death but of myocardial damage.

The remodelling that follows after MI happens in different phases that partially
overlap. First there is cell death and inflammatory response (inflammatory
phase), secondly the resolution of inflammation and fibroblast proliferation
(proliferative or reparative phase) and lastly, the scar formation and maturation
(maturation or remodelling phase) [161]. During the proliferative phase, which
usually coexists with the inflammatory and reparative phases, there is an increase
in the number of fibroblasts that will adopt proliferative, secretory, and
migratory myofibroblast phenotype through epithelial-mesenchymal transition
[157]. Following the proliferative phase of cardiac repair, when the scar has been
synthesized, there begins a long process known as maturation in which an
organized fibrotic state is formed due to ECM crosslinking by lysyl oxidase
activity [159, 163] and scar reinforcement by other components of the ECM such
as the proteoglycan decorin [164, 165]. Also, during the maturation phase the

activated fibroblasts go through apoptosis and senescence [166]. The presence of
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a mature fibrotic scar ultimately leads to an increased ventricular stiffness that
compromises cardiac output and alters the relaxation and contractile ventricular
capacity. In addition to the impaired cardiac contractility, fibrosis also interferes
with the normal electrical signals within the heart which predisposes to
arrhythmias and fibrillation [167, 168]. Overall, fibrosis has thus been proposed
as a risk factor in HF as it predisposes to ventricular systolic and diastolic
dysfunction, cardiomyocyte hypertrophy and sudden cardiac death, thereby

increasing mortality [168, 169].

At renal level, acute injuries that happen due to the rapid decrease in kidney
function can facilitate the transition into CKD. CKD is an irreversible damage
characterized by the loss of functional nephrons and by the deposition of
connective tissue in the kidney that ends up creating a common fibrotic
phenotype independently of the initial damage [170, 171]. This happens since
tubulointerstitial diseases lead to glomerular injury, and glomerular lesions
produce tubulointerstitial damage. Fibrosis is a common manifestation of
functional alterations that spreads in response to sustained inflammation and
epithelial damage [172]. Among the events that induce fibrosis both diabetes and
hypertension are considered to be the leading causes of CKD [173, 174], as they
elevate the glomerular pressure which gradually leads to glomerular damage,
endothelial dysfunction [175, 176] and other structural changes such as
alterations of the glomerular basement membrane, decrease in podocyte number
and mesangial distension [176-178]. As a result of such damage, the renal tissue
would start a response that resembles wound healing in other tissues. The scar
created in the early stage is potentially reversible but with the progression of the
damage, the cross-linking of the ECM proteins makes it stiff and resistant to

proteolysis [179, 180].

During chronic injury to the kidney, the excessive accumulation of connective

tissue and expansion of interstitial fibroblasts during the reparative stage of the
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fibrotic scar can happen in all compartments of the kidney, including the
glomeruli, usually termed glomerulosclerosis, and the tubules, which is referred
to as tubulointerstitial fibrosis [181-183]. Such deposition of fibrotic matrix alters
organ structure and function which could further damage kidney function, as it
impairs blood flow in this region of the parenchyma [182, 184]. The fibrotic
wound is not the only structural change involved as it is usually associated with
tubular atrophy, tubular dilation and inflammatory cell infiltration [185-187].
Indeed, as the loss of renal cells and its replacement by ECM are common
sequelae of renal damage, expansion of cortical fibrosis is considered one of the
best histologic predictors of kidney dysfunction loss in CKD along with tubular
atrophy (IFTA parameter) [181, 185]. It is also one of the most common features

assessed in biopsies in predicting a progression to ESRD [181, 183].

Even though chronic damage to the kidney will naturally converge into
histological and functional alterations that are common and lead to
glomerulosclerosis and fibrosis, it is important to understand that the fibrotic
progression is different depending on where it begins. In glomerular damage the
progression starts with an injury within the Bowman’s Capsule that initially
leads to glomerular hyperfiltration for a long period of time until it progresses to
decrease the total GFR. This reduction in the blood flow results in tubular
hypoxia and epithelial cell death, normally referred to as tubule atrophy [188,
189]. In these circumstances, the inflammation initiated by the damaged tubular
cells propitiates the formation of a fibrotic scar to fill the void created by epithelial
cell death [190, 191]. To form that scar, resident fibroblasts differentiate to
myofibroblast phenotype, which can synthesize different ECM proteins. Among
the ECM components produced by myofibroblasts in order to form the fibrotic
scar, the main ones in the kidney are collagen type I, III and IV, as well as
fibronectin [192-194]. During tubule atrophy the tubular basement membrane

remains, thereby separating the cell death from the interstitium but disappears
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after the cell-free tubule collapses, at which point we could talk of complete loss

of the nephron [195, 196].

Epithelial damage is heterogeneous in tubular injury, which can be caused by
many factors such as hemodynamic, inflammatory, toxin-related or metabolic
alterations. Some cells will instantly go through necrosis or apoptosis, whereas
others will survive with different levels of injury, these being the ones that could
proliferate and replace the lost cells of the tubular epithelium [197]. In the cases
in which the tubules do not recover, inflammation signalling activates and with
it the fibroblasts differentiate into myofibroblasts that will lead to
tubulointerstitial fibrosis and tubular atrophy [172, 198]. Tubulointerstitial
fibrosis is the deposition of ECM proteins in the space between the tubular
basement membrane and the peritubular capillaries [192], which impairs renal
tubule function and blood flow and induces ischemic injury in the nephrons of

the fibrotic wound [198, 199].

Inflammation and oxidative stress serve as the initial response to injury, although
its long-term progression could damage organ structure and function [200].
Inflammation is a common process in fibroproliferative diseases that leads to the
infiltration of immune cells and to the release of pro-inflammatory mediators that
have an important role in tissue damage and could either stimulate or inhibit
fibrosis [201, 202]. An appropriate level of cytokines and growth factors that
mediates the cellular responses is key in normal wound healing. Among the
many growth factors involved, transforming growth factor 3 (TGF-() is
considered to be a prototypic profibrotic cytokine that has a central role in organ
fibrosis as it binds to its receptors causing the phosphorylation of SMADs, which
modulate the expression of the target genes. TGF-p can also activate SMAD-
independent pathways in what is called non-canonical signalling [203, 204].
Among the many TGF-f mediated responses are cell proliferation and

differentiation, ECM production and immune modulation [204]. Through its
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canonical signalling pathway, TGF-1 is able to trigger glomerulosclerosis,
interstitial fibrosis and inflammation propitiates renal damage progression into
ESRD [205, 206]. In fact, renal biopsies have proven the strong correlation
between TGEF-f3, fibrosis and worse renal outcomes [207]. Another important
mediator that is known to work synergically with TGF-f is the connective tissue
growth factor (CTGF), a downstream factor of TGF-3 that has been reported to
promote fibrosis in different organs such as heart and kidney [208, 209]. CTGF
promotes the TGF-B-induced excessive ECM production and fibroblast
proliferation, and its expression appears to correlate with the degree of fibrosis

[203, 210].

As previously said, the degree of fibrosis is regulated by a dynamic balance
between production and breakdown of ECM. The degradation of the ECM
components is performed by the matrix metalloproteinases (MMPs), whose
activity is controlled by the tissue inhibitors of MMPs (TIMPs) in order to
maintain the ECM homeostasis [156, 180]. MMPs can be classified according to
substrate specificity into collagenases such as MMP-1, MMP-8 and MMP-13,
gelatinases such as MMP-2 and MMP-9, membrane MMPs such as MMP-14 and
stromelysins such as MMP-3, MMP-10 and MMP-11 [211]. Interestingly, due to
its participation in different signalling pathways, MMP regulatory properties are
usually bidirectional, as they can have both inhibitory and stimulatory effects on
fibrosis. For example, the most frequently studied MMPs in HF and kidney
damage are MMP-2 and MMP-9, out of which MMP-9 is believed to have a
profibrotic effect [212, 213] whereas MMP-2 has antifibrotic effects in the

advanced stages of CKD and profibrotic ones in the early stages [214, 215].
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IV. Mechanisms involved in CRS-induced renal damage and fibrosis
progression

Although traditional cardiovascular risk factors, such as hypertension, obesity
and diabetes are common among CKD patients, targeting only these factors in
the clinical setting has yielded unsatisfactory results, suggesting the relevance of
other underlying pathways [6]. Consequently, a growing number of studies have
emphasized the importance of researching non-conventional risk factors and
other mechanisms that could intervene in the pathophysiology of CRS-induced

renal damage.

Furthermore, and as already mentioned, fibrosis is considered a key contributor
to the progression of cardiac and renal failure in all types of CRS. Therefore, it is
mandatory to understand the mechanisms involved in fibrosis progression
which could determine potential therapeutic targets. Despite the efforts to
acquire insight into the process, the mechanisms involved in fibrosis are not fully
established, and the current therapies, despite being slightly successful, have
important side effects that lead to its discontinuation [216, 217]. Hence, this
makes it crucial to have a comprehensive understanding of the
pathophysiological mechanisms underlying not only renal damage but

specifically fibrosis as well.

1. Galectin-3

Galectins are a family of 15 small soluble B-galactoside-binding lectins involved
in cell-to-cell and cell-to-matrix interactions, as well as in other biological
functions such as development, tissue regeneration or regulation of
inflammatory responses [218, 219]. Galectin-3 (Gal-3) is a 29 to 35 kDa chimera-
type galectin that is present in the heart, kidneys, lungs, blood, and digestive
track. Moreover, multiple cell types express Gal-3, such as epithelial, endothelial,

immune, inflammatory cells and fibroblasts [220]. Gal-3 is synthetized in the
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cytoplasm as a consequence of RAAS activation, expressed in the nucleus,
mitochondria, cell surface or secreted into the extracellular space, however,
depending on its cellular location Gal-3 can exert different functions in several
biological processes, its proinflammation and profibrotic actions being the main
contribution to pathophysiology [218, 219]. Although the proposed functions of
Gal-3 are ample, it has been widely described that the extracellular Gal-3 acts as
an adhesion molecule for cell-to-cell or cell-to-matrix, whereas intracellular Gal-
3 is involved in cellular functions such as cell growth, proliferation,
differentiation and apoptosis [218, 219]. Given its regulatory effects and its broad
distribution in the human body, multiple studies have suggested its utility as a
prognostic or diagnostic marker for various pathological conditions such as
CVDs [221, 222], kidney disease [223, 224], diabetes [225] and neurodegenerative

diseases [226], all of which have been associated with an increase in Gal-3 levels.

The implication of Gal-3 in these pathologies due to its role as a regulator of the
inflammatory response depends on the environment, as it can have
proinflammatory or anti-inflammatory effects. Gal-3 plays a part in PAMP
recognition as it can bind to the exposed glycans in the pathogen surfaces [227,
228]. Moreover, its secretion, which usually happens during monocyte
differentiation to macrophages, contributes to macrophage migration into injury
sites, neutrophil adhesion and mast cells activation [229]. In those cases, in which
inflammation is not resolved in a prolonged period, Gal-3 displays DAMP-like
properties, enhancing the transition into chronic inflammation and promoting

aberrant tissue repair, fibrinogenesis and organ failure [220].

Numerous in-vivo studies have demonstrated the relationship between Gal-3
expression and the presence of a fibrotic lesion in the heart, kidney, liver and
lungs, as Gal-3 plays a crucial role in the initial stage of tissue repair by promoting
the release of inflammatory mediators such as TGF-3 or IL-1, the activation of

myofibroblasts and collagen deposition [230-233]. At the heart, Gal-3 is
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considered an important contributor to cardiac remodeling and HF development,
as it mediates both the inflammatory and fibrotic response to injury. In animal
models, the intraperitoneal injection of recombinant Gal-3 in healthy rats proved
to increase the myocardial fibrosis, as well as the ventricular remodeling and the
induction of HF [230, 234]. On the contrary, targeted inhibition of Gal-3 in a
model of MI proved effective in slowing the collagen deposition and ventricular

remodeling in the heart [235].

Given that Gal-3 expression is mainly found in the distal and collecting tubules
in the mature kidney (although during regeneration it can temporally be
expressed in the proximal tubules) [223, 236], several studies focus on the tubular
effects of Gal-3. At renal level, Gal-3 has been reported to play an important role
in CKD development and progression, as an increase in Gal-3 levels directly
associates with a decrease in the GFR and with higher levels of renal interstitial
fibrosis, tubular atrophy, and proteinuria [231, 237, 238]. Furthermore, AKI
patients present higher levels of Gal-3 than those who do not develop AKI,
therefore suggesting it could also be an early biomarker for AKI diagnosis. Also,
in different animal models of AKI induced by I/R or hypertension, the
pharmacological inhibition of Gal-3 activity by modified citrus pectin (MCP)
significantly decreased renal dysfunction, renal tubular injury, and the release of
inflammatory mediators such as IL-6 or TNF-a [223, 239]. Additionally, studies
in Gal-3 KO mice with cisplatin-induced AKI showed that Gal-3 may act as a
negative regulator of autophagy, as the absence of Gal-3 in the animal was
associated with increased autophagic flux in the animal model of tubular necrosis
[240]. Based on all the data that support the relevance of Gal-3 in both the heart
and the kidney pathophysiology, several studies have suggested that Gal-3 could
be used as a marker of CRS development, possibly acting as a therapeutic target

for the treatment of CRS complications [241, 242].
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2. Inflammation

Inflammation can be defined as a defensive immune response that is triggered
by damage to a tissue. The acute inflammatory response can be initiated as a
consequence of an infection in which the pattern recognition receptors in the
innate immune cells interact with the pathogen-associated molecular patterns
(PAMPs), or due to the damage-associated molecular patterns (DAMPs) that are
released during physical injury [243]. Acute inflammatory response is
characterized by vasodilation, vascular leak and leukocyte emigration and,
shortly after its induction, secretion of cytokines and chemokines will happen in
order to recruit the immune cells to the damaged or infected region. Among the
cells recruited, neutrophils are the first to migrate as a means to engulf the
pathogens and secrete pro-inflammatory mediators and vasoactive substances

[244, 245].

In a normal inflammatory response, the activity is temporally restricted, as it
resolves once the threat has been dealt with. However, the presence of a
prolonged low-grade activity leads to chronic inflammation, which is
characterized by the activation of different immune components that lead to
major alterations in tissues, increasing the risk of diseases [246]. The clinical
consequences of chronic inflammation include diabetes [247], hypertension [248],

CVDs [249], CKD [250] and metabolic syndrome [251] among others.

Inflammation is known to have an important role in the development and
progression of chronic diseases. For example, CKD progression into ESRD is
characterized by chronic inflammation in the renal parenchyma that results in
excessive ECM deposition and loss of renal function [250, 252]. Moreover, since
both chronic HF and CKD are associated with chronic inflammation response
characterized by an increase in the circulating inflammatory mediators, this

process has become of interest in the understanding of CRS. In fact, studies have
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shown that macrophage infiltration in the renal parenchyma and

proinflammatory cytokine expression can be seen 3 days post-MI [252].

At renal level, the kidneys can modulate the inflammatory response as they are
responsible not only for the clearing of cytokines and PAMPs, but also are
involved in sustaining peripheral tolerance to harmless antigens through
resident dendritic cells and subtype M2 macrophages. However, the implication
of the kidneys in the maintenance of the immune system homeostasis renders
them more susceptible to inflammation-related damage [250]. Independent of the
original cause, experimental models and human biopsies have shown that cells
such as neutrophils and macrophages infiltrate both the glomeruli and
tubulointerstitial space during renal inflammation in order to remove the cell and
matrix components that were damaged during the insult [253, 254]. In general,
M1 macrophages generate the initial response in the diseased organ by
generation of pro-inflammatory cytokines such as tumour necrosis factor o (TNF-
a) and interleukin-1 (IL-1), whereas M2 macrophages propitiate tissue repair by
secretion of immunosuppressive cytokines such as IL-10 during the repair phase.
Due to a persistent lesion, macrophage polarization into M2 phenotype promotes
fibrosis, as the production of cytokines, chemokines and growth factors can alter

the ECM balance between production and degradation [255, 256].

It is well established that RAAS activation and the SNS promotes the
inflammatory response both in the heart and kidneys. Angiotensin II (Ang II),
one of the main effectors of RAAS activation, induces endothelial dysfunction,
upregulation of adhesion molecules and fibrosis [257, 258]. These Ang II effects
are accompanied by recruitment of infiltrating cells and by the increase in
proinflammatory cytokines via de angiotensin type 1 (AT1) receptor in
cardiorenal disease [259]. It has been proved that Ang II produces the
accumulation of macrophage in the kidney [260], and it was shown in a murine

unilateral uretral obstruction (UUO) model that macrophage’s AT1 receptor
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activation impedes polarization towards the M1 phenotype and ameliorates
kidney fibrosis [261]. This shows that an increase in M1 macrophage
differentiation makes organs more susceptible to damage, whereas M2
phenotype decreases injury [250, 262]. Nevertheless, neurohormonal activation
is not the only proposed source of inflammation in CRS. Both animal and human
studies have shown that congestion may lead to endothelial activation and
peripheral release of proinflammatory mediators, as venous congestion itself

causes inflammatory response activation in cells [263].

Chronic unresolved inflammation induces intrarenal changes in the
microvasculature that damages renal structure and function, thereby leading to
CKD, a state characterized by progressive renal fibrosis. In previous studies it
was reported that circulating levels of fibrinogen, IL-1, TNF-a and a decrease in
serum albumin were associated with loss of kidney function, linking the
progression of CKD to the inflammatory response [250, 264]. Systemic
inflammation and function decline can alter the structure of the kidney, creating
an environment in which epithelial damage increases and the factors released by
infiltrating macrophages lead into fibrotic expansion [265]. Indeed, macrophage

depletion has proved to reduce renal fibrosis in an animal model of MI [266].

In renal fibrosis, the first process involved is the injury itself, followed by
persistent inflammation, a trigger that is needed to activate the wound-healing
process; however, if not eliminated quickly, the inflammatory cells could increase
the response leading to the abnormal wound healing and scarring characteristic
of fibrosis. Within the wound-healing mechanism that is activated after injury,
the first response is coagulation in which activated platelets release platelet-
derived growth factor (PDGF) that act as chemoattractant for inflammatory cells
and TGF-B1, which is one of the main drivers of fibrosis, as it stimulates ECM
synthesis by the fibroblasts of the tissue that was damaged [267, 268]. In the

tubulointerstitium, pro-inflammatory cytokines such as IL-6, TNF-a and IL-13
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promote further inflammatory cell infiltration, propitiating activation of
profibrotic cells to differentiate into myofibroblasts and local secretion of fibrotic
mediators [269, 270]. This situation will lead to overproduction and deposition of
ECM proteins, disruption of tissue integrity and progressive decline in function.
Finally, glomerulosclerosis and tubular atrophy will happen in the latest stages

[201, 250].

3. Oxidative stress

Oxidative stress is a general concept that describes the imbalance between the
production of reactive oxygen species (ROS) and the antioxidant defences. ROS
could be either free radicals, which are species with an unpaired electron, or non-
free radical oxygenated molecules such as hydrogen peroxide (H20:), superoxide
anion (O2*) and hydroxyl radical (-OH). Other reactive species derived from

nitrogen (RNS) or sulphur do exist, but they are less abundant [271, 272].

Even in basal conditions, aerobic metabolism involves ROS production, thus
making O:* and H:O: physiological intracellular metabolites. In low quantities
ROS act as signalling molecules involved in different pathways such as cell
proliferation, apoptosis and gene expression [271, 273]. However, the fact that an
important increase in oxidants could target almost all substrates implies the
impairment and alteration of all biomolecules, resulting in cell damage and death
[271, 274]. ROS can damage proteins and nucleic acids [275, 276] but, among all
the molecules to undergo oxidation polyunsaturated fatty acids are the most
susceptible, leading to an increase in the markers of lipid peroxidation such as

malondialdehyde or 4-hydroxynonenal (4-HNE) [277].

The endogenous sources of prooxidant species include organelles where there is
high oxygen use, such as the mitochondria, peroxisomes due to the fatty acid (3-
oxidation and the endoplasmic reticulum (ER) [271], although the mitochondria

seem to be the major source of ROS production, as around 95% of the breathed
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oxygen is reduced in the mitochondrial electron chain. Specifically, there are two
major sites in the electron transport chain, the NADH dehydrogenase (complex
I) and the ubiquinone cytochrome ¢ reductase (complex III), which transfer
electrons to coenzyme Q or ubiquinone, creating reduced forms that will
ultimately transfer electrons to the molecular oxygen, generating superoxide
radical [278]. Through the action of mitochondrial superoxide dismutase (SOD)
the O is converted to H20O:, which can be detoxified by the catalase and
glutathione peroxidase [271]. In the outer mitochondrial membrane, the
monoamine oxidases are another source of ROS that is not related to respiration
[279]. In this case, the bivalent reduction of oxygen produces H:0: In order to
regulate the levels of ROS, the sources colocalize with the antioxidant response,
among which there are enzymes like the SOD, the catalase and glutathione
peroxidase, as well as non-enzymatic antioxidants such as vitamin C and E,

bilirubin or reduced coenzyme Q [271, 280].

Both inflammation and oxidative stress are related to the initiation and
progression of chronic diseases such as diabetes, hypertension, CVDs or CKD
[271, 281]. The heart and the kidneys are considered two of the most energy-
demanding organs in the human body, rendering them highly susceptible to
damage due to ROS [282]. At renal level, ROS have an important role in the
regulation of kidney function, making it vulnerable to redox imbalances, as free
radicals can affect different structures such as the glomerulus, the basement
membrane, and the endothelium, which can in turn trigger other mechanisms as
inflammation or fibrosis that then exacerbate the progression to CKD [283]. It is
known that under chronic damage the inflammatory and hypoxic environment
propitiates ROS formation and fibrosis by fibroblast activation and proliferation
into myofibroblasts [284, 285]. Although the deleterious effects of oxidative stress
in the renal tissue are well documented, the specific pathways that lead to such

alterations are not clear, as it can be attained through different mechanisms such
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as uremic toxin-induced endothelial nitric oxide synthase (eNOS) uncoupling,
antioxidant losses, mitochondrial dysfunction, increased NADPH oxidases

activity and others [283, 286].

Assessment of renal damage induced by CKD has proven the importance of the
increase in activity of transcription factors such as TGF-B1 in the nephrons [287],
which has been closely linked to ROS-induced activation of NF-kB, a factor that
has damaging effects on the renal cells via inflammation and apoptosis
enhancement [288]. The link between ROS and TGF-{1 is well established, as
ROS production and enhanced ROS formation leads to higher activation and
expression of TGF-31 [289, 290]. One of the possible explanations for this link
resides in the action of an important ROS source, such as the different NADPH
oxidases (NOX). In normal conditions, the NOX-derived ROS act as modulators
of cell growth, proliferation, differentiation, and apoptosis, but once it is
uncontrolled oxidative stress damages the DNA, proteins and lipids inducing
organ damage and fibrosis [291, 292]. Multiple studies have shown the
effectiveness of NOX-4 and NOX-5 inhibition in inflammation, tubular damage
and fibrosis amelioration in kidney injury [293, 294], while different studies in
the heart have shown that both NOX-2 and NOX-4 mediate the oxidative stress
and cardiac injury following I/R [295, 296]. Indeed, NOX-4 is considered to be a
well-recognized mediator of the transition from fibroblast to myofibroblast, and
its inhibition in in-vitro studies in renal cells proved to prevent ROS production
and myofibroblast differentiation, which would translate into a decrease in

fibrosis during damage [297, 298].

Multiple factors seem to participate in order to produce the characteristic
multiorgan dysfunction of CRS, among which the increase in proinflammatory
cytokines, the dysregulation of apoptosis and the increase in oxidative stress
have been proposed as key elements of this complex pathophysiology [299-301].

Different animal models have shown that an increase in oxidative stress plays a
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pivotal role in cardiac and renal damage independently of the CRS type depicted
through activation of the inflammatory response [70, 299, 302]. This can also be
seen in patients with CRS, who presented an increase in ROS and RNS that was

accompanied by higher inflammatory cytokines such as IL-6 [21].

4. Endoplasmic reticulum stress

The endoplasmic reticulum (ER) is an essential organelle for calcium
homeostasis, lipid biosynthesis and protein synthesis and post-translational
modifications. To ensure correct protein folding, ER lumen balance between
unfolded and misfolded proteins and the capability to handle it must be
maintained. Such homeostasis could be altered by both physiological and
pathological entities, such as inflammatory cytokines, protein demand and
mutant protein expression, which translates into what is called ER stress [303,

304].

In response to ER stress, the unfolded protein response (UPR, depicted in Figure
6) is initiated by at least one of three different pathways: the ER transmembrane
proteins Activating Transcription Factor 6 (ATF6), Inositol-Requiring 1 (IRE1) or
PKR-like ER kinase (PERK). In unstressed conditions, the chaperone
Immunoglobin Binding Protein (BiP) binds to the luminal domain of ATF6, IRE1
and PERK, keeping them inactive. In ER stress conditions, BiP dissociates from
the three regulators, activating the UPR. In this sense, BiP’ is considered a marker
of ER stress activation. Although initially UPR is considered to be a beneficial
adaptive response, the UPR pathways guide the damaged cells to apoptosis,
inflammation and the consequent tissue injury if it fails to restore homeostasis

[303-305].
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Figure 6. Schematic representation of the unfolded protein response (UPR) taken from
Ghemrawi, R et al. review paper [306].

Different pathologies, such as diabetes mellitus [307], obesity [308], CVD [309]
and CKD [310, 311], have been associated with ER stress. In CRS the activation of
ER stress in the heart and kidney could be induced by different situations such
ischemia, ischemia-reperfusion injury (IRI) or nephrotoxicity that generate
disturbances such as hypoxia, increase ROS production, ATP shortage,
inflammation, hemodynamic changes and RAAS activation, all of which lead to
ER homeostasis disruption [90, 312, 313]. While the insult is maintained, cell
survival is compromised by these pathophysiological mediators, which directly
induce a disturbance in protein folding due to the increased biosynthesis
demand. As a result of the prolonged UPR activation, ER stress-mediated
apoptotic cell death is triggered in the myocardium and/or renal parenchyma,
followed by the consequent activation of pro-inflammatory and pro-fibrotic
pathways that would generate a fibrotic wound that will eventually culminate in

the loss of renal function [303, 312, 314].
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At renal level, ER stress is considered a critical mechanism involved in AKI to
CKD progression, mainly due to its link to fibrosis [315]. As ER stress inhibition
has proved to ameliorate the fibrotic progression, it has been suggested that its
blockade could be a new therapeutic approach for fibrosis [316, 317]. One of the
possible ways in which ER stress could lead to fibrosis is through fibroblast
differentiation and collagen formation by TGF-3 upregulation, as activation of
both PERK and IRE1 has been seen to increase TGF-3 expression [318, 319]. ER
stress activation of fibroblasts during injury at the wounded site triggers their
differentiation into myoblasts so as to restore the area by ECM protein synthesis
and secretion [320]. Different in-vitro studies have described ER-mediated
differentiation in different cell types such as renal cells [321, 322], cardiac cells

[323], adipocytes [324], plasma cells [325] and others [320, 326].

5. MicroRNAs

MicroRNAs are small non-coding RNAs of 18 to 25 nucleotides in length that are
highly conserved. MicroRNAs, also called miRNAs, function as post-
transcriptional regulators of the genetic expression by their attachment to the 3’
untranslated region (UTR) of the target mRNA coding sequence [327]. Since their
discovery in 1993 [328] more than 2000 miRNAs have been identified in humans
(https://www.mirbase.org/browse/results/?organism=hsa) [329], having a role as
epigenetic modulators in pathophysiological processes such as proliferation,
differentiation, angiogenesis, and apoptosis among others, which have important
roles in the development of many diseases [330]. Accordingly, the regulatory
function of microRNAs has attracted great interest as potential diagnostic
markers and/or therapeutic targets for an ample spectrum of diseases. However,
its application in the clinical setting has yet to be viable due to the intrinsic
complexity of the microRNA-based regulatory networks, as not only is a single
miRINA able to regulate multiple target mRNAs, but a single mRNA can be target
of several miRNAs [329].
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In brief, the canonical miRNA-target interaction is based on the recognition and
complementary union between the miRNA and the 3'UTR region of the target
mRNA (depicted in figure 7). In order to create the duplex structure with the
mRNA, the microRNA contains 2-8 nucleotides at the 5-end, usually referred to
as the “seed region”, and which will reverse-complement with the mRNA [331].
The complementarity between the microRNA and its target is a determinant
factor for the subsequent post-transcriptional regulation. The existence of perfect
complementarity leads to the degradation of the target mRNA via the RNA-
induced silencing (RISC) complex, whereas the presence of mismatches between
the seed region and the 3'UTR region of the mRNA will induce the silencing of
the target due to RISC repression of the translation [331]. Although most
functional target sites for miRNA binding are found in the 3'UTR, other sites
have been discovered in the coding sequence (CDS), the 5’UTR, or even in the
promoter regions of the genes [332, 333]. Moreover, certain studies have found
that nuclear microRNA-gene promoter binding could have regulatory functions
other than post-transcriptional gene silencing, as its interaction could exert
regulatory effects in the transcription both as an activator or as a silencer

depending on the motif/region and epigenetic status of the promoter [334].
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Figure 7. Schematic representation of the biogenesis and mechanism of action of
microRNAs modified from Lorenzen, JM et al. 2011 [335].

miRNA transcripts originate as pri-miRNAs in the nucleus, undergoing processing by the
Drosha protein to form a hairpin. These precursors are then transported into the cytoplasm
by exportin 5 action and further processed by Dicer to form miRNA-miRNA duplexes that
will later be unwound. The mature miRNA guide strand is then integrated into the RISC
complex for the post-transcriptional regulation of the target mRNA, which will lead to
either degradation or translational inhibition. In order to modulate the miRNA expression,
inhibitors such as antagomirs or enhancers such as double-stranded mimics have proven
successful.

In pathological conditions, dysregulation of microRNA expression could happen
through various processes such as amplification, deletion or mutations to the
miRNA codifying gene, epigenetic modifications, malfunctions in the biogenesis
process or changes in the miRNA transcriptional regulation [336]. Due to such
sensitive machinery, microRNA changes in expression could possibly inform of
the presence of pathological environments even before the start of the
symptomatology. Numerous microRNAs have been recognized for their crucial
functions in heart [337, 338] and kidney diseases [339, 340]. Also, in CRS the
modulation in the expression of several microRNAs has been reported for both

the acute and chronic subtypes of CRS [341, 342].
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In recent years, the necessity for new antifibrotic therapies and the promising role
of microRNAs have opened a new prospective approach to the fibrotic treatment.
Various studies have shown that microRNAs can regulate fibrosis in both CKD
[343] and CVDs [344], although the specific modulation varies depending on
which one we focus on. Some microRNAs such as miR-21 or miR-132 are known
to have pro-fibrotic effects, whereas others like the miR-29 or the miR-200 family

have an anti-fibrotic role in kidney disease [343, 344].

For example, hsa-miR-21-5p, which is highly expressed in the heart and kidneys,
has been linked to worse outcomes in patients but also has been proposed as a
useful biomarker of cardiorenal damage. This microRNA is considered to play
an important role in both the CVDs, CKD and CRS, as it has been reported in all
types of CRS [345]. Due to its implication in the fibrotic pathways, miR-21-5p is
known to be involved in cardiac remodeling and regeneration, as well as in the
progression of AKI to CKD; therefore, its suppression could act as a therapeutic
approach for CRS. It has been shown that CKD patients present an increase of
miR-21-5p levels that directly correlates with lower GFR [346]. In these patients,
this microRNA seems to inhibit Smad?7, enhancing the TGF-f1 signalling
pathway which will lead to inflammation and renal fibrosis [347, 348].
Furthermore, there is a positive loop between TGF-31 and miR-21. TGF-f1 can
increase miR-21-5p expression in the mesangial cells, leading to the activation of
the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway, which

results in ECM deposition and mesangial hypertrophy [349].

Although the trigger for microRNA modulation in a pathology cannot always be
determined, it is known that both miR-21 and miR-29 expression can change due
to the RAAS activation, a common mechanism in CRS. Ang Il infusion in tubular
epithelial cells has proven to downregulate the levels of miR-29 and upregulate
those of miR-21, which translated into TGF-p mediated fibrosis [350]. These are

only some examples, as modulation in multiple microRNAs have been associated
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with fibrosis [343, 344] and the CRS pathological context [351, 352]. Although
data seems to suggest that microRNAs could be useful as biomarkers or
therapeutic targets for the cardiorenal damage, there is still confounding data
about its application in the clinical setting, mainly due to both the complexity of
the CRS pathology and of the microRNA regulatory network. Therefore,
monitoring microRNA expression in genome-wide analysis could help
distinguish microRNA dysregulations associated with diagnosis and/or
prognosis in CRS-induced fibrosis. In this context, the Let-7 family, one of the
largest most conserved microRNA families across different species, could be of

interest.

Since its discovery in the year 2000, the Let-7 family, which in humans is
constituted by 10 mature microRNAs (let-7a, b, ¢, d, e, £, g, i, and miR-98 and
miR-202), has been studied in a wide range of diseases, being considered the 5%
most abundant within the myocardial tissue [353]. Although initially it was
considered a developmental regulator and tumoral suppressor [354, 355], current
knowledge has linked the members of this family to many cardiovascular
alterations such as arrhythmia [356], angiogenesis [357], cardiac hypertrophy
[358, 359] and hypertension, among others. It is important to note that all
microRNA expression must be understood as organ and pathology dependent.
For example, cardiac diseases are usually associated with the upregulation of this
family [360, 361], while vascular injuries are characterized by a marked
downregulation of the let-7 family [353, 362]; however, each member can have

different impact on the same processes.
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I. Hypothesis

Galectin-3, through the activation of endoplasmic reticulum stress, plays an

important role in the renal alterations associated with cardiorenal syndrome type

1 in the context of obesity and myocardial infarction.

Hypothesis foundation

1.

Patients with renal damage and cardiac dysfunction show worse

outcomes than those with normal renal function.

Myocardial infarction promotes cardiac and renal fibrosis, which

translates into functional alterations.

Obesity promotes cardiac and renal fibrosis, which translates into

functional alterations.

Obesity exponentially increases the risk of developing myocardial

infarction.

Fibrosis is a key factor in the progression of cardiorenal damage; however,
there are no pharmacological treatments capable of reversing fibrotic

processes.

Galectin-3 is a profibrotic and proinflammatory factor that is increased in

patients with myocardial infarction and obesity.

Endoplasmic reticulum stress is activated at cardiac level in myocardial
infarction and obesity and promotes an increase in extracellular matrix

accumulation.

Myocardial infarction and obesity modulate the expression of
microRNAs, post-transcriptional regulators of gene expression that are
involved in various physiological and pathological processes, making

them potential therapeutic targets for different diseases.
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II. General objectives

The overall aim of this study was to assess the impact of myocardial ischemia on

renal damage in the presence or absence of obesity, as well as the role of Galectin-

3 in this pathological context.

Specific objectives

1.

To characterize the renal alterations, including renal function, fibrosis,
inflammation, endoplasmic reticulum stress and oxidative stress, in an
animal model of myocardial infarction as well as the possible mechanisms

involved.

To evaluate the involvement of Galectin-3 in the previously mentioned
renal alterations in a pathological context of myocardial ischemia and

obesity.

To assess the role of endoplasmic reticulum stress in the previously
mentioned renal alterations in a pathological context of myocardial

ischemia and obesity.

To analyze the possible interaction between Galectin-3 and endoplasmic
reticulum stress in renal damage in a pathological context of myocardial

ischemia and obesity.

To characterize the plasmatic microRNA pattern in a pathological context
of myocardial ischemia and obesity as well as their possible involvement

in the associated damage through in-vitro studies.
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I. Animal studies

The animal Care and Use Committee of Universidad Complutense de Madrid
approved all the experimental procedures (PROEX 121/18) according to the
Spanish Policy for Animal Protection RD53/2013, which meets the European
Union Directive2010/63/UE.

1. Animal model of myocardial infarction.

Male Wistar rats between 320-350 g (Envigo RMS, S.L., Barcelona, Spain) with
myocardial infarction (MI) were used and compared with animals subjected to

SHAM operation.

MI was induced by ligation of the left anterior descendent (LAD) coronary artery
in anesthetized (2% isofluorane), intubated and ventilated (Inspiraasv, Harvard
Instruments) rats that were placed on an adjustable heating pad to maintain the
temperature at 37°C. The heart was exposed through the fourth intercostal space
separated with an adjustable micro-retractor (Medicon eG, Tuttlingen, Germany)
and the LAD was ligated using a 4/0 silk suture (Lorca Marin, S.A., Murcia,
Spain), 1 mm distal to left atrial appendage. SHAM operation consisted of the
same surgical procedure without the fastening of the suture passing the LAD.
These animals were included as the reference group (CT). Buprenorphine (0.05
mg/kg; Ecuphar Veterinaria, Barcelona, Spain) was provided via intramuscular
injection every 8 hours for 48 hours after the surgery. After recovery, the animals
were kept in collective cages with free access to food and water in the animal

facility of the Universidad Complutense de Madrid.
2. Animal model of myocardial infarction and obesity.

Male wistar rats of 150 g (Envigo RMS, S.L., Barcelona, Spain) were fed either a
high fat diet (HFD, 35% fat; Envigo Teklad ref no. TD.03307.PWD, Haslett, MI,
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U.S.A) or a standard diet (5,3% fat; LasVendi ref no. LASQCdiet® Rod18-A,
Germany) for a period of 10 weeks. At the sixth week, once a significant
difference in body weight was observed between the groups, MI was induced

following the same procedure as in the previously described animal model.

Animals were weighted once a week to control body weight evolution. Both the
food and drink intake were checked periodically throughout the experimental

period. Animals were divided in three groups and treated with:

1. Vehicle. The vehicle used was filtered and sterilized drinking water

provided by the animal facility.

2. Galectin-3 activity inhibitor MCP (modified citrus pectin; 100
mg/kg/day) in the drinking water for 4 weeks post-surgery. The dose

of inhibitor was based on previous data [239].

3. Endoplasmic reticulum (ER) stress inhibitor 4-PBA (4-phenylbutiric
acid; 500 mg/kg/day) via intraperitoneal injection and in the drinking
water for 4 weeks after the surgery. The dose of this inhibitor was

based on the literature [363].
3. Systolic Blood Pressure (SBP).

Systolic blood pressure (SBP) was indirectly determined at the end of the study
by tail-cuff plethysmography (Narco Bio-Systems, Huston, TX, U.S.A.) in
unrestrained rats. Prior to the final measurements, simulations of the procedure
were conducted to habituate the animals to the procedure and to avoid
distortions in the experimental data. The rats were kept for 30 min at 37°C and,
after that time, blood pressure was measured 8 consecutive times, considering its
arithmetic mean as the final SBP value. All the measurements were obtained

during the morning hours (between 10 a.m. and 12 a.m.).
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4. Evaluation of cardiac structure and function.

These measurements were obtained in the last week of the protocol. To study the
cardiac structure and function, animals were anesthetized with 2% isoflurane
and transthoracic echocardiography (TTE) was performed with a Vivid-I
(General Electric Healthcare, Boston, MA, U.S.A.) connected to a 12 MHz
transducer and by magnetic resonance imaging (MRI). Then, 2D-guided M-mode
recording made were made from short-axis to measure the left ventricular (LV)
chamber end-diastolic dimensions, interventricular septum (IVT), and posterior
wall thickness (PWT). The mean measurements from several consecutive beats

were used for the data analysis.

Diastolic function was assessed by early and late transmitral peak diastolic flow
velocity (E and A waves) and ratio between E-waves and A-wave (E/A ratio) was
calculated. End-diastolic diameter (EDD) and end-systolic diameter (EDS) were
used to calculate the left ventricular ejection fraction (LVEF) in percentage

according to the Teicholz Formula:
(EDD? x 7)/(2.4 + EDD)

The infarct size and LV mass were defined by MRI, performed with the Biospec
BMT 47/40 spectrometer (Bunker, Ettlingen, Germany) located at the CAI Center
of the Universidad Complutense de Madrid. Infarct size was measured by late

gadolinium enhancement.
5. Euthanasia.

Animals were euthanized by decapitation using a guillotine after body weight
measurement. Blood was collected either in a tube containing the anticoagulant
EDTA to obtain the plasma or without anticoagulant to attain serum. Afterwards,
the tubes were centrifuged at 3000 rpm for 15 min to collect and aliquot the

supernatant, which was then stored at -80°C.
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The kidneys were removed carefully from the animals, the blood was eliminated
and the decapsulated kidneys were weighted separately before carving the
medulla portion. The left kidney was cut in several pieces, and immediately
frozen in liquid nitrogen and stored at -80°C for molecular biology studies. For
histological studies, a cross section of the right kidney was stored in 4% (w/v)
formaldehyde and another cross section was placed in 30% (w/v) sucrose
solution for approximately 4 hours before embedding it in the tissue freezing

medium (OCT), freezing it in liquid nitrogen and storing it at -80 "C.

Fat pockets such as epididymal, mesenteric, lumbar, and brown fat were also
extracted and weighted after removal of blood clots. The adiposity index was

calculated by the following formula:

fat deposits sum (g)

body weight (g) — fat pad weight (g) x 100

Fat deposit sum being the sum of epididymal, mesenteric and lumbar fat.
6. Circulating parameters.

The collected blood samples during the euthanasia were used to study the
circulating concentrations of various analytes through ELISA kits. The kits are
based in precoated 96-well plates for a specific antibody in which standards and
samples are incubated in order to obtain a colorimetric reaction that can be
measured in a spectrophotometer to know each sample concentration for the

evaluated protein.

In this sense, Angiotensin II (Ang II; Abbexa, Cambridge, UK; Ref: abx(052349)
and thiobarbituric acid reactive substances (TBARS; Sigma Aldrich, Missouri,
U.S.A.; Ref: MAKO085) levels, were measured following the instructions of the

manufacturer and densitometries have been expressed in arbitrary units (A.U.).
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6.1. Palmitic Acid.

In order to measure palmitic acid (PA), aliquots of 100 ul of plasma were
transferred to Eppendorf tubes and mixed with 10 ul of standard mixture. The
lipids were then extracted with hexane/isopropanol, 3:2 v/v at a 1:10
sample/solvent ratio. The tubes were vortexed and maintained at -20°C for 10
min, then centrifuged at 14.000 g at 4°C for 5 min. The supernatant was collected,
transferred to glass tubes, and dried under nitrogen flow. Then, 1 ml of 80%

methanol was added, and the tubes were thoroughly mixed.

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) system
comprised a Shimadzu UHPLC Nexera X2 system hyphenated to a triple
quadrupole mass spectrometer LCMS-8030 (Shimadzu Corporation, Kyoto,
Japan). The mass spectrometer was operated with an electrospray ionization
(ESI) source in negative mode. The desolvation line and heat block temperatures
were set at 250 and 400°C, respectively. The interface voltage was maintained at
3.5 kV. Nitrogen was used as nebulizing and drying gas at a flow of 1.5 and 15

l/min, respectively. Argon was used as collision gas at 230 kPa.

6.2. Creatinine.

Plasma creatinine levels were measured using spectrophotometric techniques in
an autoanalyzer (Vitros 5600, Diagnostics Ortho Clinical, Johnson & Jonson, New

Brunswick, NJ, U.S.A.).

6.3. Microarray.

In order to quantify miRNAs expression in the plasma of the animals from the
SHAM and HFD-MI groups, a Human PCR panel from Exiqon was used. For that
purpose, 10 ng of the isolated miRNA samples from each group were divided
into pools of 6 animals each. 30 ng of total RNA from each pool was employed
for cDNA synthesis with miRCURY LNA™ Universal RT microRNA PCR

System (Exigon/Qiagen; Hilden, Germany) following the manual’s instructions.
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Reverse transcription reaction efficiency and polymerase chain reaction (PCR)
inhibitors presence were checked with UniSp6 and Cel-miR-39-3p, respectively.
PCR determinations were then performed using the Serum/Plasma focus
microRNA PCR Panel V4.M (Exiqon/Qiagen; Hilden, Germany; Ref: 339325)
which allows for the analysis of 179 microRNAs. The amplification was
performed in an ABI 7900HT qPCR instrument (Life Technologies Ltd.) in 384-
well plates. The amplification curves were analysed using the SDS v.2.4 software
(Life Technologies Ltd.) with manual baseline/threshold settings to determine
the threshold cycles (Ct). Blank controls consisting in a qPCR reaction where the
sample was replaced by water were included to assess the presence of
contamination. Out of the initial panel of 179 analysed microRNAs, 28 were
eliminated since they were not expressed in any of the samples. Data was
normalized using miR-23a-3p as reference control, which was previously
selected from a panel screening of stably expressed miRNAs. Fold changes were

calculated using 2-24“4 method.
7. Histological and morphological evaluations.

Renal samples were fixed in formaldehyde 4% for at least 24 hours before its
dehydration with increasing solutions of ethyl alcohol and a final step of xylol.
Once completely dehydrated, the tissue was embedded in liquid paraffin (56 °C).
The tissue paraffin blocks were cut with a microtome (Leica 1512, IMEB INC, CH,
U.S.A.) in 4 um-thick sections.

For each sample stained, 15 fields all through the cortex with a 20X objective
under transmitted light microscopy were evaluated (Leica DM 2000; Leica AG,
Germany). Quantification was performed by the image analyser (Leica Q550

TWB).
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7.1. Haematoxylin-Eosin staining,.

In order to evaluate glomerular area, previously deparaffined and rehydrated
kidney sections were stained with haematoxylin for 15 min and eosin for 2 min.
Once stained, slides were dehydrated and mounted using entellan™ and

coverslips.

7.2. Picrosirius Red staining,.

The area of interstitial, glomerular and perivascular fibrosis was detected with
picrosirius red staining, which dye the collagen fibres red and the rest of the
tissue a light pink colour. After deparaffination and rehydration of the kidney
sections, phosphomolybdic acid 0.2% was used for 2 min in order to allow the
dye to penetrate the tissue. Slides were then embedded in picrosirius red for 1
hour. Once stained, slides were dehydrated and mounted using entellan™ and

coverslips.
8. In situ detection of superoxide anion (03 ) levels.

The oxidative fluorogenic dye dihydroethidium (DHE) was used to detect the
superoxide anion (03 ) levels in the kidney samples previously embedded in
OCT. Sections of 14 um thickness were cut using a cryostat and place onto
microscope slides treated with 3-Aminopropyltriethoxysilane (APES). The day
of the experiment, slides were placed at 37°C for a minimum of 1 hour to fix the
sample, preventing its detachment from the glass. After that, Krebs-HEPES
buffer (composition in the annex VI.2.) was used for 30 min to wash the slides,
and then, they were incubated with DHE (2x10° M) for 30 min at 37°C in a dark
humidified chamber. The reaction between superoxide anions and DHE
generates its oxidation into ethidium which binds to the nuclear DNA. This
causes a red fluorescence signal in the nucleus of the cells; whose intensity

depends on the levels of 05 .
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One tissue section per animal was photographed in 10-12 fields using a 40x
objective (Leica DMI 3000; Ex 561 nm, Em 610 nm). The microscope and camera
conditions were kept constants for all preparations and the fluorescence intensity
was quantified with Leica application suite (Leica microsystems, Wetzlar,

Germany).
9. Gene expression.

9.1. RNA extraction.

50 mg of renal tissue was pulverized using liquid nitrogen (N2) and then, 900 ul
of Trizol reagent (Fisher Scientific, Waltham, MA, U.S.A.) were added to each

sample and kept at -80°C for at least 12 hours.

On the day of the extraction, tissue was homogenized using 50 mg of 0.5 mm
Zirconium oxide beads and the Next Advance Storm Bullet Blender (Scientific
Instrument Services, MA, U.S.A.) according to the user guide. Chloroform was
then added and centrifuged in order to separate the homogenate into phases. The
upper aqueous phase is transferred into a different Eppendorf and isopropanol
is added to precipitate the extracted RNA after centrifugation (same volume than
the aqueous phase obtained). After washing with cold ethanol (70° and prepared
in RNase/DNase free water) and leaving to dry, the obtained pellet was
resuspended with 200 pul RNase/DNase free water (Fisher Scientific, Waltham,
MA, US.A).

RNA concentration was quantified measuring the sample absorbance at 260 and
280 nm. The sample’s purity was assessed by the 260/280 and 260/230 ratio,
considering optimal values those close to 2. All these quantifications were done

with Implen™ NanoPhotometer N6O (Fisher Scientific, Waltham, MA, U.S.A.).
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9.2. Reverse transcription.

1.5 pg of the extracted RNA was reverse transcribed into complementary DNA
(cDNA) using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific Inc, Waltham, MA, U.S.A.) in a total volume of 20 ul. The
reaction was done in a thermocycler with a first step of 10 min at 25°C, followed
by 120 min at 37°C, a third step of 5 min and 85°C and then conserved at 4°C until

its dilution to 5 ng/ul and storage at -20°C.

9.3. Real-time RT-PCR.

Quantitative PCR analysis was performed with SYBR green PCR technology in a
Quant Studio 3 (QS3) Real-Time PCR instrument with Quant Studio Design &
Analysis Desktop Software (Applied Biosystems, Waltham, MA, U.S.A.).

Per sample, PCR reaction mix was prepared by adding: 6 pl of cDNA at 5 ng/ul,
7.5 pl of 2x SYBRGreen PCR Master Mix and 1.5 pl of forward and reverse primer
mix at 10 uM (Sequences shown in Table 5). In order to quantify the mRNA levels
in each sample the 2-22“@ method was used, which can be defined as the
difference between the normalized cycle threshold (CT) of an experimental group

and the normalized CTs of the control group.

In these experiments, data was normalized to the housekeeping genes
hypoxanthine phosphoribosyltransferase (HPRT) and 18S, two genes whose

expressions are not altered in the experimental conditions.
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Gene Temperature Forward Primer Reverse primer
Atf4 60 °C AATGGATGACCTGGAAACCA TCTTGGACTAGAGGGGCAAA
Atféa 60 °C TCTCTTCTCCTCGGTCCACA AGCTGTCGCCATACAAGGAA
Atf6p 60 °C TCCAGATCACTGTGGGCTCT CCTCGGAGTTGACAGAGGAAG
Bip 60 °C TGGGTACATTTGATCTGACTGGA CTCAAAGGTGACTTCAATCTGGG
Collal 62 °C GCCTCCCAGAACATCACCTA ATGTCTGTCTTGCCCCAAGT
Col4al 62 °C GCCAAGTGTGCATGAGAAGA AGCGGGGTGTGTTAGTTACG
Ctgf 60 °C GAGTCGTCTCTGCATGGTCA CCACAGAACTTAGCCCGGTA
Fnl 62 °C GGGGTCACGTACCTCTTCAA TGGAGGTTAGTGGGAGCATC
Gal-3 60 "C AGCCCAACGCAAACAGTATC GGCTTCAACCAGGACCTGTA
11-6 62 °C GCCCTTCAGGAACAGCTATG GTCTCCTCTCCGGACTTGTG
Kim1 60 °C GTGAGTGGACCAGGCACACA AATCCCTTGATCCATTGTTTTCTT
Lats1 62 °C GAAGTGCTACTACGGACAGGATA GACTGAGCTTGGCTTGAGGT
Ngal 60 °C CGATGAACTGAAGGAGCGAT TCTGGCAACAGGAAAGATGG
Ccl-2 60 °C TTCCTTATTGGGGTCAGCAC CAGTTAATGCCCCACTCACC
Opn 60 °C ATGAGACTGGCAGTGGTT GCTTTCATTGGAGTTGCT
Slug 62 °C CCCAACTACAGCGAACTGGA GCATGGGGTAGCTCTCACAG
Snail 62 °C AGTTGTCTACCGACCTTGCG TGCAGCTCGCTATAGTTGGG
Teadl 62 °C TGTCAAATTCTGGGCGGACT ATCGGCCATTCTCGAACCTC
Tgf-6 62 °C CAGAAGTTGGCATGGTAGCC TGCTTCAGCTCCACAGAGAA
Tnfa 62 °C ACTCGAGTGACAAGCCCGTA GATAAGGTACAGCCCATCTGC
Yap1 62 °C GTTCGAGCTCACTCGTCTCC ATATTCCGTATTGCCTGCCGAA
sXbpl 60 °C CTGAGTCCGAATCAGGTGCAG ATCCATGGGAAGATGTTCTGG
usXbpl 60 °C CAGCACTCAGACTACGTGCG ATCCATGGGAAGATGTTCTGG
tXbp1 60 °C TGGCCGGGTCTGCTGAGTCCG ATCCATGGGAAGATGTTCTGG
a-Sma 62 °C GAAGGAATAGCCACGCTCAG TGTGCTGGACTCTGGAGATG
18S 60 °C CATTCGAACGTCTGCCCTAT GTTTCTCAGGCTCCCTCTCC
Hprt 62 °C AGGACCTCTCGAAGTGT ATTCAAATCCCTGAAGTACTCAT

Atf4: Activating transcription factor 4; Atf6a: Activating transcription factor 6 alpha; Atf6p: Activating
transcription factor 6 beta; Bip: Binding immunoglobulin protein; Col1al: Collagen type I alpha 1 chain; Col4al:

Collagen type IV alpha 1 chain; Ctgf: Connective tissue growth factor; Fn1: Fibronectin 1; Gal-3: Galectin-3; II-

6: Interleukin 6; Kim1: Kidney injury molecule 1; Lats1: Large tumor suppressor kinase 1; Ngal: Neutrophil

gelatinase associated lipocalin; Ccl-2: C-C motif chemokine ligand 2; Opn: Osteopontin; Slug: Snail family

transcriptional repressor 2; Snail: Snail family transcriptional repressor 1; Teadl: TEA domain transcription

factor 1; Tgf-p: Transforming growth factor beta; Tnf a: Tumor necrosis factor alpha; Yapl: Yesl associated

transcriptional regulator; sXbp1: spliced X-Box binding protein 1; usXbp1: unspliced X-Box binding protein 1;

tXbpl: total X-Box binding protein 1; a-Sma: Alpha 2 smooth muscle actin; Hprt: Hypoxanthine

Phosphoribosyltransferase.
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9.4. MicroRNA analyses in tissue samples.

To analyse the content of target microRNAs in tissue samples we used Tagman
PCR Technology. All microRNA assays were purchased from Applied
Biosystems (Waltham, Massachusetts, U.S.A.). In brief, specific microRNA
primers were used to reverse transcribe total RNA and the RT products were

amplified by using TagMan probes and appropriate master mixes thereafter.

Instead of random hexamers or oligo dTs, specific microRNA assay primers
(Table 6) were employed for the reverse transcription of 10 ng of total RNA using
the TagMan™ MicroRNA Reverse Transcription Kit (Applied Biosystems,
Waltham, Massachusetts, U.S.A.; Ref: 4366596). Such system enhances the
efficiency and specificity of the ulterior qPCR analyses. The RT reaction was done
in a thermocycler following the provider’s recommendations. Briefly, a first step
of 30 min at 16°C was followed by 30 min at 42°C, a third step of 5 min at 85°C

and then conserved at 4°C until its 2-fold dilution.

Table 6. MicroRNA TagMan assays from Applied Biosystems (Ref: 4427975) used for

microRNA expression studies.

Gene Name Reference sequence Assay ID
snRNU6 NR_004394 ID 001973
let-7f-5p NR_029483 ID 000382
miR-17-5p NR_029487 ID 002308
miR-144-5p NR_031890 ID 464811
miR-339-3p NR_031784 ID 002059
miR-485-3p NR_032132 ID 462841

Downstream quantitative PCR (qPCR) amplifications were performed using a
TagMan® Universal PCR Master Mix, no AmpFErase® UNG (Applied
Biosystems, Waltham, Massachusetts, U.S.A.) combined with the specific

microRNA primers and Tagman probe mixtures for each miRNA of interest. The

- 79 -


https://www.ncbi.nlm.nih.gov/nuccore?term=NR_029487

Material and methods

reaction was done in a Quant Studio 3 (QS3) Real-Time PCR instrument with
Quant Studio Design & Analysis Desktop Software (Applied Biosystems,
Waltham, MA, U.S.A)) following the manufacturer’s indications. In brief, the
thermal cycler with an initial hold stage of 2 min at 50°C, followed by 10 min at
95°C for polymerase activation. The cycling stage of the PCR is divided into a
denaturing step of 15 seconds at 95°C; the annealing and extension step consisted

on 40 cycles of 60°C for 60 seconds.

In order to quantify mRNA levels in each sample the 2-24¢4 method was used as
per the MIQE guidelines [364]. RNU6-1 (codifying for U6 snRNA) was used as

reference gene to normalize miRNA readouts for rat samples and in-vitro studies.
10. Protein measurements.

10.1. Protein extraction

100 mg of renal tissue was pulverized using liquid nitrogen (N:) and then
homogenized with 300 ul of Lysis buffer (composition in the annex VI.1.1.) with
the T10 Basic Ultra Turrax homogenizer (IKA-Werke, Staufen, Germany). The
homogenate was incubated for 30 min on ice and centrifuged at 13.000 rpm for

12 min at 4°C. The supernatant was collected and stored at -80°C until use.

Protein quantification was done following the Bradford protein colorimetric
assay. In brief, the Coomasie brilliant blue dye binds to the proteins resulting in
a shift from orange (absorbance at 460 nm) to blue (absorbance at 610 nm), having
its greatest difference peak of absorbance at 595 nm. Development of colour in
Coomasie dye-based protein assays is due to the presence of basic amino acids in
the proteins in an acidic environment. Two-fold dilutions of bovine serum
albumin (BSA; 2mg/mL) were used to prepare standard curves. The lysis buffer

was tested to rule out any background effect on our readouts.
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10.2. Western blot

Aliquots of 40 ug of renal proteins were denatured by heating at 95 °C for 5 min
in presence of 3-mercaptoethanol. Sodium dodecyl sulphate (SDS)-PAGE on
polyacrylamide Criterion™ TGX™ Precast Gels (Bio-Rad, California, U.S.A.)
were submerged in running buffer (composition in Annex VI.1.) in order to
separate the proteins according to molecular weight via electrophoresis. After
sample and protein marker loading, an electric current of 100 mA for
approximately one hour was applied. After the electrophoresis, the separated
proteins were transferred to Transblot® Turbo™ Midisize Nitrocellulose (Bio-
Rad, California, U.S.A.) with the Transblot® Turbo™ Transfer System. Transfer

buffer composition is detailed in the annex VI.1.

For immunodetection, the nitrocellulose membranes were blocked with 7.5%
non-fat dry milk in PBST for 1 hour at room temperature and slow agitation. Each
primary and secondary antibody incubation conditions are detailed in Table 7.
The chemiluminescence signal was detected using ECL (Millipore, Burlington,
MA, U.S.A). Several proteins were analysed in the same membrane after
embedding it for 7 minutes in stripping buffer in fast agitation (Thermo Scientific,
Waltham, MA, U.S.A.). The results are expressed as fold-change relative to the

control condition in arbitrary densitometric units.
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Table 7. Inmunodetection conditions for the proteins measured by western blot.

. Molecular . Secondary antibody Commercial
Antibody . Dilution .
weight and dilution reference
Primary antibodies
4-HNE 65 kDa 1:250 a- Rabbit (1:1000) Abcam
ATF4 39 kDa 1:1000 a- Rabbit (1:1000) Proteintech
Santa Cruz
ATF6a 90 kDa 1:250 a- Mouse (1:250) .
Biotechnology
BiP 78 kDa 1:1000 a- Mouse (1:1000) BD bioscience
Santa Cruz
Catalase 64 kDa 1:500 a- Mouse (1:5000) .
Biotechnology
CHOP 30 kDa 1:500 a- Mouse (1:500) Cell Signalling
Collagen I 115 kDa 1:500 a- Rabbit (1:1000) Calbiochem
Santa Cruz
Collagen IV 180 kDa 1:500 a- Mouse (1:1000) .
Biotechnology
CTGF 37 kDa 1:500 a- Rabbit (1:1000) Sigma Aldrich
Fibronectin 260 kDa 1:500 a- Mouse (1:500) Millipore
Santa Cruz
Galectin 3 30 kDa 1:500 a- Mouse (1:500) .
Biotechnology
pAKT 60 kDa 1:1000 a- Rabbit (1:1000) Cell Signalling
PDIA6 48 kDa 1:500 a- Rabbit (1:500) Abcam
pERK1/2 42-44 kDa 1:1000 a- Rabbit (1:1000) Cell Signalling
pNFkB 60 kDa 1:1000 a- Rabbit (1:1000) Abcam
pPYAP1 65 kDa 1:500 a- Rabbit (1:500) Invitrogen
Santa Cruz
TGF-B 25 kDa 1:500 a- Mouse (1:500) .
Biotechnology
Total AKT 60 kDa 1:1000 a- Rabbit (1:1000) Cell Signalling
Total ERK1/2 42-44 kDa 1:1000 a- Rabbit (1:1000) Thermo fisher
Total NFkB 60 kDa 1:1000 a- Rabbit (1:1000) Abcam
Total YAP1 65 kDa 1:500 a- Rabbit (1:500) Invitrogen
a-SMA 42 kDa 1:500 a- Rabbit (1:1000) GeneTex
B-actin ) )
o 42 kDa 1:5000 a- Mouse (1:5000) Sigma Aldrich
(Constitutive)
GAPDH . . .
o 37 kDa 1:5000 a- Rabbit (1:5000) Cell Signalling
(Constitutive)
Secondary antibodies
a- Mouse - - - GE Healthcare
o- Rabbit - - - Cytiva

4-HNE: 4-Hydroxynonenal; ATF4: Activating transcription factor 4; ATF6a: Activating
transcription factor 6 alpha; BiP: Binding immunoglobulin protein; CHOP: CCAAT-enhancer-
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binding protein homologous protein; CTGEF: Connective tissue growth factor; pAKT:
Phosphorilated Protein kinase B; PDIA6: Protein disulfide isomerase family A member 6;
pERK1/2: Phosphorilated extracellular signal-regulated kinases 1/2; pNFkB: Phosphorilated
nuclear factor-kB; pYAP1: Phosphorilated Yesl associated transcriptional regulator; TGE-{:
Transforming growth factor beta; a-SMA: Alpha 2 smooth muscle actin, GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase.

10.3. Zymography

20 ug of tissue protein lysates prepared with loading dye buffer ((0.8% SDS, 5%
glycerol, 0.002% bromophenol blue, 32 mM Tris-HCl pH 6.8) were loaded into
10% SDS polyacrylamide gels containing 0.14% gelatine. After electrophoresis at
70 mA (performed as described in section 1.10.2.), gels were rinsed 3 times for 10
min with 2.5% Triton X-100 solution to re-naturalize the metalloproteinases.
Afterwards, gels were incubated overnight at 37°C in a buffer that contains 1M
Tris-HCl, pH 7.5 with 10 mM CaCl2 and 50 mM NaCl to promote gelatine
degradation by the metalloproteinases. Gels were stained with Coomassie blue
R250 at room temperature and then washed with a discolouring buffer (10%
acetic acid, 40% methanol and 50% distilled water) to identify the
metalloproteinases (MMPs) proteolytic activity. Fold changes in band

densitometries have been expressed in arbitrary units (A.U.).

II. Clinical study

1. Clinical cohort.

The “Third Universal Definition of Myocardial Infarction” [365] defines an acute
myocardial infarction (MI) as an increase in biomarkers in the presence of
ischemia, ST-T changes, the appearance of new Q waves and identification of
alterations of local contraction by image technique or intracoronary thrombus

detected by angiography. Patients who suffered a first MI were recruited from
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the Cardiology Department of Hospital Clinico San Carlos, Madrid, Spain.
Exclusion criteria were previous MI or myocardial revascularization,
hemodynamic instability 12 h previous revascularization, severe chronic kidney

disease with a creatinine clearance < 30 ml/min/1.7m?2.

Twenty-four to forty-eight hours after hospital admission for MI, patients
underwent transthoracic echocardiographic and at the same time blood samples
were collected. A group of healthy volunteers (n =12) were recruited from staff
of the hospital. The study protocol was approved by the ethics committee
(18/195-E) and all participants signed the informed consent. The present study
was conducted in compliance with Good Clinical Practice Guidelines and the

ethical principles stated in the Declaration of Helsinki.
2. Echocardiography.

Echocardiographic studies were performed by expert cardiovascular imaging
cardiologists with the ultrasound system Vivid® (GE Healthcare, Waukesha, WI,
U.S.A)), equipped with a 2.5 MHz transductor. Image processing was conducted

using Echopack software v.201 (General Electric Healthcare, Boston, MA, U.S.A.).

TTE images and chamber quantifications such as left ventricular dimensions,
volumes and systolic and diastolic function were acquired according to the
American Society of Echocardiography and the European Society of

Cardiovascular Imaging [366, 367].

Traditional TTE planes were utilized, such as the parasternal long axis for the
measurement of the left ventricle (LV) wall thickness to calculate ventricular

mass.

Furthermore, two-chamber (2C), three-chamber (3C), and four-chamber (4C)
apical planes were obtained to measure LV end-diastolic (EDV) and end-systolic

(ESV) volumes. Systolic function was classified by the LV ejection fraction (LVEF),

-84 -



Material and methods

which was determined by the ratio of LV end-diastolic volume (LVEDV) to LV
end-systolic volume (LVESV), both obtained from the apical 4C and apical 2C

planes using the following formula:
LVEF = (LVEDV — LVESV)/LVEDV

For diastolic function, early and late transmitral peak diastolic flow velocity (E
and A waves) were evaluated. The E/A ratio, derived from these measurements,
was also calculated. Diastolic function was also evaluated by peak E-wave
velocity by the peak e’ velocity (E/e”) ratio obtained by means of tissue Doppler

imaging in both lateral and septal segments of the mitral annulus.
3. Circulating parameters.

Blood samples were obtained following the clinical protocol approved by the
Hospital Clinico San Carlos. Each patient was identified at the hospital with a
code that was used as identification for each tube. Serum concentration of
Neutrophil gelatinase-associated lipocalin (NGAL; R&D systems, Minneapolis,
U.S.A.)) and other analytes were analysed according to the manufacturer’s

instructions.

II1. In-silico analysis

In order to understand microRNA-dependent regulation and its possible
association with a specific pathology, bioinformatic/computational tools were
used. These programs’ predictions and analysis are based on algorithms that
integrate different criteria, such as miRNA complementarity, binding energy or
stability of the miRNA:mRNA duplex. Given the variances among the available
tools, consensus among the scientific community dictates that several prediction

parameters must be used in order to validate a target.
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In this study, in-silico identification of possible let-7f-5p targets was carried out
via the open-access prediction tools TargetScan, TarBase, microT-CDS and
miRWalk 2.0, as well as miRPath to assess the potentially regulated signaling
pathways. Results from these analyses predicted the union of let-7f-5p to the
3’UTR sequence of 3007 targets with a threshold set to 0.5 and the implication of
said microRNA in 30 KEGG pathways. An extensive revision of the literature
identified for potential targets in fibrosis and endoplasmic reticulum stress such
as Atf4, Atfop, Eif2akl, Col 1al, Col 4al and Fnl. However, given the results
obtained in the in-vitro experiments, further luciferase assays were carried out

only on Atf6p to evaluate its possible role as a let-7f-5p target (Figure 8).

Ensembl Gene Id miRNA name miTG score Also Predicted
ENSG00000213676 -
2662 (ATF6B) hsa-let-7f-Sp 0.52006013229613 O

Gene details ©
Gene ID: ATFoB
Expression:

External - R —
Gene ID: ENSGOQO0D21367¢
Ensembl

version: 77

activating transcription factor 6 beta [Source: HGNC
Symbol; Acc: 2349)
Chromosome:o
DIANA microT-
resources: CDS TarBase .7 LncBase Exprerimental LncBase Predicted
miRNA details ©
pubMed links: miEMNA | gene | both
UCsC graphic®
Region Binding Type  Transcript position Score Conservation
UTR3 Bmer 11-26 0.03505549867 14846 1] n
Position on
chromosome: 6:32083527-32083542
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Binding area:

Figure 8. DIANA-tools prediction of let-7f-5p interaction to Atf65’s gen 3’'UTR region.
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IV. In-vitro cell culture studies

1. Renal fibroblasts.

For this study murine renal interstitial fibroblast (TFBs) was used. This cell line
was originally isolated from SJL. mouse kidney and was a generous gift from Dr.
A.C. Ucero. Cells were seeded in T75 tissue culture flasks pretreated with poly-I-
lysine (0.1 mg/ml; Sigma Aldrich, Missouri, U.S.A.) and grown as a monolayer
culture in RPMI 1640 medium supplemented as described in annex VI.3.
Complete medium was changed every 1-2 days to remove non-adhered cells
until flask confluence reached 80-90%, at which point, cells were passaged with
1x trypsin. For all the assays, cells were maintained at a constant temperature of

37°C, 95% sterile air and 5% CO: in a saturation humidified incubator.

1.1. Immunocytochemistry.

To characterize the cells and confirm their fibroblast phenotype, we performed
an immunocytochemistry for vimentin. For that purpose, cells were seeded in 4
well chambers and fixated with Merckofix (Merck KGaA, Darmstadt, Germany).
After fixation, cells were permeabilized in the dark for at least 30 min with Triton-
X-100 and incubated overnight at 4°C with vimentin’s primary antibody (1:100
dilution in a mix of 65% PBS, 30% Triton-X-100 and 5% FBS; GeneTex, California,
U.S.A.). After 3 PBS washes of 10 min each, cells were incubated for 1 hour at
room temperature with a fluorescein-conjugated anti-rabbit (1:200 dilution in a
mix of 97.5% PBS and 2.5% FBS; Vector laboratories, Newark, U.S.A.) as a
secondary antibody. Cell nucleus was dyed using 4'6-diamidin-2-fenilindol
(DAPL; 1:100 dilution in PBS; Sigma-Aldrich, Missouri, U.S.A.). Images were

obtained using a 40x objective in a Leica DMI 3000B fluorescence microscope.
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1.2. In-vitro studies.

ECM, oxidative stress, ER stress and inflammation were evaluated under the

following conditions.

1.2.1. Palmitic acid.

In order to choose the appropriate dose for the studies, cells were seeded and,
after 24 hours in medium without serum, stimulated with 50, 100 or 200 uM of
palmitic acid conjugated to 10% free fatty acids (FFA)-free BSA as a carrier.
Finally, the dose of 100 uM of palmitic acid was used in all analyses in the

presence or absence of the ER stress inhibitor 4-PBA at 2 or 4 pM.

1.2.2. Angiotensin II.

The dose of Ang II was determined after a dose-response assay in which seeded
cells were stimulated with 1078 - 107°M of Ang II. In order to determine the effect
of ER stress on the Ang II effects, the dose of 107°M was used in the presence or

absence of the ER stress inhibitor 4-PBA at 4 uM.

The possible intracellular pathways by which Ang II exerts it effects was assessed
via a time-response study in which cells were treated with 107°M Ang II for 5,
10, 15, 30 and 60 min. Chemical inhibition of NFkB, AKT and ERK1/2 was
obtained by addition of BAY11-7082, LY294002 and PD98059 (all at 107° M and
purchased from Sigma-Aldrich, Missouri, U.S.A.) in Ang II treated cells for 24

hours.
2. Renal epithelial cells.

Epithelial cells of the human renal proximal tubule cell line HK-2 (ATCC,
Manassas, VA, U.S.A.) were maintained in RPMI 1640 medium supplemented as

described in annex VI.3. The cells were seeded in T75 tissue culture flasks and
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grown as a monolayer. Complete medium was changed every 1-2 days to remove
non-adhered cells until flask confluence reached 80-90%, at which point cells
were passaged with 1x trypsin. For all the assays, cells were maintained at a
constant temperature of 37°C, 95% sterile air and 5% CO: in a saturation

humidified incubator.

2.1. In-vitro stimulation.

2.1.1. Galectin-3.

In order to determine Gal-3 effects, including its possible role in modulating
microRNAs, a dose and time response experiment was performed. Once the
seeded cells reached a confluence of 80%, they were put in starvation media for
24 hours. After said time, cells were stimulated with 1078 - 107°M Gal-3 for 3, 6,
12 or 24 hours to determine dose-dependent renal injury marker levels. Once
dose of 107°M Gal-3 was selected, cells were stimulated for 3, 6, 12 or 24 hours

in order to assess the miRNA modification timeframe.

2.1.2. Tunicamycin.

Appropriate timing and dosage of the pharmacological ER stress activator
tunicamycin (TN) was determined after a time and dose-response assay in which

seeded cells were stimulated with 1.5 ug/ul for 3, 6 or 12 hours.

The dose of 1.5 pg/ul with a 12-hour stimulation was used in all analyses in the
presence (mimic) or absence (NNTC; mimic Non-Target Control) of the let-7f-5p
agomiR. AgomiR incubation was carried out as described in section 1V.2.2

followed by the 12-hour stimulation with tunicamycin.
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2.2. Let-7f-5p agomiR and antagomir studies.

HK-2 were seeded at 21500 cells/cm?in RPMI 1640 media (12 multi-well plates).
After 24 hours, let-7f-5p antagomiR or agomiR experiments were conducted by
transiently transfecting 25 nM let-7f-5p antago-miR (inhibitor), let-7f-5p ago-miR
(mimic) or appropriate scramble (Scr) controls. Scramble sequences were
purchased from Thermo Fisher (mirVana™ miRNA Mimic, Negative Control #1,
Ref: 4464058; mirVana™ miRNA Inhibitor, Negative Control #1, Ref: 4464076,
Invitrogen, Thermo Fisher, UK) to be comparable with the chemistry of the

antago- and ago-miR-let-7f-5p used.

Lipofectamine RNAiMAX (Invitrogen, Thermo Fisher, Waltham, MA, U.S.A.)
was used following the manufacturer’s protocols. 3 pL of lipofectamine
RNAiIMAX and ago- or antago-miR (25 nM) were diluted into 50 uL Opti-MEM®
I Reduced Serum Medium (GibcoTM, Thermo Fisher Scientific, Waltham, MA,
US.A)), incubated for 5 min and combined (20 min) to form transfection
lipocomplexes; after 20 min incubation, 100 pL of the lipocomplexes were
inoculated into 500 pL final volume and incubated for 6 hours, at 37 °C, 5 % CO..
Experiments started 24 hours after transfecting the cell target to allow for the

miRNA targets regulation.

2.3. Prediction of microRNA targets and enrichment analyses

Online tools miRPath v.3 [368] and miRPath v4.0 [369] were used to identify the
KEGG pathways relevant to our experimental pathological model. In brief, hsa-
let-7f-5p was inputted in Tarbase, Target Scan and microT-CDS to search for
relevant pathways and its interaction among databases. After an extensive
revision of the literature, ECM-receptor interaction (hsa04512), Hippo signaling
pathway (hsa04390) and Protein processing in endoplasmic reticulum (hsa04141)

were selected for further analyses (Table 8).
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Only for ECM-receptor interaction was there found a predicted pathway
interaction, including COL1A1, COL1A2 or COL4A1l, among Tarbase and
microT-CDS. Nevertheless because of the potentially relevant contribution of
‘Hippo signaling pathway’ and ‘Protein processing in endoplasmic reticulum’
(both predicted by TarBase v8.0) on the development of kidney damage, ATF4,
ATF6B, YAP1, TEAD1, LATS1 were additionally explored as hsa-let-7f-5p target
mRNAs. Moreover, term-centric analysis of "'ECM-receptor interaction’, "Hippo
signaling pathway’, ‘Protein processing in endoplasmic reticulum” and “TGFB-
signalling pathway (hsa04350) in miRPath v4.0 [369] evidenced hsa-let-7f-5p as
one major regulator of the last three pathways (merged p-value =5.44e-7, merged
FDR = 0.0000207) just after hsa-miR-27a-3p [370-372], hsa-miR-497-5p and hsa-
miR-203a-3p [373].
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Table 8. In-silico prediction of let-7f-5p targets and enrichment analysis.

Protein processing in endoplasmic reticulum; TGF-beta signaling pathway; Hippo

signaling pathway (term-centric analysis)

p-value 0,00000000709 FDR 3,17E-07 Target Genes 2165

Gene names n/a

MirPath v4.0; Term-centric analysis (Tarbase v8.0), miRNA ID

Prediction tool
MIMATO0000067, hsa-let-7f-5p

ECM-receptor interaction (hsa04512)

p-value 3,17E-16 FDR n/a Target Genes 18

THBS2, COL3A1, HSPG2, LAMC3, ITGAV, COL4A2, COL5A1, COL1A1
COL1A2, LAMC1,FEN1, COL4A1, ITGB6, ITGA7, COL4A6, COL5A2

Prediction tool Tarbase; microT-CDS

Gene names

Hippo signaling pathway (hsa04390)

p-value 5,10E-05 FDR 0,0031 Target Genes 40

BIRC3, CTNNAI1, GLI2, ACTB, SMAD7, FZD3, TGFBR1, YWHAE, CCNDI1,
BIRC2, BMP5, PPP2CA, MOBI1A, ID2, CCND2, BMP2, AMOT, LATS1
Gene names LLGL1, APC, YAP1, CSNK1D, WNT9A, LIMD1, PARD3, TCF7L2, DVL3,
TGFBR2, YWHAZ, BTRC, YWHAG, SMAD1, PPP1CA, MOB1B, FZDS8, FZD2,
ACTGI1, TEAD1, BMPR2, CSNK1E
Prediction tool MirPath v4.0; Tarbase; microT-CDS

Protein processing in endoplasmic reticulum (hsa04141)

p-value 0,00039 FDR 0,011 Target Genes 41

SEC63, CUL1, DNAJA2, SEL1L, EIF2AK1, EDEM2, DNAJB11, HSP90ABI,
UBXNS8, MAPKS, UBE2D3, HSPAS, SEC24A, EDEM3, FBXO6, RPN2, HSPHI1,
Gene names SIL1, ATF4, EIF2AK4, PRKCSH, UBE4B, UBQLN1, OS9, DERL1, PREB,
SEC31A, HSP90B1, PDIA3, BCL2, SEC24C, YOD1, NPLOC4, UBE2G2,
UBQLNZ2, ERO1A, UBE2]J1, ATF6B, DDOST
Prediction tool MirPath v4.0; Tarbase; microT-CDS

TGF-beta signaling pathway (hsa04350)

p-value 0,0011 FDR 0,037 Target Genes 25

MAPK1, SMAD7, TGFBR1, BMP5, PPP2CA, SMAD5, ACVR2B, ID2, ACVRIC,
Gene names BMP2, E2F5, ACVR1B, THBS1, TGFBR2, FBN1, SMAD1, ID4, RGMB,
RPS6KB2, TGIF1, SP1, TFDP1, BMPR2, E2F4
Prediction tool MirPath v4.0; Tarbase; microT-CDS

FDR: false discovery rate method, as a correction for multiple hypothesis testing; n/a: not applicable.
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2.4. Cloning methods and luciferase assay.

The luciferase reporter assay is an effective method to study the effects of a
microRNA in the genetic expression of a possible target gene. This quantitative
assay is based on the luciferase, an oxidative enzyme that allows bioluminescence
as a consequence of the oxidation of its substrate, luciferin, in the presence of

oxygen [374].

Luciferase reporter vectors were prepared containing the in-silico predicted
sequence of miRNA:target complementary hybridation (see section III) to
validate that any regulation seen in ago/antagomir experiments is the result of
the miRNA:mRNA target binding. The 3'UTR sequence of the mRNA target was
subcloned downstream of the firefly luciferase gene; a Renilla sp luciferase was

used as internal control for all luminescence readouts normalization.

2.4.3.3’-UTR luciferase constructs and molecular cloning of

DNA.

As a previous step of the luciferase assay, we performed bioinformatic searches
that allows to in-silico predict the putative 3’'UTR target binding of our
microRNA, let-7f-5p (has-let-7f-5p, MIMATO0000067), within the mRNA targets.

UCSC Genome Browser was consulted to obtain the 3'UTR oligonucleotide
sequences for the gene ATF6(. A mutated version of the ATF6[3 sequence was
also cloned to confirm the specificity of the miRNA:mRNA complementarity and
ulterior expression regulation. A pmiRGLO Dual Luciferase miRNA Target
Expression Vector (Promega, Wisconsin, U.S.A.; Depicted in Figure 9) was used

as backbone plasmid for the cloning.
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SVA0 late
MCS  poly(A) signal
SV40 early
enhancer/promoter

pmirGLO
Vector

(7,350bp)

hRluc-neo

fusion
PGK

promater

Synthetic
poly(4) signal

Figure 9. Schematic representation of the pmiRGlo Dual-Luciferase Expression Vector
from Promega, in which luc2 is the firefly luciferase reporter gene and hRluc-neo is the
renilla firefly control reporter gene. MCS is the multiple cloning site, the section in which
restriction enzymes activity generates the linearization of the vector needed for the ligation
of the annealed oligos. AmpR is a gene that allows ampicillin resistance, needed as the
selective antibiotic in the bacterial transformation.

Insert design and preparation

The in-silico predicted 3'UTR of the target mRNA containing the binding site of
let-7f-5p was designed to contain Pmel (GTTT/AAAC) and Sall (G/TCGAC)
endonuclease restriction sites 5" and 3’ ends, respectively (sequences listed in
Table 9). An additional Notl (GC/GGCCGC) restriction site was added to further
confirm oligonucleotide cloning into pmiRGLO Vector. As pmiRGlo has a Notl
site outside of the multicloning site, a positive construct containing our insert

would produce two NotI cuts visible by agarose gel electrophoresis.
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Table 9. Design of 3'UTR oligonucleotide sequences for target cloning inserts.

ATF6p sequence cloning design

5 - AAACTAGCGCGCCCCCCAGGCCTCCCACCAGCCCCT ATCAG -3’
3 - TITGATCCCCGGCCGGTCCGGAGGGTGGTCGGGGA TAGTCAGCT -5

ATF6B WT (Wild type)
Forward primer AAACTAGCGGCCGCCCAGGCCTCCCACCAGCCCCTCTACCTCAATCAG
Reverse primer TCGACTGATTGAGGTAGAGGGGCTGGTGGGAGGCCTGGGCGGCCGCTAGTTT

ATF6p MUT (mutant)
Forward primer AAACTAGCGGCCGCCCAGGCCTCCCACCAGCCCCTATTGCTAAATCAG
Reverse primer TCGACTGATTTAGCAATAGGGGCTGGTGGGAGGCCTGGGCGGCCGCTAGTTT

Orange coloured letters show the let-7f-5p binding site to the gene according to the in-silico prediction.
Red coloured letters show the endonuclease restriction site of the Pmel (GTTT/AAAC) restriction enzyme.
Blue coloured letters show the endonuclease restriction site of the NotI (GC/GGCCGC) restriction enzyme.
Green coloured letters show the endonuclease restriction site of the Sall (G/TCGAC) restriction enzyme.

The designed complementary oligos (HPLC purified, prepared in 10 mM Tris-
HCI buffer to a final concentration of 100 uM) were diluted to 1 ng/ul and
subsequently annealed at 40 ng/ul each in pmiRGlo annealing buffer, for
example, 2 pl of 1 ng/ul forward oligo, 2 pl of 1 ng/ul reverse oligo and 46 ul of
the pmiRGlo annealing buffer. The annealing was conducted in a thermal cycler
set at 90°C for 3 min followed by a slow cooling down in a water bath set at 37°C

for 15 min.

In order to linearize the vector, the pmiRGlo backbone (5-10 pg) was double-
digested in a final volume of 20 ul, with 1U Pmel-HF and 1U Sall-HF (New
England Biosciences, Ipswich, U.S.A.) in 1x FastDigest Green buffer for 1 hour,
37°C. Digestion products were then electrophoresed into 1% agarose gel in 1x
TAE, which separates the linearized and non-linearized vectors according to its
molecular weight. This method allows us to isolate and purify only the products
that were properly linearized and therefore containing cohesive ends for Pmel

and Sall. Bands were excised with a clean scalpel under UV light irradiation and
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isolated using the Silica Bead DNA gel extraction kit (Thermo Fisher Scientific,

Waltham, MA, U.S.A.) by following the manufacturer’s instructions.

1. Hyperladder™ 1Kb (Bioline)
2. Uncut pmiRGlo

3. Empty lane

4. pmiRGlo + Pmel + Sall

5. Empty lane

Figure 10. Representative transilluminator picture of double digestion products for
pmiRGlo linearization via usage of Pmel and Sall endonucleases.

Ligation of the insert

The annealed oligos (insert) were ligated to a molar ratio 1:1 (insert:DNA). In
order to do that, the annealing product was diluted 1/200 in nuclease free water
(0.2 ng/ul) and 285 pg (1 pl) were ligated with 50 ng of the linearized pmiRGlo in
1.1 ul 10x T4 Ligase buffer (containing 0.5 mM ATP) and 1 ul T4 ligase (1U) (both
purchased from Thermo Scientific, Waltham, MA, U.S.A.). A final volume of 11
ul was achieved with nuclease free water. The ligation reaction was conducted
for 1 hour at room temperature (approximately 20°C). The amount of insert was

calculated as follows:
ng insert = (molar ratio insert/pDNA x ng pDNA)x (bp insert/bp pDNA)

Where “bp” stands for base pairs.
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Figure 11. Schematic representation of the cloning workflow followed for pATF6f plasmid design. The
3'UTR ATF6( wild type sequence was inserted into a pmiRGlo vector, specifically in the region between
the Pmel and Sall restriction sites, downstream of the Firefly luciferase reporter gene. Image obtained with
SnapGene® software.

2.4.4. Transformation and plasmid preparations.

E. coli ]M109 strain was transformed with the plasmid DNA constructs by heat
shock transformation by which 1.5 uL of the ligation product were added to 15
uL JM109 E. coli competent cells (Promega, Wisconsin, U.S.A.). Briefly,
transformation was carried out at 42 °C for 45s, followed by 2 min on ice. The
transformation product was then 10-fold diluted in SOC media (New England
Biosciences, Ipswich, U.S.A.) and incubated for 1 hour in agitation before platting
into selective LB-Agar (100 ug/ml ampicillin; composition in annex VI.4.) and
further expanded into mini or midi format, as appropriate. Because the plasmid

backbone contains a [3-lactamase gene as an antibiotic, only the successfully
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transformed bacteria were Amp resistant and, therefore underwent colonies

formation.

Size (bp) 1 2 3 4 5

1. Hyperladder™ 1Kb (Bioline)

10000 —

3000 — 2. pmiR-ATF6B WT + Not/
1000 — 3. pmiR-ATF6B WT + Not/
400 — 4. pmiR-ATF6B MUT + Not/
200 —

5. pmiRGlo + Not/

Figure 12. Representative transilluminator picture of digestion products for pATF6(3
(pDNA) to validate ATF63 insert ligation into the pmiRGlo vector.

Up to 10 colony formation units (CFU) of the transformed bacteria were then
screened to confirm successful insert recombination with the pmiRGlo backbone.
Randomly selected CFUs (n=10) were picked and separately grown in 3-5 ml of
selection Amplicillin LB-Broth media (composition in annex VI.4.) overnight (16
hours) in an orbital shaker (250 rpm). Plasmid DNA minipreps were undertaken
following the manufacturer’s instructions. Isolated pDNAs were then single
digested with 1U Notl-HF (New England Biosciences, Ipswich, U.S.A.) and
electrophoresed in 1.2% agarose gel prepared in 1X TAE buffer to validate insert
ligation into the backbone. The expected results were: i) a single band
corresponding to the linearized pDNA construct if the ligation did not work or
ii) two bands if the insert was properly ligated into the backbone, then generating

a second NotI site.

Positive CFUs were further expanded into 50 ml for midi endotoxin free plasmid
preparations (Merck/Sigma-Aldrich, Cambridge, UK). Removal of JM109
endotoxins was fundamental to maximise the ulterior efficiency of plasmid
transfections in HK-2 cells, as well as to guarantee survival and minimize the

inflammatory responses to the plasmids. Such endotoxin-free pPDNAs were later
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ethanol-concentrated under the flow laminar hood to ensure sterility, and their
concentrations were quantified with a Nanodrop Spectrophotometer (Implen™

NanoPhotometer N6O; Fisher Scientific, Waltham, MA, U.S.A.).

2.4.5. Transient transfection and luciferase assay.

Luciferase plasmid construct preparations were co-transfected with Scr or let-7£-
5p mimic/inhibitor in 80% confluent HK-2 cell monolayers (96 multi-well plates).
Luciferase plasmid constructs (0.12 pg) were co-diluted with 35 ng (25 nM final
concentration) of agomiR-let-7f-5p/agomiR scramble in 5 pL Opti-MEM® I
Reduced Serum Medium (GibcoTM, Thermo Fisher Scientific, Waltham, MA,
U.S.A.) and 0.145 pL Reagent Plus (1:1 with pDNA/miR diluted). Lipofectamine
LTX (0.22 pL) (Invitrogen/ Thermo Fisher Scientific, Waltham, MA, U.S.A.) was
also diluted in 5 uL Opti-MEM®. Both preparations were incubated separately
for 5 min at 20 °C, mixed into the same tube and incubated for further 20 min. 10
uL of the lipocomplexes were inoculated in 100 pL final volume and were
incubated for 5h, at 37°C, 5% COz. The lipocomplexes media was replaced by
complete media and luciferase assays were performed after 36 h using a Dual-
Glo® Luciferase Assay System (Promega, Wisconsin, U.S.A.) following the
manufacturer’s instructions. Luminiscence readouts were sequentially obtained

in a GloMax® Discover plate reader (Promega, Wisconsin, U.S.A.).

Firefly luminescence (FLuc) readouts were normalized to Renilla sp.
Luminescence (RLuc). An additional normalization to the control condition
(agomiR Scr) in each experiment was performed to avoid data heterogeneity
between experiments. Empty pmiRGLO control (e.g., pmiRGlo with no insert)
was additionally transfected with and without agomiRs to rule out any
confounding off-target binding of let-7{-5p to the backbone. Each experiment was
conducted in at least 4 technical replicates per condition. The data are plotted as
relative luminescence units (RLU) of the experimental condition, normalized to
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the control condition. RLUs from technical replicates and condition were

averaged. The averages were then compared for appropriate statistical analysis.
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Figure 13. Luciferase reporter assay representation taken from Siddika & Heinemann, 2021
[375]. This assay can be used to validate miRNA binding sites to a target gene by fusing
the target 3'UTR of a target mRNA to the luciferase reporter gene. If the microRNA binds
to the UTR of the gene, the RISC complex interferes with the translation of the reporter
gene, consequently the production of luciferase will decrease. If the microRNA and the
inserted gene do not interact the production of luciferase enzyme allows the emission of
light as a consequence of the oxidation of the substrate.

3. Sample processing in the in-vitro studies.
3.1. RNA isolation and gene expression analyses in cultured cells.

For RNA extraction, 750 ul of Trizol reagent (Fisher Scientific, Waltham, MA,
U.S.A.) were added to each well from a 6-well plate before freezing at -80°C. On
the day of the extraction chloroform was added and centrifuged to separate the
homogenate into phases. The upper aqueous phase was transferred into a
different Eppendorf and isopropanol is added to precipitate the isolated RNA
after centrifugation. After washing with cold ethanol and leaving to dry, the
obtained pellet was resuspended with 200 ul RNase/DNase free water (Fisher
Scientific, Waltham, MA, U.S.A.).

RNA concentration was quantified as described in section 1.9.1. Both

retrotranscription and Real-time RT-PCR were performed as described in
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sections 1.9.2 and 1.9.3 respectively. In the in-vitro experiments, data was
normalized to the housekeeping genes hypoxanthine phosphoribosyltransferase
(HPRT) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers
used in both the TFB murine, and the HK-2 human cell lines are listed in Table

10 and Table 11, respectively.

Table 10. Mouse primer sequences.

Gene Temperature Forward Primer Reverse primer

Ccl-2 60 °C AGGTCCCTGTCATGCTTCTG TCTGGACCCATTCCTTCTTG
Collal 62 °C ACTGGTACATCAGCCCGAAC TACTCGAACGGGAATCCATC
I11-6 60 °C CTCTGGGAAATCGTGGAAATG AAGTGCATCATCGTTGTTCATACA
Ngal 60 °C GGACCAGGGCTGTCGCTACT GGTGGCCACTTGCACATTGT
Opn 60 °C GGCTGGTGCCTGACCCATC TTCATTGGAATTGCTTGGAAGA
Hprt 62 °C TCTAACTTTAACTGGAAAGAATGTC TCCTTTTCACCAGCAAGCT

Ccl-2: C-C motif chemokine ligand 2; Col1al: Collagen type I alpha 1 chain; II-6: Interleukin 6; Ngal: Neutrophil
gelatinase associated lipocalin; Opn: Osteopontin; Hprt: Hypoxanthine Phosphoribosyltransferase.
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Gene Temperature Forward Primer Reverse primer
A l‘f4 60 °C GTCCCTCCAACAACAGCAAG TACCCAACAGGGCATCCAAG
Atfoa 62 °C TTCAGTCTCGTCTCCTCGGT ATCTTCCTTCAGTGGCTCCG
Atfo8 62 °C GGAGGTGCTCCATGTGAAGA AGGCCTCAGAGTTGACGGAA
BiP 60 °C AACCGCTGAGGCTITATTTGG AACCGCTGAGGCTITATITGG
Birc2 60 °C GGGCCGTATCTCCTTGTCG TGCAGGGGGACAAAATAGGG
C hop 60 °C TTGCCTTTCTCCTTCGGGAC TGATTCTTCCTCTTCATTTCCAGG
Collal 62 °C GGACACAGAGGTTTCAGTGGT CACCATCATTTCCACGAGCA
Ct gf 62 °C CTCGCGGCTTACCGACTG GGCTCTGCTTCTCTAGCCTG
Lats1 62 °C CAGCAGCTGCCAGACCTATT CACTTTCTCCTAGTGGCGGG
Ngal 62 °C ACAGGGAGTACTTCAAGATCAC GGTCGATTGGGACAGGGAAG
Snail 62 °C CCTGTCTGCGTGGGTTTTTG ACCTGGGGGTGGATTATTGC
Slu g 62 °C TTGGAGCAGTTTTTGCACTG TCGGACCCACACATTACCIT
Teadl 62 °C ACTTCCCTTCCCTTTCGGTTT CGTCTTGCCTGTCCTGAGTT
Tgf-p 62 °C TACCTGAACCCGTGTTGCTC CCGGTAGTGAACCCGTTGAT
Yapl 62 °C CTGCCCGACTCCTTCTTCAA CCAACTGCAGAGAAGCTGGA
Gapdh 62 °C ACCAGCCCCAGCAAGAGCACAAG TTCAAGGGGTCTACATGGCAACTG
Hprt 62 °C TTGCTTTCCTTGGTCAGGCA ATCCAACACTTCGTGGGGTC

Atf4: Activating transcription factor 4; Atféa: Activating transcription factor 6 alpha; Atf6p: Activating
transcription factor 6 beta; Bip: Binding immunoglobulin protein; Birc2: Baculoviral IAP Repeat containing 2;
Chop: CCAAT-enhancer-binding protein homologous protein; Collal: Collagen type I alpha 1 chain; Ctgf:
Connective tissue growth factor; Latsl: Large tumor suppressor kinase 1; Ngal: Neutrophil gelatinase
associated lipocalin; Snail: Snail family transcriptional repressor 1; Slug: Snail family transcriptional repressor
2; Tead1l: TEA domain transcription factor 1; Tgf-f: Transforming growth factor beta; Yap1: Yesl associated
transcriptional regulator; Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; Hprt: Hypoxanthine
Phosphoribosyltransferase.

3.2. MicroRNA levels evaluation.

For microRNA evaluation, RNA of the in-vitro assays was extracted using
column-based methods. For that purpose, we used the miRNeasy micro kit
(Quiagen, Hilden, Germany), which combines phenol/guanidine-based lysis and
silica membrane-based purification of the total RNA (<200 bp RNAs), including
microRNAs.
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In brief, for RNA extraction 500 pl of QIAzol Lysis Reagent was added to each
well from a 12-well plate before freezing at -80°C. As the user guide dictates, on
the day of the extraction after addition of chloroform and centrifugation, the
upper aqueous phase is transferred into a different Eppendorf and ethanol is
added. Each sample is then moved into the RNeasy Mini Spin column and
centrifuged; this way the RNA will bind to the silica membrane, allowing
washing off the phenols and other possible contaminants without disrupting or
diminishing the yield of RNA. Lastly, the purified RNA was eluted in 35 ul
RNase-free milliQ water. The RNA yields were quantified by spectrophotometry
at 260 nm. Sample purity was considered appropriate when the 260/280 ratio
which informs of proteins or inorganic contaminants, and the 260/230 ratio that
shows contaminants such as phenol or carbohydrates was > 1.70. All these
quantifications were done with Implen™ NanoPhotometer N6O (Fisher

Scientific, Waltham, MA, U.S.A.).

MicroRNA reverse transcription and qPCR was done using Tagman MicroRNA

assay Kkits as described in section 1.9.4.

3.3. Protein processing.

For protein extraction, confluent cells seeded in 6-well plates were trypsinized
and transferred to an Eppendorf for its centrifugation at 4000 rpm for 5 min at 4
°C. Pellet was then resuspended with 75 ul of Lysis buffer (composition in the
annex VI.1.1.) and incubated for 30 min on ice with vortexing every 5 min. The
samples were centrifuged at 13000 rpm for 12 min at 4°C thereafter. The

supernatant was collected and stored at -80°C until use.

Protein quantification was done by the Bradford protein assay as specified in
section 1.10.1. Aliquots of 20 ug of the extracted cellular proteins were prepared

by denaturation at 95°C for 5 min in presence of B-mercaptoethanol. Samples
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were electrophoresed in SDS-PAGE and transferred into nitrocellulose

membranes as indicated in section 1.10.2.

3.4. Superoxide anion production evaluation.

Evaluation of the cellular production of superoxide anion was performed using

the DHE technique.

For this assessment, cells were seeded in 48-well plates in the presence of poly-I-
lysin for the TFB cells. Once the desired confluence was reached, cells were put
in the starvation media for 24 hours. After the 24 hours passed, cells were
pretreated with the ER stress inhibitor 4-PBA for 30 min prior to their stimulation
with either palmitic acid or Ang II at the doses described on sections IV.1.2.1 and

1V.1.2.2 for 24 hours.

Cells were then incubated with 107> M DHE for 30 min at 37°C in a dark
humidified chamber. Afterwards, cells were washed with room temperature PBS
and sample fluorescence intensity was then analysed using a 40x objective in a
fluorescence microscope Leica DMI 3000. The microscope and camera conditions
were kept constant for all preparations and the fluorescence intensity was
quantified with Leica application suite (Leica microsystems, Wetzlar, Germany).

For each experimental condition, 150 — 200 cells were analysed.

V. Statistical analysis.

1. Experimental model data analysis.

Results from continuous variables of experimental data are expressed as mean +

standard error of the mean (SEM). The normality of distributions was verified by
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the Kolmogorov-Smirnov test, and Levene’s test was used to assess the equality

of variances.

Unpaired Student’s t test was performed to determine significant differences
between two sets of data or by Mann-Whitney U test in case of nonparametric
distribution. One-way ANOVA was used to evaluate differences among several
groups. Newman-Keuls test was used as a post hoc test for differences in means,
whereas Dunnet test was used for dose-dependent studies. Two-way ANOVA
was used and followed by Bonferroni tests to compare quantitative variable
changes according to the levels of two categorical variables. Pearson correlation

analysis was applied to examine the association among different variables.

A value of P<0.05 was used as the cut-off value for defining statistical
significance. Data analysis was performed using the statistical program

GraphPad Prism 8 (San Diego, CA, U.S.A.).
2. Clinical data analysis.

Continuous variables are expressed as mean * standard deviation (SD).
Normality of distributions was verified by the Kolmogorov-Smirnov test.
Categorical variables are expressed in absolute values and percentages. Levene’s
test was used to assess the equality of variances and a Student’s t test was
performed to determine if two sets of data were significantly different from each
other. A value of P<0.05 was used as the cut-off value for defining statistical
significance. Data analysis was performed using the statistical program SPSS 22.0

(SPSS Inc., Chicago, 11, U.S.A.).
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VI. Annex

1. Protein analysis.

1.1. Extraction buffer.

Complete Lysis-M reagent (Roche, Ref:
04719956001) .....evvvniniininiiiiiiin, 10 ml
Complete Tablets (protease inhibitor

cocktail; Roche, Ref: 05892970001) ......... 1 tablet

1.2. Running buffer.

TriS covvii i 50 mM
Glycine .........ocooiiii 192 mM
SDS .., 0.3%

1.3. Transfer buffer.
5x transfer buffer (Bio-Rad) ..... 200 ml

Ethanol .......coovviiiiiiiiii. 200 ml
Distilled water ......ccevvvevenn.... 600 ml

1.4. PBS.
NaCl o, 140 mM
KCL oo, 3 mM l
NazHPOu .o 9 mM pH=74
KHoPOs oo, 2mM {

2. Superoxide anion detection.

2.1. KHB-HEPES.
CaCla® 2HoO oo, 2 mM
NaCl oo, 130 mM
KCl oo 5.6 mM
MgCl2 ® 6H20 ........coeneenennn. 250 uM pH=74
Hepes ......cooeeiiiii 8.4 mM
GlucoSe oo 10 mM
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3. Cell culture.

3.1. RPMI full media supplementation.

L-Glutamine ..........ccceenn...... 1%
Penicillin/Streptomycin ......... 1%

4. Bacterial growth and maintenance.

4.1. LB agar.

LB media (Invitrogen, Ref: 22700025) .......... 32¢g
Distilled water ................ooo 1L
Ampicillin ... 100 pg/ml

4.2. LB broth base.

LB media (Invitrogen, Ref: 12780052) .......... 20¢g
Distilled water .......ccovvviiiiiiiiiiieia, 1L
Ampicillin ... 100 pg/ml
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I. Clinical characteristics of patients who suffered a first myocardial

infarction.

The mean age of patients with myocardial infarction (MI) was significantly
higher than that of control subjects. Control group had almost 50% of female
participants whereas MI patients were only males (Table 12). All MI patients
had associated comorbidities that were only present in 8.3% of the control
subjects, with the most prevalent being hypertension and dyslipidemia.
Patients with hypertension were treated with angiotensin converting enzyme
inhibitors or angiotensin II type 1 receptor antagonists whereas dyslipidemia

patients were place on statins (Table 12).

Body mass index (BMI) was higher in MI patients than in non-MI subjects.
Even though plasma creatinine values were within normal range in both
groups of patients, MI patients presented renal alterations characterized by
higher plasma levels of creatinine and NGAL, an acute marker of renal injury

(Table 12).

Table 12. Clinical characteristics, cardiac function and circulating markers in control subjects

and patients who suffered a myocardial infarction.

Control Subjects MI Patients

(n=12) (n=12) P Value
Women (%) 41 0 <0.0001
Age (years) 41.6 +4.1 54.8 + 6.8 <0.0001
LVEF (%) 752+4.2 62.7+5.6 <0.0001
E/A ratio 1.5+03 09+0.4 0.0002
E/e’ ratio 6.7+14 81+19 0.0433
BMI (kg/m?) 23.04 £2.01 264+2.1 0.005
Hypertension (n (%)) 1 (8.33%) 6 (50%) 0.0813
Dyslipemia (n (%)) 0 (0%) 5 (41.6%) 0.0435
Plasma creatinine (mg/dl) 0.73 £0.11 0.88 £0.17 0.0119
NGAL (pg/ml) 61941 + 14695 87873 + 24419 0.0046

Data is expressed as means + SD, number, or percentage of patients. LVEF: left ventricle
ejection fraction; E/A ratio: early to late diastolic transmitral flow velocity ratio; E/e’ ratio: E
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to early diastolic mitral annular tissue velocity ratio; BMI: body mass index; NGAL:

neutrophil gelatinase-associated lipocalin.

II. Renal consequences of myocardial infarction in rats.

Due to the obtained data in the patients, we explored the possible renal

alterations in a MI animal model. Rats subjected to coronary artery ligation

presented several cardiac structural and functional alterations in the absence of

modifications in the blood pressure and body weight. At structural level, the

heart of MI animals presented cardiac fibrosis and hypertrophy evaluated by

collagen volume fraction and left ventricular (LV) mass respectively. The

structural modifications were accompanied by alterations in the systolic and

diastolic function, as these animals presented a reduction in LV ejection fraction

(LVEF) and E/A ratio when compared to the control group (Table 13).

Table 13. Impact of myocardial infarction on general characteristics, cardiac function and

infarct size in rats subjected to myocardial infarction (MI) or to a sham operation (Sham)

after 4 weeks of evolution.

Sham MI

Body weight (g) 396.2 +£10.8 394.8+9.7
SBP (mmHg) 12772 £2.7 132.6+1.3
LV mass (g) 0.287 £ 0.061 0.42 + 0.015***
Cardiac fibrosis (%) 2.088 +0.082 4.013 £ 0.197%**
LVEF (%) 84.81+1.112 69.72 + 3.163***
E/A ratio 1.595+0.21 0.996 + 0.075**
Infarct size/LV mass (%) - 18.1+2.9
Creatinine (mg/dl) 0.43 +0.021 0.46 +0.018

Data is expressed as means + SEM of 8-10 animals. SBP: systolic blood pressure; LV: left
ventricle; LVEF: left ventricle ejection fraction. **p < 0.01; **p < 0.001 versus Sham group.

Similar to what we observed in the patients, the creatinine serum levels were

similar between both groups of animals (Table 13); however, infarcted animals

presented a renal increase in the acute injury markers NGAL and KIM-1 (Figure
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14A), suggesting kidney damage in the absence of functional alterations.
Furthermore, infarcted animals also presented an increase in the expression

levels of the profibrotic and proinflammatory mediator Gal-3 (Figure 14B).
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Figure 14. Impact of MI on (A) renal injury markers NGAL and KIM-1 and (B) profibrotic
mediator Gal-3 mRNA levels in kidneys from rats subjected to myocardial infarction (MI) or
to a sham operation (Sham). Bar graphs represent the mean + SEM of 8-10 animals
normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT). **p < 0.01; **p <
0.001 versus Sham group.

1. Effects on renal fibrosis.

Histological assessment of the interstitial collagen levels showed that animals
subjected to MI presented an increase in renal fibrosis without changes in the
glomerular area when compared to the Sham group (Figure 15A-B). This
demonstrates that MI induces structural modifications within the kidney that

are prior to the occurrence of functional alterations.

The presence of renal interstitial fibrosis was accompanied by enhanced levels
of the extracellular matrix protein collagen type I. Complementary analysis
revealed that MI animals also showed a non-significant increase in the marker
of activated fibroblast a-SMA, as well as elevated protein levels of the

profibrotic mediator TGF-B without modification in CTGF (Figure 15C).
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Figure 15. Impact of MI on renal fibrosis. (A) Representative microphotographs (20x
magnification) of renal cortex sections staining with haematoxylin-eosin for glomerular area
analysis or picrosirius red for fibrosis analysis. Quantification of (B) interstitial fibrosis and
(C) glomerular area. (D) Protein levels of collagen type I, alpha-smooth muscle actin (a-SMA),
transforming factor-beta (TGF-f) and connective tissue growth factor (CTGF) in the kidneys
from rats subjected to myocardial infarction (MI) or to a sham operation (Sham). Bar graphs
represent the mean + SEM of 8-10 animals normalized to -actin. *p < 0.05; **p < 0.01; ***p <
0.001 versus Sham group.

2. Effects on oxidative stress and inflammation.
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The presence of oxidative stress was evaluated in the infarcted and sham group

of animals at both circulating and renal levels. MI animals presented higher

circulating levels of Thiobarbituric acid reactive substances (TBARS), an end-

product of lipid peroxidation (Figure 16A). As shown in Figure 16B, there was

an increase in fluorescence intensity in the infarcted animals that shows higher

presence of superoxide anion in this group as compared to non-infarcted

animals. This prooxidant scenario was confirmed by 4-HNE, another major end-
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product of lipid peroxidation that was enhanced after MI at renal level (Figure

16C).

MI induced not only a prooxidant environment in the kidney of the animals but
also a pro-inflammatory scenario characterized by an increase in the

proinflammatory cytokines IL-6 and TNF-a (Figure 16D).
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Figure 16. Impact of MI on renal oxidative stress and inflammation. (A) Thiobarbituric acid
reactive substances (TBARS) plasmatic levels. (B) Representative images and quantification of
renal cortex sections labelled with the oxidative dye dihydroethidium (40X magnification). (C)
Protein levels of 4-hydroxynonenal (4-HNE). (D) mRNA levels of Interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-a) in kidneys from rats subjected to myocardial infarction
(MI) or to a sham operation (Sham). Bar graphs represent the mean + SEM of 8-10 animals
normalized to B-actin for protein or HPRT for cDNA. *p < 0.05; **p < 0.01; ***p < 0.001 versus
Sham group.
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3. Effects on the endoplasmic reticulum stress.

Different proteins were measured in order to appraise the possible activation of
ER stress in this pathological context. 4 weeks after MI, animals presented a
renal up-regulation of two markers of ER stress, BiP and PDIA6, as compared
with control ones (Figures 17A-B). Additional analysis of the different pathways
involved in the ER stress activation showed that ATF6a protein levels were

enhanced in absence of CHOP protein modifications in the MI animals (Figures

17C-D).
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Figure 17. MI induces renal ER stress activation. Renal protein levels of (A) Immunoglobulin
binding protein (BIP). (B) Protein disulfide isomerase family A member 6 (PDIA6). (C)
Activating transcription factor 6-alpha (ATF6-a) and (D) CCAAT-enhancer-binding
homologous protein (CHOP) in kidneys from rats subjected to myocardial infarction (MI) or to
a sham operation (Sham). Bar graphs represent the mean + SEM of 8-10 animals normalized to
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH). *p < 0.05; ***p < 0.001 versus Sham
group.

Interestingly, we observed a positive correlation between ER stress activation,
evaluated by the protein levels of BiP, PDIA6 and CHOP, and both interstitial
fibrosis and Collagen type I protein levels (Figure 18). These correlations suggest
the possible implication of ER stress in the development of a renal fibrotic wound

in animals with MI.
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Figure 18. ER stress correlations in the animal model of MI. Correlation between the renal
levels of interstitial fibrosis and (A) Immunoglobulin binding protein (BIP), (B) Protein disulfide
isomerase family A member 6 (PDIA6) or (C) CCAAT-enhancer-binding homologous protein
(CHOP). Correlation between renal protein levels of collagen I (Col I) and (D) BiP or (E) CHOP
from from rats subjected to myocardial infarction (MI) or to a sham operation (Sham).

Along with fibrosis, oxidative stress, inflammation and ER stress activation,

infarcted animals presented higher circulating levels of two well-known
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deleterious effectors, which could participate in renal damage. Compared to the
control group, animals with MI presented a slight increase of palmitic acid (PA;
48.04 + 6.42 for Sham vs. 58.92 + 4.18 uM for MI) and a significant increment of

angiotensin II plasmatic levels (p < 0.001) (Figure 19).
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Figure 19. Impact of MI on Palmitic Acid (PA) and Angiotensin II (Ang II) circulating levels
in rats subjected to myocardial infarction (MI) or to a sham operation (Sham). Bar graphs
represent the mean + SEM of 8-10 animals normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). **p < 0.001 versus Sham group.

3.1. Palmitic acid activation of ER stress in renal fibroblasts.

Previous studies have shown that PA activates ER stress and inflammation in
podocytes [376]. The presence of different concentrations of PA (50-200 uM) in
the culture medium for 24 hours resulted in the activation of ER stress, as
evidenced by the increase in PDIA6 protein levels and the upregulation of two
downstream ER stress proteins, ATF6a and CHOP (Figure 20). Interestingly, PA-
treated cells exhibited elevated levels of collagen I at the dose of 100 uM of PA
(Figure 21A) and increased levels of the profibrotic mediator TGF-$3
independently of the PA dose (Figure 21B). This profibrotic response to PA was
accompanied by heightened production of superoxide anion, reaching its
maximum effect at the dose of 100 uM of PA after 24 hours of stimulation (Figure

210).
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Figure 20. Palmitic Acid (PA) effects on endoplasmic reticulum stress. Protein levels of (A)
protein disulfide isomerase family A member 6 (PDIA6); (B) activating transcription factor 6-
alpha (ATF6a) and (C) CCAAT-enhancer-binding homologous protein (CHOP) in renal
fibroblasts (TFBs) stimulated with palmitic acid (PA; 50-200 uM) for 24 hours. Bar graphs
represent the mean + SEM of 4-6 assays normalized to [3-actin. *p < 0.05; **p <0.01 versus control

cells.
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Figure 21. Palmitic Acid (PA) effects on extracellular matrix proteins and superoxide anion
production. Protein levels of (A) collagen I and (B) transforming growth factor beta (TGF-{3),
(C) representative microphotographs and quantification of cells labeled with the oxidative dye
dihydroethidium (40X magnification) in renal fibroblasts (TFBs) stimulated with palmitic acid
(PA; 50-200 uM) for 24 hours. Bar graphs represent the mean + SEM of 4-6 assays normalized to
B-actin. *p < 0.05; **p < 0.01 versus control cells.
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3.1.1. ER stress plays a pivotal role in mediating the prooxidant,
profibrotic and proinflammatory effects of palmitic acid.

To investigate the potential involvement of ER stress in the prooxidant and
profibrotic effects of PA, TFBs were exposed to 100 uM dose of PA for 24 hours

in the presence or absence of the pharmacological inhibitor of ER stress, 4-PBA.

The results revealed that 4-PBA effectively prevented the PA-induced increase in
superoxide anion production at both the 2 uM and the 4 uM doses of 4-PBA
(Figure 22A-B). Subsequently, the 4 uM dose of 4-PBA was used for further
experiments. At this concentration, the pharmacological treatment successfully
inhibited the activation of ER stress, thereby preventing the upregulation of BiP,
PDIA6 and ATF6a protein levels induced by PA (Figure 22C-E), showing the
efficiency of 4-PBA.
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Figure 22. Endoplasmic reticulum stress mediates the prooxidant effects of palmitic acid in

renal fibroblasts. (A-B) Representative microphotographs and quantification of cells labeled

with the oxidative dye dihydroethidium (40X magnification) in renal fibroblasts (TFBs)

stimulated with palmitic acid (PA; 100 uM) and treated with 4-phenylbutyrate acid (4-PBA; 2-4

puM) for 24 hours. Protein levels of (C) immunoglobin binding protein (BiP); (D) protein
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disulfide isomerase family A member 6 (PDIA6) and (E) activating transcription factor 6 alpha
(ATF60) in TFBs stimulated with palmitic acid (PA; 100 uM) and treated with 4-PBA (4 uM) for
24 hours. Bar graphs represent the mean + SEM of 4-6 assays normalized to 3-actin. **p < 0.01;
**p < 0.001 versus control cells. T1 p<0.01; T11 p <0.001 versus PA-treated cells.

Moreover, 4-PBA demonstrated the ability to counteract the increase in
extracellular matrix proteins generated by PA after a 24-hour treatment. TFBs
treated with the pharmacological inhibitor of ER stress were resistant to the PA-
induced increase in TGF- (Figure 23) and exhibited hindered collagen I
production at mRNA levels (Figure 23). Additionally, cells treated with PA (100
uM) showed an elevation in proinflammatory markers, including IL-6, CCL-2
and osteopontin (OPN). The pharmacological inhibition of ER stress effectively
prevented the PA-triggered proinflammatory response in renal fibroblasts. These
protective effects of 4-PBA were associated with the prevention of the

upregulation in the acute kidney injury marker, NGAL, induced by PA in renal

cells (Figure 23).
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Figure 23. Endoplasmic reticulum stress mediates the profibrotic and proinflammatory
effects of palmitic acid in renal fibroblasts. (A) transforming growth factor beta (TGF-{3)
protein expression; (B) collagen | mRNA expression, interleukin-6 (IL-6), C-C motif chemokine
ligand 2 (CCL-2), osteopontin (OPN) and neutrophil gelatinase-associated lipocalin (NGAL)
mRNA expression in renal fibroblasts (TFBs) stimulated with palmitic acid (PA; 100 uM) and
treated with 4-phenylbutyrate acid (4-PBA; 4 uM) for 24 hours. Bar graphs represent the mean
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+ SEM of 4-6 assays normalized to -actin for protein or HPRT for cDNA. *p < 0.05; **p < 0.001

versus control cells. 11 p <0.001 versus PA-treated cells.

3.2. Angiotensin II activation of ER stress in renal fibroblasts.

We examined the potential involvement of ER stress in a well-established
profibrotic factor at renal level. Angiotensin II (Ang II) induced ER stress in a
dose-dependent manner as evidenced by elevated protein levels of BiP, PDIA6,

CHOP and ATF6« after 24 hours of stimulation in TFBs (Figure 24).
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Figure 24. Angiotensin II induces endoplasmic reticulum stress activation in renal
fibroblasts. Protein levels of (A) immunoglobulin binding protein (BiP); (B) protein disulfide
isomerase family A member 6 (PDIA6); (C) CCAAT-enhancer-binding homologous protein
(CHOP) and (D) activating transcription factor 6 alpha (ATF6«) in renal fibroblasts (TFBs)
stimulated with Angiotensin II (Ang II; 1078- 107°M) for 24 hours. Bar graphs represent the
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mean + SEM of 4-6 assays normalized to $-actin. *p <0.05; **p < 0.01; ***p <0.001 versus control
cells.

Subsequent experiments were performed with the dose of 107°M Ang II in the
presence or absence of 4-PBA at 4 uM. The pharmacological inhibitor of ER stress
successfully prevented the increase in superoxide anion production induced by
Ang II (Figure 25A-B). Additionally, it mitigated the elevation of collagen I and
Gal-3 as well as the mRNA levels of the proinflammatory markers IL-6, CCL-2
and OPN in Ang II-treated cells (Figure 25 C).
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Figure 25. Endoplasmic reticulum stress mediates the prooxidant, profibrotic and
proinflammatory effects of Angiotensin II in renal fibroblasts. (A-B) Representative
microphotographs and quantification of cells labelled with the oxidative dye
dihydroethidium (40X magnification). mRNA levels of (C) Collagen I, interleukin 6 (IL-6), C-
C motif chemokine ligand 2 (CCL-2) and osteopontin (OPN) in TFBs stimulated with
Angiotensin II (Ang I; 107°M) and treated with 4-PBA (4 uM) for 24 hours. Bar graphs
represent the mean + SEM of 4-6 assays normalized to HPRT for cDNA. *p < 0.05; **p < 0.01;
**p < 0.001 versus control cells. T p <0.05; 1 p <0.01; 11 p <0.001 versus Ang II-treated cells.
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The potential intracellular pathways through which Ang II exerts its fibrotic
effects in renal fibroblasts were also examined. Ang II at 107 M induced NF«kB
phosphorylation within 10 minutes of stimulation (Figure 26A), Akt
phosphorylation at 60 minutes (Figure 26B) and increased protein levels of ERK
phosphorylation at 5 and 10 minutes (Figure 26C). The addition of LY294002, a
specific inhibitor of the PI3K/Akt pathway, did not alter the elevation in collagen
I protein levels caused by Ang II (Figure 26D). Conversely, the presence of
BAY11-7082 and PD98059, the specific inhibitors of the NFkB pathway and
ERK1/2, respectively, prevented the profibrotic effects of Ang II in renal cells
(Figure 26D).
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Figure 26. NFkB and ERK 1/2 mediate the profibrotic effects of Angiotensin II in renal
fibroblasts. Phosphorilation of (A) nuclear factor-xB (p-NF«B); (B) protein kinase B (p-Akt)
and (C) extracellular signal-regulated kinases 1/2 (p-ERK1/2) in renal fibroblasts (TFBs)
stimulated with Angiotensin II (Ang I; 107°M) for 5-60 minutes. (D) Effects of the NF«B
inhibitor BAY11-7082 (10~°M), the Akt inhibitor LY294002 (10~®M) or the ERK1/2 inhibitor
PD98059 (10~°M) on collagen type I protein synthesis in renal fibroblasts (TFBs) stimulated
with Ang (107°M) for 24 hours. Bar graphs represent the mean + SEM of 4-6 assays normalized
to total NF«B, total Akt, total ERK1/2 or -actin. *p < 0.05; **p < 0.01 versus control cells. T p <
0.05 versus Ang Il-treated cells.
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IT1. Renal consequences of myocardial infarction in the context of obesity.

Rats on a high-fat diet (HFD) exhibited an increase in body weight and a higher
adiposity index that the control animals which were fed a standard diet (Table
14). Obese animals that underwent coronary artery ligation exhibited cardiac
functional alterations such as a decrease in systolic and diastolic function
compared with the control group in the absence of modifications in systolic blood
pressure. Additionally, structural modifications including cardiac hypertrophy

and interstitial fibrosis were observed (Table 14).

In this context, the pharmacological inhibition of Gal-3 by modified citrus pectin
(MCP) was able to ameliorate the alterations observed in functional parameters
as well as in cardiac hypertrophy and fibrosis in absence of effects on body

weight or adiposity index (Table 14).

Table 14. Effect of Galectin-3 inhibition on HFD-MI induced alterations after 4 weeks of
treatment. Rats fed a normal diet were subjected to a sham operation (Sham) whereas rats fed a

high fat diet (HFD) were subjected to myocardial infarction (MI) in the presence or absence of
modified citrus pectin (MCP).

Sham HFD-MI HFD-MI MCP
Body weight (g) 356.1 +6.15 304.8 9.7 ** 4075+ 11.55 **
Adiposity index (%) 457 +0.41 10.82 + 0.86 *** 10.50 + 0.73 ***
LVEF (%) 80.95 + 0.99 70.147 + 1.02 ** 75.349 + 3.5
E/A ratio 0.96 + 0.04 0.79 +0.05 * 0.975 +0.029 #
SBP (mmHg) 124.3 + 1.704 129.5 + 1.708 129.9 +0.911
Relative heart weight 15, 004 0.264 +0.005 * 0.275 + 0.007 **
(g/cm tibia)
Cardiac fibrosis (%) 1.856 + 0.15 5124 +042 %% 3146+ 0.14 ** #4#
Creatinine (mg/dl) 0.31+0.014 0.31£0.01 0.29 +£0.02

Data is expressed as means + SEM of 8-10 animals. SBP: systolic blood pressure; LV: left ventricle;
LVEF: left ventricle ejection fraction. *p < 0.05; **p < 0.01; **p < 0.001 versus Sham group. #p <
0.05; ##p <0.01;, ###p <0.001 versus HFD-MI group.
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1. Effects of Galectin-3 inhibition on renal fibrosis in MI obese animals.

Despite the well-known profibrotic role of Gal-3 in different pathological
contexts, including obesity and MI, the underlying mechanisms are not totally
defined. To investigate the potential involvement of Gal-3 in the renal
consequences of MI in the context of obesity, a group of animals was treated with

the Gal-3 activity inhibitor MCP.

At renal level, despite the absence of alterations in creatinine serum levels, HFD-
MI animals presented a renal increase in NGAL mRNA levels in comparison to
the control group, effect that the treatment with MCP was able to prevent (Figure
27A). The protective effect of MCP on NGAL renal levels was accompanied by a

reduction in both Gal-3 gene and protein levels, as illustrated in Figure 27B.
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Figure 27. Beneficial effect of MCP on NGAL and Galectin-3 renal levels in HFD-MI
animals. (A) mRNA levels of neutrophil gelatinase-associated lipocalin (NGAL), (B) mRNA
and protein levels of Galectin-3 (Gal-3) in kidneys from rats fed a high fat diet (HFD) and
subjected to myocardial infarction (MI) in the presence or absence of modified citrus pectin
(MCP) treatment. Bar graphs represent the mean + SEM of 8-10 animals normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for protein or hypoxanthine-
guanine phosphoribosyltransferase (HPRT). *p < 0.05; **p < 0.001 versus Sham animals. t p
<0.05; tt p <0.01 versus HFD-MI group.
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At structural level, HFD-MI animals exhibited similar glomerular area to sham

animals regardless of MCP treatment (Figure 28A-B). Nevertheless, obese-
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infarcted animals displayed not only glomerular but also interstitial and
perivascular fibrosis, as illustrated in Figures 28 A-E. Additional analysis showed
that the observed renal fibrosis resulted from a reduction in the matrix
metalloproteinase 2 (MMP-2) activity (Figure 29A) and an increase in Collagen
type IV and fibronectin, along with an elevation of the profibrotic mediators TGF-
 and a-SMA protein levels (Figure 29C). Similar findings were observed at the
mRNA levels (Figure 29B). The pharmacological inhibition of Gal-3 activity
successfully normalized all these outcomes except for the fibronectin protein
levels. Notably, matrix metalloproteinase 9 (MMP-9) activity and collagen type I

protein levels remained unchanged in all studied groups (Figures 29 A, C).
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Figure 28. Effect of Galectin-3 inhibition on renal fibrosis in HFD-MI animals. (A)
Representative microphotographs (20x magnification) of renal cortex sections staining with

haematoxylin-eosin for glomerular area analysis or picrosirius red for fibrosis analysis.

Quantification of (B) glomerular area, (C) interstitial fibrosis, (D) glomerular fibrosis and (E)
perivascular fibrosis in kidneys from rats fed a high fat diet (HFD) and subjected to
myocardial infarction (MI) in the presence or absence of modified citrus pectin (MCP)
treatment. Bar graphs represent the mean + SEM of 8-10 animals. *p < 0.05; **p < 0.01 versus

Sham animals. t+ p < 0.05; t+ p < 0.01 versus HFD-MI group.
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Figure 29. Effect of Galectin-3 inhibition on extracellular matrix synthesis and
degradation in HFD-MI animals. (A) Matrix metalloproteinase 2 (MMP-2) and 9 (MMP-9)
renal activity reduction in HFD-MI animals. (B) renal mRNA and (C) protein levels of
collagen type I, collagen type 1V, fibronectin (FN), transforming growth factor beta (TGF-{3)
and alpha-smooth muscle actin (a-SMA) in in kidneys from rats fed a high fat diet (HFD)
and subjected to myocardial infarction (MI) in the presence or absence of modified citrus
pectin (MCP) treatment. Bar graphs represent the mean + SEM of 8-10 animals normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for protein or hypoxanthine-
guanine phosphoribosyltransferase (HPRT). *p < 0.05; **p < 0.01; ***p < 0.001 versus Sham
animals. + p < 0.05; t+ p < 0.01 versus HFD-MI group.
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2. Effects of Galectin-3 inhibition on renal oxidative stress and
inflammation in MI obese animals.

As depicted in Figure 30A-B, HFD-MI animals presented higher levels of
superoxide anions indicated by a renal elevation in the fluorescence intensity as
compared to control animals. This prooxidant environment seems to be due to
an increase in the production of ROS without modifications in the antioxidant

defence, evaluated by catalase protein levels (Figure 30C).

The mentioned prooxidant environment was accompanied by an inflammatory
response characterized by elevated levels of proinflammatory cytokines such as
OPN, IL-6 and TNF-a without modifications in CCL-2 mRNA levels as compared
with control group (Figure 30D). MCP treatment was able to mitigate the increase
in superoxide anions and proinflammatory markers in the kidney of the obese

infarcted animals.
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Figure 30. Effect of Galectin-3 inhibition on oxidative stress and inflammation in HFD-
MI animals. (A-B) Representative microphotographs and quantification of renal cortex
sections labelled with the oxidative dye dihydroethidium (40X magnification). (C) Renal
protein levels of catalase and (D) Renal mRNA levels of osteopontin (OPN), interleukin-6
(IL-6), tumor necrosis factor-alpha (TNF-a), C-C motif chemokine ligand 2 (CCL-2) in
kidneys from rats fed a high fat diet (HFD) and subjected to myocardial infarction (MI) in
the presence or absence of modified citrus pectin (MCP) treatment. Bar graphs represent the
mean + SEM of 8-10 animals normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) for protein or hypoxanthine-guanine phosphoribosyltransferase (HPRT). *p <
0.05; **p <0.01 versus Sham animals. + p < 0.05; t+ p < 0.01 versus HFD-MI group.

3. Galectin-3 downregulates microRNA let-7f-5p in MI obese animals.

In order to further comprehend the mechanisms contributing to renal damage in
concomitant obesity and MI, plasma samples from Sham and HFD-MI animals
were screened to identify microRNAs relevant to this pathological context. Out

of 179 microRNAs examined, 151 were detected in the microarray. 47 of the
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detected microRNAs presented significant alterations between the control and
HFD-MI group. Specifically, 36 microRNAs were decreased while 11 presented
an increase of more than two-fold (Figure 31). Among them, the 5 most
differentially expressed microRNAs between the two groups were selected for
further analysis, being let-7f-5p, miR-17-5p, miR-144-5p and miR-339-3p down-
regulated and miR-485-3p up-regulated (Table 15).

179miRNAs candidates
for screening

& 28 undetected miRNAs

151 miRNAs

102 non-altered
among groups

48 significantly altered
amongboth groups

I
Highest differences

Down-regulated \P Up-regulated
]et-'?f-SP Il‘liR-485-3p
miR-17-5p
miR-144-5p
miR-339-3p
Figure 31. Visual representation in the form of a flow chart delineating the sequential approach

for microRNA selection.

Table 15. microRNA expression in plasma samples from sham and HFD-MI animals.

Ct Values Fold-change Fold-
Sham HFD-MI (CT/HFD-MI) regulation
let-7£-5p 293 31.97 0.3763 2.6574
miR-17-5p 323 35 0.3686 27132
miR-144-5p 3237 34.64 0.4965 22,0139
miR-339-3p 29.73 35 0.0621 161113
miR-485-3p 35 33.78 5.579 5.579

Next, we verified the expression of these microRNAs in the renal samples from

our in-vivo model in order to assess whether the circulating levels mirror the
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expression of these microRNAs at tissue level and to also explore the potential
influence of Gal-3 inhibition on them. The obese animals with MI showed a
decrease in all the five microRNAs (Figure 32A-E), however, Gal-3 inhibition had
a significant effect only on the let-7f-5p levels (Figure 32A), showing that in this

pathological scenario Gal-3 could exert its effects through the downregulation of

let-7{-5p.
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Figure 32. Effect of Galectin-3 inhibition on microRNA renal expression in HFD-MI
animals. Renal expression levels of (A) let-7f-5p; (B) miR-17-5p; (C) miR-144-5p; (D) miR-
339-3p and (E) miR-485-3p in kidneys from rats fed a high fat diet (HFD) and subjected to
myocardial infarction (MI) in the presence or absence of modified citrus pectin (MCP)
treatment. Bar graphs represent the mean + SEM of 8-10 animals normalized to U6 gene for
cDNA. *p < 0.05; **p < 0.01; **p < 0.001 versus Sham animals. t p < 0.05 versus HFD-MI
group.
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To investigate whether let-7f-5p might function as a potential mediator of Gal-3,
tools such as mirWalk 2.0 [377] and tarbase v.7 [378] were used to in-silico predict
relevant pathways and targets potentially regulated by this microRNA in our
animal model. Figure 33 illustrates the Log 10 (p-values) of the significantly
enriched pathways identified through mirPath v.3 and v4.0 [368, 369].
Interestingly, out of the prediction analysis of let-7f-5p revealed ECM-receptor
interaction as the most significant pathway. The fact that, the pharmacological
inhibition of Gal-3 prompted the recovery of let-7f-5p levels, which was
accompanied by a reduction in renal fibrosis in MCP-treated rats that suggests

let-7f-5p may serve as a novel mediator of the profibrotic actions of Gal-3 in HFD-

MI animals.
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Figure 33. Target genes and pathway prediction analysis of let-7f-5p. Figure represents the Log
10 (p-values) of the significantly enriched pathways identified through mirPath v.3 and Tarbase.

Furthermore, the predictive analysis of let-7f-5p indicated potential involvement
in protein processing within the endoplasmic reticulum, particularly targeting

ATF4 and ATF63 genes, as well as the Hippo signalling pathway, which emerged
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as other potential mechanisms associated with the actions of let-7f-5p. In this
context, HFD-MI animals presented ER stress, as evidenced by elevated levels of
BiP protein and mRNA levels (Figure 34A-B). Treatment with MCP was able to
mitigate this upregulation in the ER stress marker as well as in PDIA6 protein
levels. The ER stress response in the non-treated animals was characterized by
an elevation in ATF6f3, ATF4, ATF6a and CHOP levels (Figure 34), as well as an
increase in the total levels of XBP1 non-dependent of modulations in its splicing
(Figure 34C). Pharmacological inhibition of Gal-3 not only prevented the increase
in ATF6P but also attenuated the activation of the other downstream effectors

associated with ER stress.
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Figure 34. Effect of Galectin-3 inhibition on endoplasmic reticulum stress in HFD-MI
animals. (A) Renal protein levels and (B) mRNA levels of immunoglobulin binding protein
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(BiP), protein disulfide isomerase family A member 6 (PDIA6), activating transcription factor
4 (ATF4), activating transcription factor 6 alpha (ATF6a), CCAAT-enhancer-binding
homologous protein (CHOP) and activating transcription factor 6 beta (ATF6[3). X-Box
binding protein 1 (XBP1) mRNA levels in its (C) spliced form (sXBP1), unspliced form
(usXBP1) and total levels (tXBP1) in kidneys from rats fed a high fat diet (HFD) and subjected
to myocardial infarction (MI) in the presence or absence of modified citrus pectin (MCP)
treatment. Bar graphs represent the mean + SEM of 8-10 animals normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for protein or hypoxanthine-
guanine phosphoribosyltransferase (HPRT). *p < 0.05; **p < 0.01 versus Sham animals. t p <
0.05; tt p <0.01 versus HFD-MI group.

In relation to the Hippo signalling pathway, the main effectors and target genes
of this pathway were evaluated. Kidney samples from the HFD-MI group of
animals had higher gene expression of LATS1, YAP1 and TEAD1 (Figure 35A) as
well as an upregulation of the main target genes of this pathway (Figure 35B)
when compared to the control group, confirming the activation of the Hippo-

YAP pathway in this context.

As the Hippo pathway limits YAP1 function via phosphorylation of serine
residues [379], western blot assessment of the protein levels of YAP1 and its
phosphorylated form (pYAP1) was performed. HFD-MI animals presented a
decrease in the pYAP1/tYAP1 ratio (Figure 35C), suggesting that in this
pathological context, YAP1 is exerting its role as a transcriptional coactivator of
the target genes. MCP successfully prevented the increase in mRNA levels of
LATS1, YAP1 and TEADI, as well as the decrease in YAP1 phosphorylation,

confirming the role of Gal-3 in the activation of this signalling pathway.
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Figure 35. Effect of Galectin-3 inhibition on the Hippo signalling pathway in HFD-MI
animals. (A) Renal mRNA levels of large tumor suppressor kinase 1 (LATS1), Yesl
associated transcriptional regulator (YAP1) and TEA domain transcription factor 1 (TEAD1).
(B) Renal mRNA levels of Snail family transcriptional repressor 1 (SNAIL), Snail family
transcriptional repressor 2 (SLUG) and connective tissue growth factor (CTGF). (C) Renal
phosphorylated and total YAP1 protein levels (pYAP/tYAP1 ratio) in kidneys from rats fed
a high fat diet (HFD) and subjected to myocardial infarction (MI) in the presence or absence
of modified citrus pectin (MCP) treatment. Bar graphs represent the mean + SEM of 8-10
animals normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for protein or
hypoxanthine-guanine phosphoribosyltransferase (HPRT). *p < 0.05; **p < 0.01; **p < 0.001
versus Sham animals. + p < 0.05; t+ p <0.01; ++1 p <0.001 versus HFD-MI group.

4. Galectin-3 downregulates let-7f-5p, activates ER stress and modulates
the Hippo-YAP pathway in HK-2 cells.

To assess the direct impact of Gal-3 on let-7f-5p, a dose and time response
experiment was conducted in human epithelial cells from the kidney proximal
tubule (HK-2 cell line). In this experiment, the effect of Gal-3 on the acute injury

marker NGAL was used to select the dose of 10°M for future experiments, as the
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only significant changes in its expression were seen in cells treated with that

concentration after a 6-hour stimulation (Figure 36).
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Figure 36. Galectin-3 induces NGAL expression in a time-dependent pattern in renal
epithelial cells. Neutrophil gelatinase-associated lipocalin (NGAL) mRNA levels in HK-2 cells
stimulated with Galectin-3 (Gal-3; 1078-107°M) after (A) 3-hour stimulation, (B) 6-hour
stimulation, (C) 12-hour stimulation and (D) 24-hour stimulation. Bar graphs represent the
mean * SEM of 4-6 assays normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). *p < 0.05 versus control cells.

Next, to investigate the potential involvement of Gal-3 in let-7f-5p modulation,
ER stress and the Hippo-YAP pathway, we stimulated HK-2 cells with Gal-3 (10-
‘M) at different times (3-24 hours). We confirmed that Gal-3 induces an early
reduction in let-7f-5p mRNA expression after 3 hours of stimulation (Figure 37
A) that was accompanied by a tendency of increment in Collagen type I and TGF-
B (Figure 37B-C).
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Figure 37. Galectin-3 down-regulates let-7f-5p and modulates extracellular matrix in renal
epithelial cells. mRNA levels of (A) let-7f-5p, (B) collagen type I and, (C) transforming growth
factor beta (TGF-B) in HK-2 cells stimulated with Galectin-3 (Gal-3; 10~M) for 3-24 hours. Bar
graphs represent the mean + SEM of 4-6 assays normalized to U6 for the microRNA or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for cDNA. *p <0.05 versus control cells.

These modulations in the microRNA and the ECM were concomitant with the
activation of ER stress, characterized by enhanced expression of BiP, ATF4,
ATF6a, ATF6p and CHOP (Figure 38). Additionally, Gal-3 also modulated the
Hippo-YAP pathway, as evidenced by the increased levels of the effectors
LATS1, YAP1 and TEAD], and the target genes SNAIL, SLUG, CTGF and BIRC2
(Figure 39).
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Figure 38. Galectin-3 activates endoplasmic reticulum stress in renal epithelial cells. mRNA
levels of (A) Immunoglobulin binding protein (BIP), (B) Activating transcription factor 4
(ATF4), (C) Activating transcription factor 6-alpha (ATF6a), (D) Activating transcription
factor 6-beta (ATF6f3) and (E) CCAAT-enhancer-binding homologous protein (CHOP) in HK-
2 cells stimulated with Galectin-3 (Gal-3; 10~°M) for 3-24 hours. Bar graphs represent the mean
+ SEM of 4-6 assays normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). *p
<0.05; **p < 0.01; **p <0.001 versus control cells.
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Figure 39. Galectin-3 modulates the Hippo signalling pathway in renal epithelial cells.
mRNA levels of (A) Large tumor suppressor kinase 1 (LATS1), (B) Yesl associated
transcriptional regulator (YAP1), (C) TEA domain transcription factor 1 (TEAD1), (D) Snail
family transcriptional repressor 1 (SNAIL), (E) Snail family transcriptional repressor 2 (SLUG),
(F) connective tissue growth factor (CTGF) and (G) Baculoviral IAP Repeat Containing 2
(BIRC2) in HK-2 cells stimulated with Galectin-3 (Gal-3; 107°M) for 3-24 hours. Bar graphs
represent the mean = SEM of 4-6 assays normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). *p < 0.05; **p < 0.01; ***p < 0.001 versus control cells.

5. Let-7f-5p contributes to the activation of ER stress and modulates ECM
components.

In order to go in depth about the implications of let-7f-5p as a mediator of the
Gal-3 effects in the kidney, several genetic modulation experiments were
performed. First, transfection with a mimic (agomir) or an inhibitor (antagomir)
construct in basal conditions was conducted. As expected, as shown in Figure
40A, agomir transfection induced an important increase in the let-7f-5p mRNA
levels whereas the antagomir decreased its levels (Figure 40B), demonstrating the

effectiveness of both constructs.
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Figure 40. Effects of (A) mimic or (B) inhibitor transfection on let-7f-5p mRNA levels in non-
stimulated HK-2 cells. Transfected cells with a mNTC (mimic Non-Target Control) or with a
iNTC construct (inhibitor non-target control) were used as control cells. Scatter plots represent
the mean + SEM of 10-12 assays normalized to U6. **p < 0.001 versus mNTC cells. t+ p <0.05
versus iNTC cells.

Neither of the transfected constructs were able to modulate the gene expression

of Gal-3 (Figure 41A), demonstrating that let-7f-5p is a downstream target of Gal-
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3. Also, we demonstrated that transfection with either the mimic or the inhibitor
did not change mRNA levels of the acute injury marker NGAL (Figure 41B).
However, lower levels of let-7f-5p were associated with higher expression of ER
stress marker BiP and the ECM component collagen type I, as well as with a

tendency to increase levels of ATF6p (Figure 41C-E).

In basal conditions, cells transfected with the mimic construct showed a declining
tendency in mRNA levels of both BiP and ATF6p3, as well a significant decrease
in collagen type IV levels (Figure 41F). All these data suggest the implication of

let-7f-5p in both the ER stress activation and the ECM production.
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Figure 41. Effects of mimic or inhibitor transfection on (A) Galectin-3 (Gal-3), (B) Neutrophil
gelatinase-associated lipocalin (NGAL), (C) Immunoglobulin binding protein (BIP), (D)
Activating transcription factor 6-beta (ATF6f3), (E) Collagen type I and (F) collagen type IV
mRNA levels in non-stimulated HK-2 cells. Transfected cells with a mNTC (mimic Non-
Target Control) or with an iNTC construct (inhibitor non-target control) were used as control
cells. Scatter plots represent the mean + SEM of 10-12 assays normalized to hypoxanthine-
guanine phosphoribosyltransferase (HPRT). ***p < 0.001 versus mNTC cells. + p < 0.05 versus
iNTC cells.

6. Effects of ER stress activation on let-7f-5p, ECM and the Hippo
pathway.

Based on the in-silico predictions, ER stress could play an important role in Gal-3
and let-7f-5p induced renal damage. In order to evaluate the implications of ER
stress activation, a time response study was performed in HK-2 cells treated with
the pharmacological inductor of ER stress, tunicamycin, at 1.5 pg/ul, dose that

was based on previous data from our group [380].

As expected, tunicamycin induced ER stress activation, as the dose of 1.5 ug/ul
induced an important increase in the ER stress marker BiP at all time points
(Figure 42A). We confirmed the effectiveness of tunicamycin with the

downstream target ATF6« (Figure 42B).
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Figure 42. Tunicamycin effectiveness in ER stress activation. mRNA levels of (A)
Immunoglobulin binding protein (BIP), (B) Activating transcription factor 6-alpha (ATF6x) in
HK-2 cells stimulated with tunicamycin (TN; 1.5 ug/pl) for 3-12 hours. Bar graphs represent
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the mean =+ SEM of 4-6 assays normalized to hypoxanthine-guanine
phosphoribosyltransferase (HPRT). **p < 0.01; ***p < 0.001 versus control cells.

Next, we evaluated the possible implication of ER stress activation in the
expression of the microRNA, in the ECM production and in the Hippo pathway.
We observed no significant alterations in the expression of let-7f-5p that was
accompanied by an increase in collagen type I and the Hippo pathway effectors

YAP1 and TEADI1, mainly after 12-hour stimulation (Figure 43).
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Figure 43. Tunicamycin modulation of let-7f-5p, the ECM and the Hippo-YAP pathway in
renal epithelial cells. mRNA levels of (A) let-7f-5p, (B) collagen type I, (C) Yesl associated
transcriptional regulator (YAP1), (D) TEA domain transcription factor 1 (TEAD1) in HK-2 cells
stimulated with tunicamycin (TN; 1.5 pg/ul) for 3-12 hours. Bar graphs represent the mean +
SEM of 4-6 assays normalized to U6 for the microRNA or hypoxanthine-guanine
phosphoribosyltransferase (HPRT) for cDNA. *p < 0.05; **p < 0.01 versus control cells.

- 148 -



Results

7. The downregulation of let-7f-5p contributes to the modulation of the
Hippo-YAP pathway through ER stress activation.

Bearing in mind the fact that let-7f-5p is downregulated in the pathological
context and that the in-silico studies predicted the possible implication of let-7-
5p on the activation of ER stress and the Hippo pathway, an increase in its
expression could potentially play a beneficial role. In order to confirm that
hypothesis, HK-2 cells were stimulated with the pharmacological activator of ER
stress, Tunicamycin (TN; 1.5ug/ul), for 12 hours in presence (mimic) or absence

(mNTC) of the let-7f-5p agomir.

We confirmed that the pharmacological activation of ER stress did not modify
the levels of let-7f-5p mRNA in HK-2 cells (Figure 44) but as expected, increased
the expression of the ER stress marker BiP, along with other ER stress genes such
as ATF4, ATF6a, ATF6p3 and CHOP (Figure 45). Let-7f-5p mimic transfection
modulated ATF4 and prevented the increase in ATF63 mRNA levels (Figure
45D).
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Figure 44. Tunicamycin does not induce modification in the expression of let-7f-5p in renal
epithelial cells. Let-7f-5p mRNA levels in in HK-2 cells stimulated with tunicamycin (TN; 1.5
ug/ul) for 12 hours in the presence or absence of a mimic or a mNTC (mimic non-target
control) construct. Scatter plots represent the mean + SEM of 4-6 assays normalized to U6. **p
<0.01, **p <0.001 versus mNTC cells. +1t p < 0.001 versus TN + mNTC cells.
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Figure 45. Tunicamycin activates endoplasmic reticulum stress in renal epithelial cells.
mRNA levels of (A) Inmunoglobulin binding protein (BIP), (B) Activating transcription factor
4 (ATF4), (C) Activating transcription factor 6-alpha (ATF6a), (D) Activating transcription
factor 6-beta (ATF6f3) and (E) CCAAT-enhancer-binding homologous protein (CHOP) in HK-
2 cells stimulated with tunicamycin (TN; 1.5 pg/ul) for 12 hours in the presence or absence of
a mimic or a mNTC (mimic non-target control) construct. Scatter plots represent the mean +
SEM of 4-6 assays normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT).
**p <0.01, ***p < 0.001 versus mNTC cells. + p <0.05, +t p <0.01 versus TN + mNTC cells.

To explore the potential of ATF6p as a direct target gene of let-7f-5p, luciferase
assays were conducted. As shown in Figure 46, HK-2 cells co-transfected with
the wild-type ATF6[3 plasmid construct and let-7f-5p mimic exhibited a reduction

in relative luciferase activity as compared to cells co-transfected with the same
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plasmid construct but a let-7f-5p scramble. This decrease indicates the direct
interaction between let-7f-5p and ATF63, demonstrating its role as a direct target

of this microRNA and its involvement in ER stress activation specifically through

ATF6p.
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Figure 46. ATF6p is a direct target of let-7f-5p. Firefly relative luciferase activity from HK-2
cells transfected with a plasmid construct that contains either the ATF6f wild type (WT) or
the ATF6 mutant (Mut) sequences in the presence of a let-7f-5p mimic or its negative control
(mNTC). Scatter plots represent the mean + SEM of 5 assays normalized to renilla luciferase
activity. *p < 0.05 versus mNTC co-transfected cells.

Considering these findings, we evaluated the possible relevance of ATF6[3 in the
animal model. The data showed a negative correlation between let-7f-5p and the
target gene (Figure 47A). Interestingly, ATF6[3 was also correlated with the levels
of Gal-3 and of NGAL (Figure 47B-C), as well as with mediators of renal fibrosis,
ER stress and the Hippo pathway such as collagen I, collagen IV, BiP, ATF6a and
YAP1 (Figure 47D-H). All these correlations suggest the possible involvement of

ER stress in the renal alterations associated with MI in the context of obesity.
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Figure 47. ATF6p correlations in the animal model of obesity and MI. Correlation between
Activating transcription factor 6-beta (ATF6p) and (A) let-7f-5p, (B) Galectin-3 (Gal-3), (C)
Neutrophil gelatinase-associated lipocalin (NGAL), (D) Collagen type I, (E) Collagen type IV, (F
Immunoglobulin binding protein (BIP), (G) Activating transcription factor 6-alpha (ATF6a) or
(H) Yes1 associated transcriptional regulator (YAP1).

Furthermore, let-7f-5p rescue in HK-2 cells resulted in a reduction of the elevated

expression of Collagen type I observed in the tunicamycin treated cells (Figure

48A) but did not change the rise in the profibrotic mediator TGF- or the injury

marker NGAL (Figure 48B-C).
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Figure 48. Let-7f-5p overexpression prevents tunicamycin-induced increase in ECM in renal
epithelial cells. mRNA levels of (A) Collagen type L, (B) Collagen type IV and (C) Neutrophil
gelatinase-associated lipocalin (NGAL) in HK-2 cells stimulated with tunicamycin (TN; 1.5
ug/ul) for 12 hours in the presence or absence of a mimic or a mNTC (mimic non-target
control) construct. Scatter plots represent the mean + SEM of 4-6 assays normalized to
hypoxanthine-guanine phosphoribosyltransferase (HPRT). **p < 0.01, **p < 0.001 versus
mNTC cells. t+ p <0.01 versus TN + mNTC cells.

Regarding the Hippo signalling pathway, activation of ER stress led to a decrease
in the kinase LATS1 that was accompanied by an increase in the expression of
YAP1 and TEAD1 (Figure 49A-C). Treatment with tunicamycin resulted in a
decrease in phosphorylated YAP1 protein levels (Figure 49D), demonstrating
that ER stress activation inhibits the Hippo-YAP pathway, thereby enhancing the
transcription of target genes. Moreover, cells stimulated with tunicamycin
presented elevated mRNA levels in target genes of this pathway such as SLUG
and BIRC2 (Figure 50B-C) with no alterations in SNAIL and a decrease in CTGF
(figure 50 A, D), demonstrating the involvement of ER stress in the Hippo-YAP
pathway. In this context, upregulation of let-7f-5p was able to modulate not only
YAP1 expression and its phosphorylation but also the mRNA levels of the target
gene SLUG.
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Figure 49. Let-7f-5p overexpression reverts the tunicamycin-induced modulations in the
hippo pathway effectors in renal epithelial cells. mRNA levels of (A) Large tumor
suppressor kinase 1 (LATS1), (B) Yesl associated transcriptional regulator (YAP1) and (C)
TEA domain transcription factor 1 (TEAD1). (D) phosphoryalated and total YAP1 protein
levels (pYAP/tYAPI ratio) in HK-2 cells stimulated with tunicamycin (TN; 1.5 pg/ul) for 12
hours in the presence or absence of a mimic or a mNTC (mimic non-target control) construct.

Scatter plots represent the mean + SEM of 4-6 assays normalized to hypoxanthine-guanine
phosphoribosyltransferase (HPRT). *p < 0.05, **p < 0.001 versus mNTC cells. t++t p < 0.001
versus TN + mNTC cells.
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Figure 50. Let-7f-5p overexpression effects in the tunicamycin-induced modulations in the
hippo pathway target genes in renal epithelial cells. mRNA levels of (A) Snail family
transcriptional repressor 1 (SNAIL), (B) Snail family transcriptional repressor 2 (SLUG), (C)
Baculoviral IAP Repeat Containing 2 (BIRC2) and (D) connective tissue growth factor (CTGF)
in HK-2 cells stimulated with tunicamycin (TN; 1.5 pg/ul) for 12 hours in the presence or
absence of a mimic or a mNTC (mimic non-target control) construct. Scatter plots represent
the mean =+ SEM of 4-6 assays normalized to hypoxanthine-guanine
phosphoribosyltransferase (HPRT). *p < 0.05, **p < 0.01, **p < 0.001 versus mNTC cells. t+1 p
<0.01, +tt p <0.001 versus TN + mNTC cells.

Although functional protein association networks and enrichment analysis by
String [381] or cytoscape [382] show two distinct clusters between the regulated
targets (Figure 51), the previous results suggest that let-7f-5p acts as the link
between ER stress and Hippo pathway as well as the development of fibrotic

phenotypes.
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LATSH

Figure 51. String interaction network of let-7f-5p regulated genes points to two independent
signalling clusters, Hippo/ECM/Gal-3 and the ER stress pathways. Genes included in the
analysis: Atf4, Atf6, Atféb, Collal, Col4al, Ccn2 (CTGEF), Hspa5 (BiP), Latsl, Len2 (NGAL),
Snail (SNAIL), Snai2 (SLUG), Teadl, Yapl, Lgals3 (Gal-3)

8. Effects of ER stress inhibition in MI obese animals.

Based on the earlier findings that suggests ER stress activation might play an
important role in the renal damage via the interaction of let-7f-5p and ATF6f3, we
explored whether the pharmacological inhibition of ER stress could improve the

renal deleterious consequences of myocardial infarction in the context of obesity.

First, we observed that similarly to what was seen in the MCP treated animals,
the treatment with the inhibitor of ER stress improved the structural and
functional cardiac alterations present in the HFD-MI but did not have any effect
on the adiposity index or the body weight (Table 16). Regarding renal function
none of the groups presented any alterations in the creatinine serum levels as

compared to control animals (Table 16).
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Table 16. Effect of ER stress inhibition on HFD-MI induced alterations after 4 weeks of treatment.
Rats fed a normal diet were subjected to a sham operation (Sham) whereas rats fed a high fat diet

(HFD) were subjected to myocardial infarction (MI) in the presence or absence of 4-phenylbutyric
acid (4PBA).

Sham HFD-MI HFD-MI 4PBA
Body weight (g) 356.1 £ 6.15 394.8£9.7 % 3959 + 4.99
Adiposity index (%) 457 +0.41 10.82£0.86**  10.37 + 0.46 ***
LVEF (%) 80.95 + 0.9 70.147 +1.02 % 75.66 +1.81 #
E/A ratio 0.96 + 0.04 079 +0.05 * 1102 + 0.08 ##
SBP (mmHg) 124.3+1.704 129.5 +1.708 1262 £2.25
Relative heart weight 4 45 + 0,004 0257+0005%  0.2340.005 ##
(g/cm tibia)
Cardiac fibrosis (%) 1856+ 0.15 4989£039%*  3.12+0.136 ###*
Creatinine (mg/dl) 0.31+0.014 0.31+0.01 0.29 + 0.088

Data is expressed as means + SEM of 8-10 animals. SBP: systolic blood pressure; LV: left ventricle;
LVEE: left ventricle ejection fraction. *p < 0.05; **p < 0.01; ***p < 0.001 versus Sham group. #p <
0.05; #4p <0.01; ###p <0.001 versus HFD-MI group.

As we had previously described, animals fed a high fat diet followed by MI
presented ER stress activation, evidenced by elevated levels of protein and
mRNA of the marker BiP and the mediators ATF63, ATF4, ATF6a and CHOP.
This activation of ER stress was effectively mitigated by the administration of the
pharmacological inhibitor 4PBA, as illustrated in Figure 52A-B. Additionally,
4PBA was able to prevent the renal increase in the mRNA levels of the spliced

and unspliced forms of XBP1 observed in the non-treated animals (Figure 52C).
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Figure 52. Effect of 4PBA in the prevention of the renal increase in ER stress markers in
HFD-MI animals. (A) Renal protein levels and (B) mRNA levels of immunoglobulin binding
protein (BiP), protein disulfide isomerase family A member 6 (PDIA®6), activating transcription
factor 4 (ATF4), activating transcription factor 6 alpha (ATF6a), CCAAT-enhancer-binding
homologous protein (CHOP) and activating transcription factor 6 beta (ATF6[3). X-Box
binding protein 1 (XBP1) mRNA levels in its (C) spliced form (sXBP1), unspliced form
(usXBP1) and total levels (tXBP1) in kidneys from rats fed a high fat diet (HFD) and subjected
to myocardial infarction (MI) in the presence or absence of 4-phenylbutyric acid (4PBA)
treatment. Bar graphs represent the mean + SEM of 8-10 animals normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for protein or hypoxanthine-guanine
phosphoribosyltransferase (HPRT). *p < 0.05; **p < 0.01; **p < 0.001 versus Sham animals. + p
<0.05; tt p<0.01; tt+ p < 0.001 versus HFD-MI group.

Besides its effectivity in ER stress inactivation, treatment with 4PBA was also able
to prevent the upregulation of the acute injury marker NGAL observed in the
HFD-MI animals (Figure 53A). However, the inhibition of ER stress in the obese

animals with MI did not modulate the decline in let-7f-5p mRINA levels observed
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in the untreated animals (Figure 53B), therefore demonstrating that ER stress acts

as a downstream mediator of the microRNA actions.
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Figure 53. Effect of ER stress inhibition in the renal expression of NGAL and let-7f-5p.
mRNA levels of (A) mRNA levels of neutrophil gelatinase-associated lipocalin (NGAL) and
(B) let-7f-5p in kidneys from rats fed a high fat diet (HFD) and subjected to myocardial
infarction (MI) in the presence or absence of 4-phenylbutyric acid (4PBA) treatment. Bar
graphs represent the mean + SEM of 8-10 animals normalized U6 for the microRNA or
hypoxanthine-guanine phosphoribosyltransferase (HPRT) for cDNA. **p < 0.01; **p < 0.001
versus Sham animals. t+1 p <0.01 versus HFD-MI group.

9. Effects of ER stress inhibition on renal fibrosis in MI obese animals.

At structural level, regardless of the 4PBA treatment, HFD-MI animals presented
similar glomerular area (Figure 54A-B). Nonetheless, the presence of the
pharmacological inhibitor of ER stress was able to prevent the renal structural
alterations present in the non-treated animals such as the glomerular, interstitial,

and perivascular fibrosis (Figure 54A, C-E).
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Figure 54. Effect of ER stress inhibition on renal fibrosis. (A) Representative
microphotographs (20x magnification) of renal cortex sections staining with haematoxylin-
eosin for glomerular area analysis or picrosirius red for fibrosis analysis. Quantification of (B)
glomerular area, (C) interstitial fibrosis, (D) glomerular fibrosis and (E) perivascular fibrosis
in kidneys from rats fed a high fat diet (HFD) and subjected to myocardial infarction (MI) in
the presence or absence of 4-phenylbutyric acid (4PBA) treatment. Bar graphs represent the
mean + SEM of 8-10 animals. *p < 0.05; **p < 0.01 versus Sham animals. t+ p < 0.05; +1+ p <0.01
versus HFD-MI group.
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Further analysis revealed that obese animals with MI presented not only a renal
decrease in MMP-2 activity (Figure 55A) but also an exacerbation of the genetic
expression and protein levels of Collagen type IV, along with an elevation in
TGE-, fibronectin and a-SMA (Figure 55B, C). In this pro-fibrotic context, the
beneficial effects of ER stress inhibition can be attributed to a decline in the ECM
components synthesis and not to an increase in ECM degradation, as 4PBA did

not modulate the decrease in MMP activity seen in the untreated animals (Figure

55).
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Figure 55. Effect of ER stress inhibition on extracellular matrix synthesis and degradation
in HFD-MI animals. (A) Matrix metalloproteinase 2 (MMP-2) and 9 (MMP-9) renal activity
reduction in HFD-MI animals. (B) Renal mRNA and (C) protein levels of collagen type I,
collagen type IV, fibronectin (FN), transforming growth factor beta (TGF-3) and alpha-smooth
muscle actin (a-SMA) in in kidneys from rats fed a high fat diet (HFD) and subjected to
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myocardial infarction (MI) in the presence or absence of 4-phenylbutyric acid (4PBA)
treatment. Bar graphs represent the mean * SEM of 8-10 animals normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for protein or hypoxanthine-guanine
phosphoribosyltransferase (HPRT) for cDNA. *p < 0.05; **p < 0.01; **p < 0.001 versus Sham
animals. t+ p <0.01; ++t p <0.001 versus HFD-MI group.

10. Effects of ER stress inhibition on renal oxidative stress, inflammation,
and the Hippo-YAP pathway in MI obese animals.

As shown in Figure 56 A-B, obese animals with MI had an increase in fluorescence
intensity at renal level, indicating higher presence of superoxide anions.
Interestingly, lower presence of superoxide anions was observed in the obese
infarcted animals treated with the inhibitor of ER stress activation despite the
absence of changes in the antioxidant defence, evaluated by catalase protein
levels (Figure 56C). This prooxidant milieu was concomitant with an
inflammatory response characterized by an elevation in the mRNA levels of
proinflammatory cytokines such as OPN, IL-6 and TNF-a without changes in

CCL-2 expression that the treatment with 4PBA was able to blunt (Figure 56D).

- 162 -



Results

A. B.

Contoe [ 6100

E o *%
8~
L2 200
5 E
=)
W
- Hi
8°
Q% 35 - -
o=
=
= 0-

con [—— e _ | ™
=
150+ < . .
g = 7
55 ] = * s N
L — -
T T 14
o
't_,i'T'g 50+ %
i
0 0-

Opn I-6 Tnf-a Ccl-2

[] Sham [l HFD-MI  [] HFD-MI4PBA

Figure 56. Effect of ER stress inhibition on extracellular matrix synthesis and degradation
in HFD-MI animals. (A-B) Representative microphotographs and quantification of renal
cortex sections labelled with the oxidative dye dihydroethidium (40X magnification). (C)
Renal protein levels of catalase and (D) renal mRNA levels of osteopontin (OPN), interleukin-
6 (IL-6), tumor necrosis factor-alpha (TNF-a) and C-C motif chemokine ligand 2 (CCL-2) in
kidneys from rats fed a high fat diet (HFD) and subjected to myocardial infarction (MI) in the
presence or absence of 4-phenylbutyric acid (4PBA) treatment. Bar graphs represent the mean
+ SEM of 8-10 animals normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
for protein or hypoxanthine-guanine phosphoribosyltransferase (HPRT) for cDNA. *p < 0.05;
**p <0.01 versus Sham animals. +1 p <0.01; +t+ p <0.001 versus HFD-MI group.

Regarding the Hippo pathway, despite no significant effect on the pathway
effectors (Figure 57A), ER stress inhibition induced an increase in the
phosphorylation of YAP1 protein (Figure 57C) that could explain the decrease in
transcription of the target gene CTGF, and the tendency observed in SLUG
(Figure 57B).
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Figure 57. Effect of ER stress inhibition on the Hippo signalling pathway in HFD-MI
animals. (A) Renal mRNA levels of large tumor suppressor kinase 1 (LATS1), Yes1 associated
transcriptional regulator (YAP1) and TEA domain transcription factor 1 (TEAD1). (B) Renal
mRNA levels of Snail family transcriptional repressor 1 (SNAIL), Snail family transcriptional
repressor 2 (SLUG) and connective tissue growth factor (CTGF). (C) Renal phosphorylated
and total YAP1 protein levels (pYAP/tYAP1 ratio in kidneys from rats fed a high fat diet (HFD)
and subjected to myocardial infarction (MI) in the presence or absence of 4-phenylbutyric acid
(4PBA) treatment. Bar graphs represent the mean + SEM of 8-10 animals normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for protein or hypoxanthine-guanine
phosphoribosyltransferase (HPRT) for cDNA. *p < 0.05; **p < 0.01; ***p < 0.001 versus Sham
animals. t+ p <0.05; tt p <0.01; t+1 p <0.001 versus HFD-MI group.
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The shared pathology of the heart and kidneys significantly influences clinical
outcomes, as it has been widely observed that the development of renal
alterations in patients with cardiovascular diseases is associated with worse
prognosis and higher mortality [9, 10, 383]. These circumstances are usually
referred to as cardiorenal syndrome, a term that gathers the disorders of the heart
and kidneys, whereby acute or chronic dysfunction in one organ may induce
dysfunction in the other [1]. Out of the five different types of CRS, CRS-1, also
known as acute cardiorenal syndrome, is the most prevalent among CRS
diagnosed patients [3, 384]. CRS-1, characterized by AKI due to a deterioration
in cardiac function, has a complex pathophysiology that combines hemodynamic
and non-hemodynamic alterations over which treatments show no
improvement, therefore demonstrating the importance of exploring the involved

mechanisms in order to understand and assess new therapeutic targets.

Although deterioration in cardiac function can happen in a wide range of
diseases, the high incidence of MI worldwide [121] and its close association with
renal damage and widespread risk factors such as obesity and hypertension [123,
385] make MI a relevant clinical problem in the context of CRS. Moreover, early
detection of renal damage in MI patients is considered compulsory, as MI
patients with renal alterations experience poorer outcomes and lengthier
hospitalizations [4, 16]. In line with this, we have observed that patients with MI
presented higher plasma levels of the acute injury marker NGAL, confirming the
impact of Ml in the early damage of the renal tissue. In the clinical setting, serum
levels of NGAL are known to correlate with the severity of renal damage even
with normal creatinine levels [386], having been suggested as an important
biomarker in CRS diagnosis. Similarly, the in-vivo results herein presented show
that MI animals present an increase in NGAL and KIM-1 renal levels that is
accompanied by interstitial fibrosis and ECM overexpression in the kidney cortex

without changes in the renal function or in the glomerular area, therefore
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suggesting that fibrosis development is an early alteration in the renal injury 4

weeks post-MI.

Renal fibrosis development is a common structural alteration that is considered
a key factor in CRS progression, as it has been associated with renal impairment
and transition into irreversible damage such as CKD [154, 170]. Despite its
importance in CKD, current pharmacological approaches only ameliorate
fibrosis progression, not being able to revert renal fibrosis [387, 388], therefore
making it necessary to further understand the involved mechanisms. Whilst
multiple mechanisms have been suggested to possibly play a part in fibrosis, we
have confirmed the implication of Gal-3 in this context, as its pharmacological
inhibition by MCP prevented not only the interstitial, glomerular and
perivascular fibrosis at least, in part, by the amelioration of the imbalance in ECM
production and degradation observed in obese infarcted animals. These results
are coherent with the renal distribution of Gal-3, which has been described to be
predominantly found in the distal and collecting tubules of the kidney [223, 236],
regions included in the fibrotic area observed. Additionally, these results agree
with previous studies that showed the profibrotic role of Gal-3 in the kidney, as
it has been reported that inhibition of Gal-3 in animals with nephropathies
ameliorated renal interstitial fibrosis, cell apoptosis, ECM protein synthesis and,
therefore, kidney injury progression [225, 389]. Moreover, an increase in Gal-3
has also been previously described to induce renal fibrosis through the epithelial-
mesenchymal transition [239, 390], an important mechanism known to promote
myofibroblast upsurge [157]. These results suggest the potential therapeutic
relevance of Gal-3 in the progression of fibrosis in CRS-1; however, other

mechanisms have been associated with this pathological context.

Multiple studies have suggested that inflammation and oxidative stress are
highly involved in the progression of renal failure independently of the initial

damage, as both the inflammatory and hypoxic environment propitiate fibroblast
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activation and proliferation, promoting fibrosis in the affected tissues [391, 392].
In the cardiorenal axis the implication of inflammation has been widely proven
in experiments where macrophage depletion [393] and inhibition of
inflammatory mediators such as IL-6 or the NF-KB signalling was effective in the
reduction of cardiac and renal fibrosis in CRS animal models [94, 394]. Moreover,
inflammatory markers IL-6, TNF-a and C-reactive protein are well known
predictors of cardiovascular mortality in CKD, having considered biomarkers of
the severity of inflammation and progression of the disease [395, 396]. In line with
this, kidneys from infarcted animals in our animal model of CRS-1 presented an
increase in proinflammatory markers IL-6 and TNF-a as well as an upsurge in
superoxide anion levels and two end-products of lipid peroxidation, confirming
not only the presence a proinflammatory environment, but also a prooxidant one

at renal level 4 weeks post-MI.

This concomitance of inflammation and oxidative stress reinforce the theory that
both processes are intimately linked to the development of organ damage and
fibrosis in the CRS [391, 397]. The renal increase in superoxide anion and
consequent formation of lipid-peroxidation products 4-HNE and TBARS
observed in our animal model of MI demonstrates the implication of oxidative
stress in the CRS, results that are in agreement with previous studies that showed
CRS-1 is associated not only with an increase in ROS levels but also, with higher
expression of NOX2 and the apoptosis rate in the kidneys from animals subjected

to MI [398].

Over the past few years, it has been suggested that development of fibrosis and
organ damage in the CRS pathological context can be triggered by metabolic
changes other than inflammation and oxidative, for example by ER stress
activation. In CRS, pathophysiological changes in the haemodynamics and in the
components of the RAAS can alter the balance between the unfolded and

misfolded proteins due to the increased biosynthesis demand leading to ER stress
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and compromising cell survival, allowing the formation of a fibrotic wound [303,
399, 400]. In our study we observed not only that ER stress is activated at renal
level 4 weeks post-MI, but also that it correlates with tubulointerstitial fibrosis,
showing the possible role of ER stress in renal ECM production in CRS-1.
Accordingly, other studies have associated ER stress to myocardial or renal
fibrosis, however, the studies did not represent a pathological context of CRS. For
example, pharmacological inhibition of ER stress proved effective in the
reduction of collagen IV and fibronectin levels in both the renal tissue of a murine
model of diabetic kidney disease and in tunicamycin-treated renal cells [322].
Also, in a model of renal I/R injury genetic disruption of ATF6a, a downstream
mediator of UPR cascade prevented collagen I upregulation and promoted a
reduction in tubulointerstitial fibrosis [401]. Similarly, we have observed that
renal fibrosis was accompanied by renal increase in the protein levels of ATF6a
after MI without modifications in CHOP, a previously described mediator of

apoptosis [402].

ATF6a has been identified as a crucial regulator of lipid metabolism, as its
depletion decreases lipid accumulation in the kidneys of mice after I/R injury
[401]. The relationship between ER stress and PA-induced lipotoxicity has been
previously demonstrated by both Martinez-Garcia et al., who observed that PA
accumulation in intracellular lipid droplets was associated with insulin
resistance and ER stress in podocytes [376], and Hamada et al who proved ER
stress activation in PA-stimulated tubular epithelial cells [403]. However, the
specific effects of PA on renal fibroblast, the main cell type responsible for ECM
production and fibrosis development, was not previously assessed. In this study
we have confirmed the role of PA on ER stress activation in renal fibroblasts, and
we also proved that PA exerts profibrotic, prooxidant and proinflammatory
actions in renal cells, confirming its detrimental role. Since the pharmacological

inhibition of ER stress by 4-PBA was able to prevent all these modifications, it
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seems ER stress activation plays an important role in the PA effects seen in renal

fibroblasts.

4-PBA, a chemical chaperone that enhances protein folding and can stabilize
misfolded proteins in the ER lumen, is an FDA-approved drug for urea cycle
enzyme deficiencies due to its function as an ammonia scavenger [404]; however,
it has also shown promising results in the treatment of cystic fibrosis with few
side effects such as headache and nausea [405, 406]. In addition to the previously
described benefits of 4-PBA, in the current study we also show the beneficial
effects of this drug on Ang II-induced inflammation, ECM and ROS production
in renal fibroblasts. Similarly to what was previously reported in podocytes [407],
macrophages [408] and mesangial cells [409], we observed that Ang II is able to
induce ER stress in renal fibroblasts. In fact, previous studies have reported that
blockade of Ang II type I receptor (AT1R) with Valsartan was able to prevent ER

stress activation by PA in renal cells [410].

As has been previously mentioned, RAAS also promotes renal alterations. In this
sense, Ang II has been linked to several pathologies such as MI and CKD, as it
exerts hemodynamic and neurohormonal effects that can impair cardiovascular
and renal damage [411, 412], making treatment against the main effector of the
RAAS one of the standard clinical procedures for preserving cardiorenal function
[413]. High levels of Ang II are known to promote sarcolemic permeability, cell
death and increased vascular permeability due to endothelial cell damage, all of
which leads to the replacement of injured tissue by fibrotic one. Accordingly, in-
vitro studies have demonstrated that ATIR blockade or inhibition of the
Angiotensin  Converting Enzyme improves glomerular damage and
inflammatory infiltration in the kidneys [414, 415], with some improvement in

fibrosis [387, 416].

Furthermore, once RAAS is activated, Ang II can promote the progression of

organ fibrosis, inflammation and hypertrophy due to its implication in Gal-3
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expression and secretion [417]. It is known that an increase in Ang II levels
promotes the secretion of aldosterone, which then interacts with the
mineralocorticoid receptor (MR), activating it and triggering its translocation to
the nucleus, where it can bind to the promoter region of target genes such as the
gene encoding Gal-3 to act as recruitment factor that propitiates target
transcription [418-420]. As previously mentioned, the upregulation of Gal-3 can

then contribute to fibrosis in the context of cardiorenal injury [421].

In addition, Ang II can also exert detrimental effects due to the chronic activation
of mechanisms such as inflammation, ER stress and oxidative stress, which can
trigger the fibrotic response affecting organ function [422, 423]. With our results,
we confirmed that Ang II stimulation leads to higher genetic expression of Gal-3
in renal fibroblasts, a process that seems to be mediated by ER stress activation.
In a study from Bezerra Lins et al. in male Wistar rats demonstrated that
sustained administration of Ang II induced ER stress and oxidative stress,
whereas treatment with the AT1R inhibitor, losartan, reduced both ER and
oxidative stress markers, as well as prevented the decline in renal function [313].
In our animal model of MI, we observed higher plasmatic levels of Ang II in
infarcted animals as compared to control ones. Moreover, our results also show
that NFkB and ERK1/2 pathways mediate the profibrotic effects of Ang II
Overall, we corroborated the profibrotic, proinflammatory and prooxidant
effects of Ang II in renal fibroblasts, alterations that seem to be mediated by ER
stress activation since i) Ang II was able to induce ER stress and ii) 4-PBA
prevented the increase in Collagen I, superoxide anions, inflammatory markers

and Gal-3 in Ang II-treated fibroblasts.

As previously mentioned, MI development is usually concomitant to the
presence of obesity, an important risk factor for cardiovascular events that has
also proven to correlate with higher all-cause mortality rates, which can also

modulate prognosis in CRS. In recent years, researchers have realized the need
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to differentiate between adiposity-related CRS and non-adiposity related CRS,
giving those pathological contexts in which obesity is implicated the term
“cardiorenal metabolic syndrome” [13]. Although multiple pathophysiological
pathways such as haemodynamic impairment, insulin resistance, inflammation,
endothelial dysfunction and oxidative stress have been suggested to play a role
in the development of cardiorenal metabolic diseases, other mechanisms are yet

to be assessed.

As Gal-3 is an independent predictor of all-cause mortality in heart failure that
has also been associated with renal function impairment, it could be an
interesting potential biomarker as an early predictor of CRS or as a prognostic
value in patients with CRS. In the context of renal and cardiac physiopathology,
Gal-3 mediated profibrotic and proinflammatory signalling cascades in cells such
as macrophages, fibroblasts or endothelial cells result in the development of
chronic inflammation, fibrosis, and other mechanisms like oxidative stress,
consequently leading to organ dysfunction. In fact, several studies that
demonstrated the direct association between the Gal-3 levels, CRS-1
development, and mortality in patients with HF, have suggested it could possibly
be due to Gal-3 implication in inflammation and fibrosis [421, 424, 425]. Further
studies in animal models of cardiac [426, 427] and renal injury [225, 239] have
proven that Gal-3 modulation via depletion or pharmacological inhibition is an
effective therapeutic approach for the reduction of renal fibrosis, inflammation,
and oxidative stress. Our data adds a cardiorenal perspective into the previously
reported proinflammatory effects of Gal-3 and in the relationship between Gal-3
and oxidative stress, as our results show that along with its beneficial effects in
the normalization of fibrosis, MCP treatment was also able to blunt the increase
in pro-inflammatory cytokines OPN and TNF-a and the upsurge in superoxide

anions in the kidneys from obese MI animals.
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In recent years the aberrant expression of microRNAs, small non-coding RNAs
that act as post-transcriptional regulators, has been linked to a great variety of
processes involved in the development of many diseases [330, 338, 340].
MicroRNAs are of great clinical interest due to their potential role as diagnostic
markers and/or therapeutic targets for a wide range of illnesses. Due to the
sensitive machinery that regulates microRNA expression and functionality,
changes in the expression of a specific microRNA could inform of the presence
of a pathological environment prior to the start of symptoms [329]. Thanks to the
results of a microarray done in plasma samples, we were able to focus on five
microRNAs whose expression was significantly modulated as a consequence of
MI in the context of obesity. Specifically, we observed concomitant obesity and
MI were associated with the upregulation of miR-485-3p and with the
downregulation of let-7f-5p, miR-17-5p, miR-144-5p and miR-339-3p, which have
been linked to obesity, cardiac and/or renal diseases [428-431]. Further studies
done to assess whether the circulating levels mirror the tissue expression of these
microRNAs and the potential influence of Gal-3 on them demonstrated that
obese animals with MI presented a renal decrease in all the five microRNAs but

that Gal-3 inhibition only had significant effects on the let-7f-5p levels.

Similar to other members of the let-7 family, modulation in the let-7f expression
has been associated with multiple cardiovascular diseases. A 2019 study by
Chen-Yun et al. showed a significant downregulation in the circulating levels of
let-7f in samples from ST elevation MI (STEMI) patients, as well as in the infarct
area from both pig and mice 24 h after the ligation of the coronary artery,
although normal levels of let-7f were found after 6 days post-MI [432]. Inhibition
of let-7f by adenovirus exacerbated cardiomyocyte apoptosis and induced
cardiac hypertrophy with worsened LVEF, whereas its overexpression improved
cardiac function and reduced the fibrotic scaring, suggesting the possible

cardioprotective role of this microRNA in the pathological context of MI [432].
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Let-7f downregulation in STEMI patients was also evaluated in a different study
that demonstrated its potential diagnostic value to distinguish between STEMI
and takotsubo cardiomyopathy, a clinically indistinguishable pathology from
acute MI that presents a significant upregulation of this microRNA when
compared to STEMI [433]. Conversely, other studies have demonstrated that an
upregulation in the circulating levels of let-7f can be useful to differentiate
between spontaneous coronary artery dissection and atherothrombotic acute MI

[434].

Although not many studies have assessed let-7f levels in kidney diseases other
than cancer, some have suggested its possible implication in renal damage. Ichii
et al., have reported let-7f as one of the most abundantly expressed microRNAs
within the glomerulus of mice and have shown it is significantly downregulated
in both early and late glomerulonephritis [435]. In addition, sequencing results
have suggested that modulations in the urinary exosome-derived microRNA
pattern can indicate the presence of renal damage in cats, let-7f being one of the
proposed microRNAs due to its downregulated expression in animals with
kidney disease when compared to healthy ones [436]. Given the importance of
ischemic injury to the kidney, other studies assessed microRNA profiles in both
normoxic and hypoxic conditions and found that under 10-days hypoxic
exposure, let-7f renal expression tended to decrease, reduction that was

potentiated with d-opioid receptor activation [437].

Along with its implication in cardiovascular and kidney diseases, the let-7 family
has proven to be associated with changes in the lipid profile, insulin resistance
[438] and body weight, as its overexpression leads to a decrease in fat mass and
body size. In fact, knockdown of the let-7 family in diet-induced obesity
improved insulin sensitivity and prevented ectopic fat deposition in mice [439].
Different murine models of diet-induced obesity have demonstrated that obesity

is associated with a decrease in let-7f-5p circulating levels, whereas low-fat fed
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animals present an up-regulation of this microRNA [428, 440]. Moreover,
switching the obese animals to a low-fat feeding not only decrease body weight
and adiposity but also reversed the downregulation of let-7f-5p [440]. In the
clinical setting, studies done in a cohort of patients with both obesity and type 2
diabetes that underwent bariatric surgery showed that the decrease in BMI was
accompanied by changes in the microRNA circulating pattern after 21 days of
intervention. In that cohort let-7f-5p had the second largest increase after bariatric
surgery and was significantly expressed in the pituitary gland, which could
contribute to hormone release control [441]. The recovery of this microRNA
levels after bariatric surgery could be due to the reduction in visceral adipose
tissue, whose let-7f expression levels are known to be associated with obesity and
type 2 diabetes possibly through the regulation of the vascular endothelial

growth factor (VEGF) pathways, WNT signalling, and inflammation [442].

In accordance with the above, our data demonstrates that the concomitance of
obesity and MI does also show a marked downregulation in the circulating levels
of let-7f-5p that was also observed in the kidney cortex of the animals. In our
data, in-silico target prediction identified ECM-receptor interaction, protein
processing within the endoplasmic reticulum and the Hippo-signalling pathway
as potentially regulated pathways by let-7f-5p, all of which were significantly
modulated in obese animals with MI at renal level. Furthermore, the
pharmacological inhibition of Gal-3 both recovered let-7f-5p levels and
attenuated cortical fibrosis, ER stress and Hippo-signalling at renal level,
suggesting let-7f-5p downregulation might mediate Gal-3 renal consequences
through the modulation of the aforementioned signalling pathways in the

pathological scenario of obesity and ML

The Hippo pathway (depicted in Figure 58) is a well-conserved kinase cascade
that has a crucial role in adult organ size regulation, tissue regeneration and

tumour formation due to its implication in cell proliferation, differentiation and
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apoptosis [443, 444]. Both intracellular and extracellular inputs such as metabolic
state, ROS levels, cell-cell contact, matrix stiffness, mechanical cues and
hormonal signals can activate the core kinase cascade of the Hippo pathway [444-
446]. When the Hippo pathway is active MST1/2 and its cofactor SAV get
phosphorylated, allowing them to phosphorylate downstream proteins LATS1/2
and MOBIA/B. Consequently, the phosphorylated LATS1/2 further
phosphorylates the main effectors of this signalling pathway, YAP and TAZ,
preventing their translocation to the nucleus and contributing to its cytoplasmic
sequestration and degradation which hinders cell proliferation and organ
growth. On the contrary, inhibition of this pathway results in dephosphorylation
of the upstream kinases, allowing active YAP/TAZ to enter the nucleus, where
they will interact with the transcription factor TEAD, mediating transcription of
target genes involved in cell cycle, migration and cell fate such as CTGF, BIRC or
SNAIL which can promote epithelial-mesenchymal transition, cell proliferation

and tissue growth [443, 447].
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Figure 58. Schematic representation of the Hippo signalling pathway and its activation
inputs taken from Riley, SE et al. review paper [445].
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Dysregulation of the Hippo signalling pathway has been associated to multiple
disorders, from cancer [448] to cardiovascular [446, 449], renal [450, 451] and
hepatic [452] diseases among others. Several studies have found that the loss of
any component of the Hippo kinase cascade results in cell proliferation,
resistance to apoptosis and organ overgrowth [453], although depending on the
organ, the modulation of this cascade seems to have different roles in
remodelling and fibrinogenesis. As an example, in the developing kidneys LATS
deletion translates into increased fibrosis and myofibroblast presence [454],
whereas YAP/TAZ deletion disrupts cortical fibroblast and myofibroblast
development [455], therefore suggesting an anti-fibrotic role of the active Hippo
pathway. However, in the developing heart the same genetic deletion blunts
cardiac fibroblast proliferation which results in spontaneous transition into
myofibroblast phenotype, leading to organ damage due to a persistent pro-
fibrotic and pro-inflammatory environment [456]. Although the role of the Hippo
signalling pathway has been widely described in both cardiac and kidney
injuries, current bibliography shows only one study that has assessed its
involvement in the CRS pathological context. Specifically, in a murine model of
CRS-3, ROS-induced Hippo pathway activation seems to mediate cardiac
dysfunction in AKI animals [300]. In contrast, our data in an animal model of
CRS-1 demonstrates that the renal inactivation of the Hippo signalling pathway
in the obese MI animals, characterized by decreased levels of YAP
phosphorylation and increased expression of the pathway target genes, seems to
be triggered by the increase in Gal-3 levels, possibly via the downregulation of
let-7f-5p. The possible role of let-7f-5p in the Hippo pathway was only previously
suggested in colitis-associated cancer [457], whereas our results add a different
pathological perspective where Gal-3 might act as the trigger for let-7f-5p

alteration and consequent Hippo pathway modulation.
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Although previous reports have demonstrated the complex interplay between
Gal-3 and microRNAs, showing that Gal-3 is a target of a wide range of
microRNAs involved in pathological mechanisms such as tumour progression
[458, 459], inflammation [460], cardiomyocyte injury [370] and fibrosis [461], few
studies have demonstrated the role of Gal-3 over microRNA expression. The
results herein presented demonstrated for the first time the direct involvement
of Gal-3 in let-7f-5p modulation, as Gal-3 stimulation induces an early
downregulation of let-7f-5p expression in renal epithelial cells. In addition to the
changes in the microRNA we confirmed that Gal-3 enhances the expression of
ECM components, ER stress mediators and Hippo pathway effectors and targets,
possibly through the decrease in let-7f-5p levels, as our miRNA transfection
studies in non-stimulated cells corroborated that let-7f-5p is a downstream target
gene of Gal-3 that directly contributes to ER stress activation and ECM

modulation.

Further in-vitro validation confirmed ER stress acts as a downstream mediator of
let-7f-5p actions, as pharmacological activation of ER stress did not significantly
modify the expression of this microRNA but let-7f-5p overexpression did
modulate the levels of ATF4 and prevent the increase in ATF6 mRNA levels,
two of the let-7f-5p predicted target genes. In fact, the results from luciferase
assay show the direct interaction between let-7f-5p and ATF6(3, demonstrating
its role as a direct target of this microRNA and its involvement in ER stress

activation, specifically through ATF6p.

ATF6f is a member of the ATF/cAMP response element-binding (CREB) family
of transcription factors which play an important role in the UPR. Most studies
focused on the implication of another member of this family, ATF6a, whereas
ATF6B has been poorly studied. Although both members are functionally
associated with ER stress and cell viability, isoform-specific rates of generation

and degradation regulate the levels of both ATF6a and ATF6f3 during the ER
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stress response, leading to a competition for binding to ER stress elements such
as BiP, which translates into differential gene expression regulation depending
on which member conforms the transcriptional complexes [462]. Despite its high
degree of homology to ATF6a, due to structural differences among both isoforms
ATF6f exhibits lower transcriptional activity but higher stability than those of
ATF6a [462, 463]. Surprisingly, although ATF6 has been described as a weak
transcription factor that inhibits ATF6a in the heart, both genetic deletion of
ATF6a or ATF6[3 induces a similar reduction in the cardiac hypertrophy induced
by pressure overload in mice, suggesting both isoforms upregulate the same set
of genes, serving the same functional role in the UPR signalling [464]. Despite the
obvious functional redundancy between ATF6c and ATF603, several studies have
demonstrated that they also have different functions, as ATF6p but not ATF6«a
modulates Wfs1 transcription in the pancreatic cells and Plgf in placental ones
[465]. In our results, ATF63 correlated not only with let-7f-5p but also with the
levels of Gal-3, which could add isoform specificity to the results of a previous
study by Macke et al. that reported ATF6 depletion induces a decrease in Gal-3
expression [466]. Furthermore, ATF6[3 also correlated to the levels of NGAL,
renal fibrosis and even the Hippo-signalling pathway, suggesting the possible
involvement of ATF6P in the renal alterations associated with cardiorenal

syndrome in the context of MI and obesity.

In addition to the positive correlation between ATF6 and the Hippo pathway,
we demonstrated the direct involvement of ER stress activation in the Hippo
pathway inactivation in renal epithelial cells. These results are in agreement with
previous studies that also showed an association between UPR and the Hippo
pathway, mainly through YAP1 involvement [467, 468]. For example, in a study
regarding liver tumorigenesis, the authors demonstrated that pharmacological
inhibition of ER stress was associated with activated Hippo pathway, which

translated into decreased liver overgrowth. They also reported that YAP acts as
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a switch between the pro-apoptotic and pro-survival UPR responses. In cells
under ER stress conditions, YAP activation increased ATF6 cleavage and ER size
to promote cell survival, whereas cells undergoing chronic ER stress showed
activation of the Hippo signalling, which translates into decreased UPR and
increased cell death due to YAP degradation [453]. Moreover, we confirmed that
in this context an upregulation of let-7f-5p reverts Tunicamycin-induced
inactivation of the Hippo pathway, therefore enhancing target gene
transcription, which suggest that let-7f-5p could act as a connector between ER

stress and the Hippo signalling pathway.

Considering the previous data that suggested the implication of ER stress
activation in the renal damage via the interaction of let-7f-5p and ATF6[3, we
decided to assess whether the pharmacological inhibition of ER stress could
improve renal deleterious consequences of MI in the context of obesity. Similarly
to what was previously observed in other animal models of renal injury [469-
471], inhibition of ER stress in our animal model of CRS-1 proved effective in
reducing the severity of renal damage and cardiac alterations. Treatment with 4-
PBA, while effective in ER stress mitigation, also proved to decrease the
upregulation of the acute injury marker NGAL seen in the non-treated animals.
Moreover, this animal model allowed us to further confirm the downstream role
of ER stress in regard to let-7f-5p, as neither tunicamycin stimulation in cells nor
ER stress inhibition in the animals modulated this microRNA expression. 4-PBA
pharmacological inhibition of ER stress also demonstrated beneficial effects in
terms of prevention of the glomerular, interstitial and perivascular fibrosis, renal
oxidative stress and inflammation observed in obese infarcted animals,
demonstrating concomitant MI and obesity activate ER stress, which promotes
fibrosis, oxidative stress and inflammation in the kidney. Although functional
protein association networks and enrichment analysis show the Hippo pathway

and ER stress form two distinct clusters, we suggested that they could be linked
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by let-7f-5p actions. Data from this animal model reveals that ER stress inhibition
propitiates YAP1 phosphorylation and a decrease in Hippo pathway target genes
transcription, which combined with our in-vitro results in tunicamycin-treated

cells, clearly demonstrates the direct link between both pathways.

Therefore, our findings portray not only the renal consequences associated with
obesity and Ml-induced cardiorenal syndrome but also reveal the implication
and targeting relevance of the Gal-3/let-7f-5p/ER stress axis as a means to

alleviating the described renal damage in such pathological context.

I. Limitations

While this study provides valuable insights into the renal consequences
associated with obesity and Ml-induced cardiorenal syndrome and the

implication of certain mechanisms, some limitations should be acknowledged.

Regarding the clinical study, the fact that the average age of the MI patients is
significantly higher than that of the control subjects could be a bias for the
interpretation of the results. However, we have adjusted for age in our statistical
analysis through a multiple logistic regression, ensuring that the impact of the
different parameters considered are evaluated independently of age-related
effect, which reinforces the results' validity despite this potential limitation.
Furthermore, taking into account that the average age at which most MI occur in
Spainis around 68 years old and the fact that the cohort of MI patients presented
in this thesis is below such age, we do not consider it to be the most determining

factor.

Due to time constraints, certain experiments that could have provided additional
insights were not included in this study. While the conducted in-vitro

experiments offer valuable data and support the primary conclusions, further
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Discussion

analysis could have confirmed the suggested mediatory role of let-7f-5p of the
renal deleterious effects of Gal-3. These additional studies are recommended for

future research to build upon the current results
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Conclusions

1. The renal alterations observed in animals with myocardial infarction were
accompanied by an upregulation of Galectin-3 and the activation of

endoplasmic reticulum stress.

2. Galectin-3 participates in the renal damage associated with myocardial
infarction in the context of obesity by promoting renal fibrosis, oxidative

stress and a proinflammatory environment.

3. Myocardial infarction in the context of obesity activates endoplasmic
reticulum stress, which promotes renal fibrosis, oxidative stress and a

proinflammatory environment.

4. Myocardial infarction and obesity are associated with changes in the

microRNA the modulation of the microRNA pattern.

5. Downregulation of microRNA let-7f-5p appears as a potential mediator of
the renal deleterious effects of Gal-3 through the activation of endoplasmic

reticulum stress and the Hippo signalling pathway.

Altogether, Galectin-3, endoplasmic reticulum stress and let-7f-5p emerges as
three different pharmacological targets for the management of the renal
complications associated with cardiorenal syndrome in the context of myocardial

infarction and obesity.
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Myocardial infarction (Ml) is associated with renal alterations resulting in poor outcomes in
patients with MI. Renal fibrosis is a potent predictor of progression in patients and is often
accompanied by inflammation and oxidative stress; however, the mechanisms involved in
these alterations are not well established. Endoplasmic reticulum (ER) plays a central role in
protein processing and folding. An accumulation of unfolded proteins leads to ER dysfunc-
tion, termed ER stress. Since the kidney is the organ with highest protein synthesis fractional
rate, we herein investigated the effects of Ml on ER stress at renal level, as well as the pos-
sible role of ER stress on renal alterations after MI. Patients and MI male Wistar rats showed
an increase in the kidney injury marker neutrophil gelatinase-associated lipocalin (NGAL) at
circulating level or renal level respectively. Four weeks post-Ml rats presented renal fibrosis,
oxidative stress and inflammation accompanied by ER stress activation characterized by
enhanced immunoglobin binding protein (BiP), protein disulfide-isomerase A6 (PDIA6) and
activating transcription factor 6-alpha (ATF6«) protein levels. In renal fibroblasts, palmitic
acid (PA; 50-200 M) and angiotensin Il (Ang Il; 10~8 to 10-6M) promoted extracellular ma-
trix, superoxide anion production and inflammatory markers up-regulation. The presence of
the ER stress inhibitor, 4-phenylbutyric acid (4-PBA; 4 uM), was able to prevent all of these
modifications in renal cells. Therefore, the data show that ER stress mediates the deleteri-
ous effects of PA and Ang Il in renal cells and support the potential role of ER stress on renal
alterations associated with MI.

Introduction

Kidneys and heart are linked since the heart provides nutrients and oxygen to support normal kidney
function. Moreover, kidneys regulate fluid, electrolytes and acid-base homeostasis which facilitate heart
function [1]. Based on that interaction, Consensus Conference of Acute Dialysis Quality Initiative Group
defined cardiorenal syndrome as the different conditions in which kidney and heart dysfunction overlap
[2]. The definition of cardiorenal syndrome involves five subtypes, being type 1 defined by renal injury due
to a deterioration in cardiac function, the most prevalent in patients diagnosed with cardiorenal syndrome
[3].

Several animal models have been described to study cardiorenal syndrome, being myocardial infarction
(MI) the most commonly used to evaluate it due to its reproducibility and its relation to human pathophys-
iology [4]. It has been observed that approximately 20% of MI patients present renal damage which in-
crease mortality as compared with MI patients without renal impairment [5,6]. Experimental studies have
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demonstrated that MI is associated with development of renal fibrosis accompanied by renal inflammation even
in absence of renal dysfunction few weeks post-MI [7]. Chronically, MI is accompanied by renal dysfunction. Al-
though patients with MI usually show a time-course recovery of impaired renal function, an increased mortality
rate is observed [5]. Renal fibrosis is a common feature of chronic kidney diseases and plays a critical role in renal
dysfunction contributing to mortality complications [8,9]. Renal fibrosis occurs as a consequence in the misbalance
between extracellular matrix (ECM) production/degradation. The increase in ECM production could be a trigger for
an inflammatory response and myofibroblast proliferation [9]. Several cytokines appear to be major contributors to
renal fibrosis as transforming growth factor-beta (TGF-{3) which is involved in ECM production, as well as in the
inflammatory response. In accordance with that, MI is accompanied by interleukin (IL)-6 overexpression, as well as
macrophage infiltration at renal level in rats [6]. The inflammatory response seems to play a critical role in the de-
velopment of renal fibrosis, since systemic depletion of monocytes/macrophages improves renal fibrosis in an animal
model of MI [10]. However, the mechanisms involved in renal fibrosis are not fully established and there is not an
effective treatment, with new strategies being mandatory for treating it.

In the last years, it has been described that various types of kidney damage such as kidney aging [11], nephronoph-
thisis [12], diabetic kidney disease [13], acute kidney injury [14] and hypertension-associated kidney disease [15]
are associated with endoplasmic reticulum (ER) dysfunction, termed ER stress. ER plays a central role in calcium
homeostasis, lipid biosynthesis and protein processing. Different conditions such as high protein demand, viral in-
fections, inflammatory cytokines and mutant protein expression, result in ER stress and the subsequent activation of
unfolded protein response (UPR) in order to try to mitigate this pathological situation [16]. UPR response tries to
deal with the accumulation of unfolded proteins, activating three different pathways initiated by inositol requiring 1
(IRE1), PKR-like ER kinase (PERK) and activating transcription factor 6 (ATF6) proteins. In unstressed conditions,
immunoglobin binding protein (BiP) binds to IRE1, PERK and ATF6 and keep them inactive. Upon undergoing ER
stress, BiP dissociates from these master regulators, thereby activating UPR. For this reason, BiP is considered to be
a monitor of ER stress [17]. UPR activation is initially considered to be an adaptive response; however, persistent
activation of UPR drives damaged cells to apoptosis [18] and is associated with the pathogenesis of a number of
diseases.

Therefore, the aim of the present study was to evaluate whether ER stress can participate in the renal fibrosis
associated with MI. To achieve this aim, we have evaluated if ER stress is activated at renal level in rats with MI and its
association with renal fibrosis. We have also analyzed the impact of the activation of ER stress on ECM components
and mediators on renal fibroblasts stimulated with palmitic acid (PA) which has been proven to activate ER stress
accompanied by an increase in inflammatory markers in podocytes [19]; however, its effect on renal fibroblasts and
the effects of PA on ECM production is not studied. In addition, we used a well-known profibrotic factor such as
angiotensin II (Ang II) in renal fibroblasts to study the possible role of ER stress in ECM production.

Materials and methods

Subjects

Patients who suffer a first acute myocardial infarction (MI) as defined by “The Third Universal Definition of My-
ocardial Infarction” [20]: increase in biomarkers in the presence of ischemia, ST-T changes, the appearance of new
Q waves, identification of alterations of local contraction by image technique or intracoronary thrombus detected
by angiography were recruited from the Cardiology Department of Hospital Clinico San Carlos, Madrid, Spain. The
exclusion criterion were a previous MI or myocardial revascularization, hemodynamic instability 12 h previous revas-
cularization, severe chronic kidney disease with a creatinine clearance <30 ml/min/1.7m?. Twenty-four to forty-eight
hours after hospital admission for MI, patients underwent transthoracic echocardiographic and at the same time
blood samples were collected. A group of healthy volunteers were recruited from staff of the hospital. The study pro-
tocol was approved by the ethics committee (16/107-E_BS) and all participants signed the informed consent. The
present study was conducted in compliance with Good Clinical Practice Guidelines and the ethical principles stated
in the Declaration of Helsinki.

Experimental design and animals

Myocardial infarction was induced in 12-week-old male Wistar rats of 320-350 g (Harlan Ibérica, Barcelona, Spain;
n=38) anesthetized (2% isofluorane), intubated and ventilated (Inspira Asv, Harvard Instruments) and placed on an
adjustable heating pad to maintain a core temperature of 36-37°C by ligation of the left anterior descendent (LAD)
coronary artery as previously reported [21]. Rats subjected to Sham operation (the same surgical procedure except that
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the suture passing the LAD was not fastened; n=8) was included as a reference group (Sham). After surgery, buprenor-
phine (0.05 mg/kg per 8 h, intramuscular) was given for 48 h. After recovery, the animals were kept in collective cages
with free access to food and water in the animal facility of the Universidad Complutense de Madrid. Four-weeks after
myocardial infarction, animals were sacrificed. Systolic blood pressure (SBP) was estimated end-of-study through use
of a tail-cuff plethysmograph (Narco Bio-Systems) in unrestrained rats. Animals were sacrificed by decapitation. At
the end of the experiment, blood was collected in EDTA in food-deprived animals. Kidneys were removed carefully
from animals, immediately frozen in liquid nitrogen and stored at —80°C until its use. The Animal Care and Use
Committee of Universidad Complutense de Madrid approved all experimental procedures according to the Spanish
Policy for Animal Protection RD53/2013, which meets the European Union Directive 2010/63/UE.

Creatinine measurements
Plasma creatinine levels were measured using spectrophotometric techniques in an autoanalyzer (Vitros 5600, Diag-
nostics Ortho Clinical, Johnson & Johnson, New Brunswick, NJ, U.S.A.).

Circulating measurements

Plasma Neutrophil gelatinase-associated lipocalin (NGAL) (R&D Systems; catalogue number: DY1757-05), Ang II
(abbex; catalogue number: abx052349) and thiobarbituric acid reactive substances (TBARS) (Sigma Aldrich; cata-
logue number: MAKO085) levels, were measured following the instructions of the manufacturer.

PA was measured as previously reported [22]. Aliquots of 100 pl of plasma were transferred to Eppendorf tubes. The
lipids were then extracted with hexane/isopropanol, 3:2 v/v at a 1:10 sample/solvent ratio. The tubes were vortexed
and maintained at —20°C for 10 min, then centrifuged at 14,000 g at 4°C for 5 min. The supernatant was collected,
transferred to glass tubes and dried under nitrogen flow. Then, 1 ml of 80% methanol was added, and the tubes were
thoroughly mixed.

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) system comprised a Shimadzu UHPLC Nex-
era X2 system hyphenated to a triple quadrupole mass spectrometer LCMS-8030 (Shimadzu Corporation, Kyoto,
Japan). The mass spectrometer was operated with an electrospray ionization (ESI) source in negative mode. The
desolvation line and heat block temperatures were set at 250 and 400°C, respectively. The interface voltage was main-
tained at 3.5 kV. Nitrogen was used as nebulizing and drying gas at a flow of 1.5 and 15 I/min, respectively. Argon was
used as collision gas at 230 kPa.

Morphological and histological evaluation

Renal tissue samples were dehydrated, embedded in paraffin and cut in 4 um-thick sections that were stained with
picrosirius red in order to detect collagen fibers. Other renal tissue samples were embedded in Tissue-Tek® O.C.T™.
The area of renal interstitial fibrosis was identified as the ratio of fibrosis or collagen deposition to the total tissue area
(after excluding the vessel and glomerular area from the region of interest). For each sample stained with picrosirius
red, 30 fields all through the cortex were analysed with a 20x objective under transmitted light microscopy (Leica
DM 2000; Leica AG, Germany).

Cell culture
The renal tube fibroblasts (TFBs) is a murine renal interstitial fibroblast cell line originally isolated from SJL mouse
kidney and was a generous gift from Dr Ucero AC. TFBs were maintained in RPMI 1640 medium supplemented with
10% FBS, L-glutamine 1% and penicillin/streptomycin 1%. The cells were seeded in T75 tissue culture flask pretreated
with L-polylysine (0.1 mg/ml) and then grown as a monolayer culture. Cells were passaged with 1x trypsin whenever
they became confluent. All assays in the present study were done at temperatures of 37°C, 95% sterile air and 5% CO,
in a saturation humidified incubator. Cells were treated with different doses of palmitic acid (PA) with bovine serum
albumin (BSA) as a carrier—conjugated to 10% free fatty acids (FFA)-free BSA (PA; 50-200 uM), angiotensin IT (Ang
II; 10~® to 10~°M) and/or 4-phenylbutyric acid (4-PBA; 2 and 4 uM).

For the intracellular pathways study, cells were treated with Ang II for 5, 10, 15, 30 and 60 min. The following
chemical inhibitors were added at 107 M: BAY11-7082 (Sigma Aldrich); LY294002 (Sigma Aldrich) and PD98059
(Sigma Aldrich).
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Western blot

Protein extraction was performed from kidneys by mechanic disruption by 0.5 mm zirconium oxide beads in a tissue
homogenizer bullet blender (Scientific Instrument Services, MA, U.S.A.) containing 300 pl of lysis buffer (cOmplete
Lysis-M; Roche, Risch-Rotkreuz, Suiza, catalogue number 04719956001).

Renal and cellular proteins were separated by SDS-PAGE on polyacrylamide Criterion™ TGX™ Precast Gels (Bio-
Rad, California, U.S.A.) and transfered to Hybond-c Extra nitrocellulose membranes (Hybond-P; Amersham Bio-
sciences, Piscataway, NJ). Membranes were probed with primary antibody for x-smooth muscle actin (x-SMA;
Biocare medical, California, U.S.A.; dilution 1:200), 4-Hydroxynonenal (4-HNE; Abcam plc, Cambridge, U.K.; di-
lution 1:250), protein kinase B (Akt, Cell Signaling, Danvers, MA, U.S.A,; dilution 1:1000), Akt, (phospho Ser473,
Cell Signaling, Danvers, MA, U.S.A.; dilution 1:1000), activating transcription factor 6-alpha (ATF6«; Santa Cruz,
Texas, U.S.A.; dilution 1:250), immunoglobin binding protein (BiP; BD Biosciences, Madrid, Spain; dilution 1:500),
CCAAT-enhancer-binding protein homologous protein (CHOP; Cell Signaling Technology, Massachusetts, U.S.A.;
dilution 1:500), collagen I (Calbiochem, California, U.S.A.; dilution 1:1000), connective tissue growth factor (CTGF;
Sigma-Aldrich, Missouri, U.S.A.; dilution 1:1000), extracellular signal-regulated kinases (Erk1/2, ThermoFisher;
Rockford, IL, U.S.A.; dilution 1:1000), Erk1/2 (phospho-p44/42 Thr202/Tyr204, Cell Signaling, Danvers, MA, U.S.A.;
dilution 1:1000), nuclear factor-kB p65 (NF-«kB, Abcam; Cambridge, U.K.; dilution 1:1000), NF-kB (phospho S536,
Abcam; Cambridge, UK,; dilution 1:1000), protein disulfide-isomerase A6 (PDIA6; Abcam plc, Cambridge, UK,
dilution 1:1000), transforming growth factor-f (TGF-f3; Abcam plc, Cambridge, U.K.; dilution 1:1000), (3-actin
(Sigma-Aldrich, Missouri, U.S.A.; dilution 1:1000) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cell
Signaling Technology, Massachusetts, U.S.A.; dilution 1:5000) as a loading control. Signals were detected using the
ECL system (Millipore, Massachusetts; U.S.A.). Results are expressed as an n-fold increase over the values of the
control group in densitometric arbitrary units.

Detection of superoxide anion production

The oxidative fluorescent dye dihydroethidium (DHE; 10~°> M) was used to evaluate superoxide anion (O~2) presence
atrenal level or production in cells as previously described [23]. The fluorescence intensity was determined with Leica
application suite (Leica microsystems, Wetzlar, Germany).

Inmunocytochemistry

Characterization of the cells using immunocytochemistry technical procedure, revealed a consistent expression of
vimentin (Supplementary Figure S1) confirming that the cells possessed fibroblasts phenotype. Renal fibroblasts
(TFBs) were fixed with Merckofix (Merck KGaA, Darmstadt, Germany) and permeabilized with Triton X-100. Cells
were then incubated overnight at 4°C in a solution containing 1:100 antivimentin (GeneTex, California, U.S.A.). Af-
ter three washings (5 min each) in PBS, the cells were incubated in fluorescein anti-rabbit (Vectastin Vector) 1:200.
Images were analysed and photographed at 40 x objective with a Leica DMI 3000B microscope.

Retrotranscription and real-time PCR

Total RNA was isolated using Trizol Reagent (Fisher Scientific, Waltham, MA, U.S.A.) and was reverse transcribed
into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific Inc, Waltham, MA,
U.S.A.). Quantitative PCR analysis was performed with SYBR green PCR technology (Bio-Rad) (Supplementary Ta-
bles S1 and S2). Quantification of mRNA levels was performed by real-time PCR using the A AC; method. Data were
normalized to hypoxanthine phosphoribosyltransferase (HPRT).

Statistical analysis

Continuous variables of patients are expressed as mean + SD. Categorical variables are expressed in absolute values
and percentages. Continuous variables of experimental data are expressed as mean & SEM. Normality of distributions
was verified by means of the Kolmogorov-Smirnov test. Levene’s test was used to assess the equality of variances and
a Student’s t test was performed to determine if two sets of data were significantly different from each other. One-way
ANOVA was used and followed by Newman-Keuls test or a Dunnett test. Pearson correlation analysis was used to
examine association among different variables. A value of P<0.05 was used as the cut-off value for defining statistical
significance. Data analysis was performed using the statistical program GraphPad Prism 8 (San Diego, CA, U.S.A.).
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Results

Ml is associated with higher NGAL levels in patients

The mean age of patients with MI was higher than that of control subjects (54.8 £ 6.8 vs. 41.6 & 4.1 years; P<0.0001),
with there being only males in the group of MI versus 50% in the control one. All MI patients, but only 8.3% of the
control subjects, had associated comorbidities, with the most prevalent being hypertension and dyslipidemia. Drug
treatment for hypertension included angiotensin converting enzyme inhibitors (or angiotensin II type 1 receptor
antagonists), whereas all dyslipidemic patients were placed on statins. Body mass index (BMI) was higher in MI
patients than in non-MI subjects (26.4 & 2.1 vs. 23.04 + 2.01 kg/m?; P=0.005). Plasma creatinine levels in MI patients
were higher than those of control subjects (0.88 £ 0.17 vs. 0.73 &= 0.11 mg/dl; P=0.0119). Despite the fact that plasma
creatinine values were within normal values in both groups, MI group presented an important increase in NGAL, an
acute marker of kidney injury, as compared to control subjects (87,873 % 24,419 vs. 61,941 &+ 14,695 pg/ml; P=0.0046;
Supplementary Table S3).

Ml is associated with renal fibrosis, oxidative stress and inflammation
Animals subjected to ligation of the coronary artery presented several cardiac structural and functional alterations
characterized by an increase in left ventricular end-systolic diameter accompanied by a reduction in systolic and
diastolic function as compared with Sham group [21]. MI animals also presented an increase in interstitial cardiac
fibrosis [21].

As occurs in patients, creatinine serum levels were similar between both groups; however, MI animals presented an
increase in two markers of kidney injury NGAL and kidney injury marker-1 (KIM-1), as compared to control animals
(Figure 1A). In addition, MI animals showed kidney fibrosis (Figure 1B) which was accompanied by an increase in
collagen type I protein levels (Figure 1C). Complementary analysis revealed that the MI group presented a slight
increase in o-SMA without signification and enhanced protein levels of the profibrotic mediator TGF-3 without
modification in CTGF protein levels (Figure 1C).

Oxidative stress was evaluated at renal level in the animals. An increase in TBARs circulating plasma levels was
observed in MI animals as compared with control ones (Figure 1D). As shown in Figure 1E, there was an increase in
fluorescence intensity in the kidney of MI animals as compared with control ones, suggesting a higher presence of
superoxide anion in MI animals. This prooxidant scenario was confirmed by 4-HNE, a major end-product of lipid
peroxidation, which was enhanced after MI at renal level (Figure 1F).

MI induced increased levels of pro-inflammatory markers in the kidney, including IL-6 and TNF-« (Figure 1G)
mRNA levels as compared with Sham animals.

Endoplasmic reticulum stress is activated at renal level after Ml

At 4 weeks after MI, two markers of ER stress, BiP (Figure 2A) and PDIA6 (Figure 2B) were up-regulated in MI
animals as compared with control ones. Analysis of different pathways involved in ER stress activation revealed that
ATF6« protein levels were enhanced in MI animals (Figure 2C) in absence of CHOP protein modifications (Figure
2D). This endoplasmic reticulum stress activation was accompanied by a slight increase of PA, which did not reach
significant statistically, (Figure 2E) and Ang II plasma levels in MI rats (Figure 2F).

Activation of ER stress in renal fibroblasts
In order to activate the ER stress in renal tube fibroblasts (TFBs), we exposed the cells to PA that has been demon-
strated to activate ER stress accompanied by an increase in inflammatory markers in podocytes [19].

The exposition of TFBs to different doses of PA (50-200 uM) for 24 h was accompanied by activation of ER stress
characterized by enhanced PDIA6 protein levels (Figure 3A) and up-regulation of two downstream proteins of ER
stress as ATF6oc and CHOP (Figure 3B,C). Interestingly, PA-treated cells presented an increase in collagen I protein
levels at the dose of 100 LM of PA (Figure 3D) and a protein increase in the profibrotic mediator TGF- 3 independently
of the dose of PA (Figure 3E). This profibrotic effect of PA was accompanied by an enhanced production of superoxide
anion production, reaching a maximum effect at 100 uM of PA after 24 h of stimulation (Figure 3F).

Endoplasmic reticulum stress mediates the prooxidant, profibrotic and

proinflammatory effects of PA in renal fibroblasts
In order to explore the possible role of ER stress in the prooxidants and profibrotic effects of PA, TFBs were exposed
to PA (100 uM) in presence or absence of the pharmacological inhibitor of ER stress, 4-PBA, for 24 h.

(© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

147



° Clinical Science (2021) 135 143-159
’... EROE%ELAND https://doi.org/10.1042/CS20201137

(A) (B)
2 _—
.g 8+ s 5- e
w e A
g."‘ § =
s L .
< E’ s Sham _E 3
g4 . {
az= EN
(a1 ‘\-_% 24 E 14
- ]
z o L
< At Sham MI
B ol MI
2 1
[] Sham
300+ @ MI

200+

% -
s a-SMA [:] 42 KDa

100
N 1,

Protein levels (% of control) B

. e
Collagen I a-SMA TFG-p CTGF
(D) (E)
Sham
O i
g * g 400+
; B 190 x '% =
- o = 30
: qu. # “é -E | ]
= = ", S 8 o
& S g MI g%
E § :,3 100
i [=]
= =
Sham MI = 0
) Sham MI
4-HNE 65 KDa
GAPDH |"wse s | 37 KDa (G] g
w A0 = 81 ks
gl oo e e E ™ ] Sham
=3 &g 61
. " ¥ = o
2 e G _g o
e Y w © 4
&% 3 o .l
28 m SR
i 3
e 0 r.E 0
Sham MI IL—G Tl\ F-u

Figure 1. Impact of Ml on renal fibrosis, oxidative stress and inflammation

(A) Neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury marker-1 (KIM-1) mRNA levels. (B) Representative micropho-
tographs of renal sections staining with picrosirius red (magnification 20x) and quantification of collagen volume fraction. (C) Renal
protein levels of collagen type |, alpha-smooth muscle actin (x-SMA), transforming growth factor-beta (TGF-{3) and connective tis-
sue growth factor (CTGF). (D) Thiobarbituric acid reactive substances (TBARS) plasma. (E) Representative images and quantification
of renal sections labelled with the oxidative dye hydroethidine (magnification 40x). (F) Renal protein levels of 4-hydroxynonenal
(4-HNE). (G) Renal mRNA levels of interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-«) in kidneys from rats after Ml or Sham
animals. Bar graphs represent the mean + SEM of 8-10 animals normalized to hypoxanthine-guanine phosphoribosyltransferase
(HPRT) or -actin for cDNA and protein, respectively: *P<0.05; **P<0.01; **P<0.001 versus Sham group.
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Figure 2. Ml induces endoplasmic reticulum stress at renal level
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Renal protein levels of (A) immunoglobulin binding protein (BiP). (B) Protein disulfide isomerase family A member 6 (PDIAG). (C)
Activating transcription factor 6-alpha (ATF6«) and (D) CCAAT-enhancer-binding protein homologous protein (CHOP) from rats
after Ml or Sham animals. Plasma levels of (E) palmitic acid (PA) and (F) Angiotensin Il (Ang Il) from rats after Ml or Sham animals.
Bar graphs represent the mean + SEM of 8-10 animals normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH);

*P<0.05; ***P<0.001 versus Sham group.
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Figure 3. Palmitic acid (PA) effects on endoplasmic reticulum stress, extracellular matrix proteins and superoxide anion
production in renal fibroblasts

Dose-response (50-200 uM) of PA in renal fibroblasts on (A) protein disulfide isomerase family A member 6 (PDIA6); (B) activating
transcription factor 6-alpha (ATF6«); (C) CCAAT-enhancer-binding protein homologous protein (CHOP); (D) collagen I; (E) trans-
forming growth factor-beta (TGF-f3) protein expression and (F) representative microphotographs and quantification of cells labeled
with the oxidative dye hydroethidine (magnification 40x). Bar graphs represent the mean + SEM of four to six assays normalized
to B-actin; *P<0.05, **P<0.01 versus control cells.
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4-PBA was able to prevent the increase in superoxide anion production induced by PA at two different doses, 2 and
4 uM (Figure 4A). For the next experiments, we used the dose of 4 pM of 4-PBA. At that dose, 4-PBA was able to
prevent the activation of ER stress and thus preventing the protein up-regulation of BiP, PDIA6 and ATF6x protein
levels induced by PA, showing the efficiency of the treatment (Supplementary Figure S2A-C). In addition, 4-PBA was
able to prevent the increase in ECM proteins induced by PA after 24 h of treatment. 4-PBA-treated cells were resistant
to the increase in TGF-[3 (Figure 4B) induced by PA in TFBs. 4-PBA blunted the production of collagen I induced by
PA at mRNA levels (Figure 4C).

TFBs treated with PA (100 uM) for 24 h presented and increase in different proinflammatory markers such as IL-6,
CCL-2 and osteopontin at mRNA level (Figure 4C). The pharmacological inhibitor of ER stress was able to prevent
the proinflammatory response of PA in TFBs (Figure 4C). These effects of 4-PBA were accompanied by a prevention
of the up-regulation in the acute kidney injury biomarker, NGAL, induced by PA in the renal cells (Figure 4C).

Endoplasmic reticulum stress mediates the prooxidant, profibrotic and

proinflammatory effects of angiotensin Il in renal fibroblasts

We evaluated the possible role of ER stress in a well-known profibrotic factor at renal level. Ang II was able to activate
ER stress in a dose dependent-manner characterized by an increase in BiP, PDIA6, CHOP and ATF6«x protein levels
after 24 h of stimulation (Figure 5A-D). For the next experiments, cells were exposed to Ang I (10~® M) in presence
or absence of 4-PBA at 4 pM. The presence of the ER stress inhibitor was able to block the rise in superoxide anion
production induced by Ang II (Figure 5E), as well as the increase in collagen I and the inflammatory markers IL-6,
CCL-2 and osteopontin at mRNA level in Ang II-treated cells (Figure 5F).

The possible intracellular pathways by which Ang II exerts its profibrotic effects in renal fibroblasts were analysed.
Ang II (107% M) increased NFkB phosphorylation after 10 min of stimulation (Figure 6A), Akt phosphorylation at
60 min (Figure 6B) and enhanced protein levels of ERK phosphorylation at 5 and 10 min (Figure 6C). The presence
of LY294002, a specific inhibitor of PI3K/Akt pathway, was not able to modify the increase in collagen I protein levels
induced by Ang II (Figure 6D). In contrast, the presence of BAY11-7082, a specific inhibitor of NFkB pathway, or the
presence of PD98059, a specific inhibitor of ERK 1/2, prevented the profibrotic effects of Ang I in renal cells (Figure
6D).

Discussion

The main purpose of the present study was to investigate the role of ER stress in the renal alterations associated with
MI. Four weeks post-MI, animals presented renal fibrosis, oxidative stress and inflammation. We show for the first
time that these alterations were accompanied by ER stress activation showing its possible role on ECM production.
To our knowledge, this is the first study demonstrating that PA is able to exert profibrotic actions as well as ER stress
activation. In addition, the pharmacological ER stress inhibition prevented the increase in collagen I, superoxide anion
production and inflammatory markers induced by PA or by another profibrotic factor such as Ang II, supporting the
role of ER stress in this process. Thus, ER stress emerges as a potential target for treatment of renal fibrosis associated
with ML

Several studies have demonstrated that MI is associated with renal damage [24,25]. This effect was accompanied by
the fact that patients with renal alterations experience poor outcomes post-MI [26,27], and make an earlier detection
of renal damage in patients mandatory, even in absence of creatinine alterations. Serum NGAL levels have correlated
with the severity of renal damage and are associated with an increased risk of mortality in patients [28]. In this line, we
have observed an increase in NGAL levels, a marker of acute renal damage, in patients with MI even in the presence of
normal creatinine levels. Similarly, 4-week post-MI, animals do not present alterations in creatinine circulating levels
as compared with control ones. In fact, serum creatinine levels were not elevated until 60 days post-MI [7]. However,
renal NGAL and KIM-1 levels were higher than in Sham rats. This further supports the impact of myocardial ischemia
in the kidney.

Renal fibrosis is an alteration that indicates the progression of kidney disease and is related to a decline in renal
function in patients and animal models [29]. Different mediators have been postulated as contributors to renal fibro-
sis with TGF-f3 being a central one [10]. Our results show an increase in protein levels of this important fibrogenic
cytokine in the kidneys of MI animals, which is accompanied by renal fibrosis and collagen I up-regulation. Along
with TGF- {3 and renal fibrosis, oxidative stress and inflammation are other mechanisms described in the progression
of renal failure. Our data show that MI animals presented an increase in superoxide anion levels, in 4-HNE, a major
end-product of lipid peroxidation, and TBARs confirming oxidative stress at renal level after 4 weeks of MI. A com-
mon pathway involved in tissue dysfunction is oxidative stress, which has been associated with different pathologies,
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Figure 4. Endoplasmic reticulum stress mediates the prooxidant, profibrotic and proinflammatory effects of palmitic acid
(PA) in renal fibroblasts

(A) Effects of 4-phenylbutyric acid (4-PBA at 2 and 4 uM) on superoxide anion production in renal fibroblasts treated with PA (100
1M) for 24 h. Representative microphotographs and quantification of cells labeled with the oxidative dye hydroethidine (magni-
fication 40x). Effects of 4-PBA (4 uM) on (B) transforming growth factor-beta (TGF-f3) protein expression; (C) collagen | mRNA
expression, interleukin-6 (IL-6), C-C motif chemokine ligand 2 (CCL-2), osteopontin and neutrophil gelatinase-associated lipocalin
(NGAL) mRNA expression in PA-treated cells (100 uM) for 24 h. Bar graphs represent the mean + SEM of four to six assays
normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT) or {3-actin for cDNA and protein, respectively; *P<0.05;
***P<0.001 versus control cells; 11P<0.01; 171P<0.001 versus PA-treated cells.
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Figure 5. Endoplasmic reticulum stress mediates the prooxidant, profibrotic and proinflammatory effects of angiotensin Il
(Ang ll) in renal fibroblasts

Dose-response (10~8-10-8 M) of Ang Il in renal fibroblasts on (A) immunoglobulin binding protein (BiP); (B) protein disulfide iso-
merase family A member 6 (PDIAG); (C) CCAAT-enhancer-binding protein homologous protein (CHOP) and (D) activating transcrip-
tion factor 6-alpha (ATF6«) protein expression. Effects of 4-PBA (4 uM) on (E) superoxide anion production in renal fibroblasts
treated with Ang Il (108 M) for 24 h. Representative microphotographs and quantification of cells labelled with the oxidative dye
hydroethidine (magnification 40x); (F) collagen I, interleukin-6 (IL-6), C-C motif chemokine ligand 2 (CCL-2) and osteopontin mRNA
expression in Ang Il (10-8M) for 24 h. *P<0.05; **P<0.01; *** P<0.001 versus control cells; {P<0.05; {1P<0.01; {11P<0.001 versus

Ang lI-treated cells.
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Figure 6. NFkB and ERK 1/2 mediate the profibrotic actions of angiotensin Il (Ang ll) in renal fibroblasts

Phosphorylation of (A) NFkB (p-NF«B, nuclear factor-«B; B); (B) Akt (p-Akt, protein kinase B) and (C) ERK 1/2 (p-ERK1/2, extra-
cellular signal-regulated kinases 1/2) in renal fibroblasts treated with Ang Il (10~6M) for 24 h. (D) Effects of the NF«B inhibitor, BAY
11-7082 (10~6 M), AKT inhibitor, LY294002 (10-% M) or ERK 1/2 inhibitor, PD98059 (10~ M) on collagen type | protein synthesis
induced by Ang Il. Bar graphs represent the mean + SEM of four to six assays normalized to total NF«B, total Akt, total ERK 1/2
or B-actin; *P<0.05; **P<0.01 versus control cells; 1P<0.05 versus Ang ll-treated cells.

including heart failure, hypertension or kidney diseases [30-32]. In fact, patients with cardiorenal syndrome present
an increase in reactive oxygen species (ROS) [33]. It has been postulated that ROS generation is responsible for IL-6
production linking oxidative stress with inflammation. In line with this, patients with cardiorenal syndrome pre-
sented an increase in oxidative stress markers accompanied by higher levels of IL-6 [33]. In agreement with this, MI
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rats presented an increase in two inflammatory markers at renal level such as IL-6 and TNF-c. These observations are
in agreement with the study performed by Cho et al., which describe that MI is associated with renal macrophages in-
filtration and TNF-o and IL-6 up-regulation at kidney level in rats subjected to ligation of the left anterior descending
coronary artery [10]. In addition, macrophage depletion is able to blunt the development of renal fibrosis in MI rats,
thus showing the role of inflammation in kidney fibrosis [10]. Despite the fact that macrophage depletion improved
renal fibrosis, it was not able to recover cardiac function after MI induction, indicating the complexity of this patho-
logical situation and supporting the necessity to discover the additional mechanisms involved in the development of
tibrosis as well as inflammation in this context.

ER is an organelle essential for protein biosynthesis and post-translational modifications, which is very sensitive to
unfolded and misfolded proteins in the lumen of ER. In those situations, ER induces ER stress and activates the UPR
to enhance degradation of misfolded proteins [34]. On the other hand, if ER is sustained, it triggers inflammation
and apoptosis [35]. Several pathologies have been associated with ER stress activation such as diabetes mellitus [36],
cardiovascular disease [37], obesity [38] as well as chronic kidney disease [39]; however, the effect of MI in ER stress
activation at renal level is not analyzed. In our study, we observed that ER stress is activated at renal level 4 weeks
post-MI showing the possible role of ER stress in ECM production at renal level after MI. Accordingly, several studies
have demonstrated the role of ER stress in the development of fibrosis. ER stress has been associated with myocardial
tibrosis in different pathological situations such as obesity, pressure overload or hypertension [40-42]. At renal level, it
has been also related to fibrosis. The pharmacological inhibition of ER stress was able to prevent fibrosis in an animal
model of unilateral ureteral obstruction and the profibrotic effects of TGF-f3 in tubular cells [43]. Genetic disruption
of ATF6«x prevented collagen I up-regulation and promoted less tubulointerstitial fibrosis in an animal model of uni-
lateral ischemia reperfusion injury [44]. Similarly, we have observed an increase at renal level in ATF6« levels after MI
without modifications in CHOP, which has been described as a mediator of apoptosis [45]. ATF6cc has been reported
as a key regulator in lipid metabolism antagonizing the activity of sterol regulatory element-binding proteins [46] and
its depletion reduces lipid accumulation within the kidneys of mice after ischemia-reperfusion [44]. In this sense, a
high intake of saturated fatty acids is considered an important risk factor for coronary heart disease through to its
ability to raise low-density lipoprotein cholesterol. It has been demonstrated the relevance of different across types of
saturated fatty acids based on the chain-length on cardiovascular diseases and in MI [47]. In this sense, PA (C16:0)
is associated with high coronary heart disease while other saturated fatty acids with other carbon chain lengths were
not in a prospective cohort study [48]. Martinez-Garcia et al., have demonstrated that lipotoxicity induced by PA,
promoted ER stress activation and insulin resistance by disturbing the cytoarchitecture in podocytes [19]; however,
the effects of PA on renal fibroblasts are not studied. Several cell types are involved in renal injury and renal fibrosis.
It has been previously described that resident tubular epithelial cells, endothelial cells, vascular smooth muscle cells,
tibroblasts or inflammatory cells could promote renal fibrosis through different mechanisms such as sources of renal
tibroblasts via endothelial-to-mesenchymal transition, prooxidant or proinflammatory effects [49-51]. Renal fibrob-
lasts are one of the cell types responsible for ECM production and the consequent development of renal fibrosis. We
have confirmed the role of PA on ER stress activation in renal fibroblasts. In addition, we observed that PA exerts
direct profibrotic, prooxidant and proinflammatory actions in renal fibroblasts showing its detrimental role at renal
level. ER stress activation seems to play an important role in these modifications since the pharmacological inhibition
of ER stress by 4-PBA was able to prevent all the PA effects in renal fibroblasts.

In human proximal tubule epithelial cells, PA has been demonstrated to induce ER stress as well as Ang II in cul-
tured medium. In addition, the blockade of Ang II receptor I with valsartan or the treatment with the renin inhibitor,
aliskiren, was able to prevent the ER stress induction by PA in the renal cells [52], supporting that Ang II could me-
diate the activation of ER stress induced by PA. In renal fibroblasts, Ang II has been shown to increase collagen I
and TGF-f3 protein levels, an effect accompanied by an increase in superoxide anion production [53]. In fact, treat-
ments against renin-angiotensin—-aldosterone system are the standard strategies to preserve renal function in chronic
kidney diseases [53]. Ang II is recognized as one of the modifiable risk factors involved in several pathologies such
as myocardial infarction [54]. Ang II exerts paracrine and autocrine effects increasing the vascular resistance and
impairing the correct function of the cardiovascular and renal systems. Activation of the renin-angiotensin system
has several haemodynamic and humoral consequences promoting cardiac and renal damage among others [55]. An
excess of Ang II promotes sarcolemmic permeability, cell death, an increase in vascular permeability due to the de-
struction of endothelial cells. All of these events lead to the replacement of contractile tissue by fibrotic one. Different
mechanisms have been demonstrated in the detrimental role of Ang II such as tissue hypertrophy [56], oxidative
stress [57] or pro-inflammatory activity, which finally trigger the fibrotic response affecting the correct function of
the tissue such as heart or kidneys showing that elevated levels of Ang II as a cardiovascular risk factor. In the present
study we observed an increase in Ang II plasma levels in MI rats as compared to control ones. In animal models of
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M, blockade of receptor type I of Ang II or inhibition of angiotensin converting enzyme has been demonstrated to
improve glomerular damage and inflammatory cell infiltration in kidneys [58]; however, its effects on renal fibrosis
have not presented a major improvement [8]. Our data show that NFkB and ERK1/2 pathways mediate the profibrotic
effects of Ang II. In previous studies, the effects of Ang II on ER stress activation have been described. Ang II is able to
induce ER stress in podocytes [59] in macrophages [60] and mesangial cells [61]. In the study, we have corroborated
the profibrotic, proinflammatory and prooxidant effects of Ang II in renal fibroblasts. These alterations seem to be
mediated by ER stress activation since (i) Ang II was able to induce ER stress and (ii) the presence of 4-PBA in the
culture medium prevented the increase in collagen I, superoxide anion production and the inflammatory markers in
Ang II-treated fibroblasts.

In summary, we have demonstrated that the renal alterations observed in MI rats were accompanied by ER stress
activation. Inhibition of ER stress prevented the increase in ECM proteins, ROS production and inflammatory mark-
ers in PA or Ang II-treated renal fibroblasts.

Limitations

A limitation of our study must be acknowledged regarding the age and that the majority of MI patients were male
showing the profile of patients admitted in the emergency room with MI code at the time of inclusion in the study.
However, whether these differences in age or gender distribution with the reference group of subjects could impact
or influence the interpretation of the clinical data need further work.

Clinical perspectives

e Ml is associated with renal alterations resulting in poor outcomes in patients with MI. Renal fibrosis
and inflammation are common features of chronic kidney diseases and play a critical role in renal
dysfunction contributing to mortality complications. However, the mechanisms involved in renal al-
terations in Ml are not fully established and there is not an effective treatment, with new strategies
being mandatory for treating it.

e Inthe present study, we demonstrate that Ml is associated with renal alterations including ER stress
activation. In addition, ER stress is associated with renal interstitial fibrosis in animals with MI. In
renal fibroblasts, ER stress mediates the profibrotic, prooxidant and proinflammatory effects of PA
and Ang Il in these cells.

e Ourfindings suggest the potential role of ER stress in the renal fibrosis in the context of Ml, suggesting
new therapeutic approaches in the management of Ml for the treatment of kidney dysfunction, as well
as in pathological situations with high levels of Ang Il or PA (lipotoxicity).
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Abstract: Cardiorenal syndrome is a term that defines the complex bidirectional nature of the
interaction between cardiac and renal disease. It is well established that patients with kidney disease
have higher incidence of cardiovascular comorbidities and that renal dysfunction is a significant
threat to the prognosis of patients with cardiac disease. Fibrosis is a common characteristic of organ
injury progression that has been proposed not only as a marker but also as an important driver of
the pathophysiology of cardiorenal syndromes. Due to the relevance of fibrosis, its study might
give insight into the mechanisms and targets that could potentially be modulated to prevent fibrosis
development. The aim of this review was to summarize some of the pathophysiological pathways
involved in the fibrotic damage seen in cardiorenal syndromes, such as inflammation, oxidative
stress and endoplasmic reticulum stress, which are known to be triggers and mediators of fibrosis.

Keywords: cardiorenal syndrome; endoplasmic reticulum stress; fibrosis; heart failure; inflammation;
kidney disease; oxidative stress

1. Introduction

The existence of a relationship between the heart and the kidney was first described in
the XIX century by Robert Bright, who reported structural changes in the heart in patients
with advanced kidney disease [1]. Since then, new discoveries have given insight into
the interaction between heart and kidney diseases in terms of shared risk factors (such as
hypertension, obesity, diabetes and atherosclerosis) and the pathophysiological pathways
involved in each [2—4]. Clinically, the shared pathology of the heart and kidneys has a
strong impact on the clinical outcome and is associated with increased morbidity and
mortality rates [5,6].

The classic definition of cardiorenal syndrome (CRS) was proposed in 2010 by the
Acute Dialysis Quality Initiative as a term that gathers the “disorders of the heart and
kidneys whereby acute or chronic dysfunction in one organ may induce acute or chronic
dysfunction of the other” [7]. In addition, within the term there is further classification
into different subtypes according to the primary organ dysfunction and to whether it is an
acute or chronic situation [7]. However, the appearance of risk factors that can affect both
the heart and the kidney complicate the clinical picture, and with it the causal relationship
of one to the other.

2. CRS Classification
2.1. CRS Type 1 or Acute Cardiorenal Syndrome

CRS type 1 (CRS-1) is characterized by the worsening of cardiac function leading
to acute kidney injury (AKI) and/or dysfunction of both organs [7]. Around 25-30% of
patients with acute decompensated heart failure (ADHF) present AKI, often after ischemic
or non-ischemic heart disease [8-10]. These patients have higher morbi-mortality and
lengthier hospitalization [7]. CRS-1 has a complex pathophysiology, with hemodynamic
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and non-hemodynamic alterations for which the treatments show no improvements [10,11],
thus demonstrating the need to discover and understand the mechanisms involved.

Faced with a drop in blood pressure levels due to the development of heart failure
(HF), the kidney responds to the decrease in cardiac output by retaining sodium and water.
Nevertheless, it has been demonstrated that an elevation of the central venous pressure
can result in impairment of renal function and congestion of the kidneys [10,12]. In this
context, neurohormonal activation through the Renin—Angiotensin—Aldosterone System
(RAAS) also has an important role, as it is both an initially compensatory mechanism for
the decrease in volume consequence of the ventricular injury, and a long-term initiator
of cardiovascular and renal dysfunction [13,14]. Other non-hemodynamic mechanisms,
such as inflammation and oxidative stress, have been established as common pathways for
cellular dysfunction in heart and kidney failure [9-11,15].

2.2. CRS Type 2 or Chronic Cardiorenal Syndrome

CRS type 2 is defined as chronic cardiac dysfunction that leads to progressive ap-
pearance of renal impairment that promotes the development of chronic kidney disease
(CKD) [6,16,17]. CKD was defined in 2012 by Kidney Disease: Improving Global Outcomes
(KDIGO) as an abnormality in kidney function or structure that is present for more than
3 months and has health implications. It is classified based on cause, a glomerular filtration
rate (GFR) of <60 mL/min per 1.73 m? and the degree of albuminuria [18]. A meta-analysis
by Damman et al. showed that almost a third (32%) of the total of 1 million HF patients
studied presented CKD, and 23% had worsening renal function [19], confirming that renal
dysfunction is an important contributor to the comorbidities in HF.

The pathological process implicated in CKD secondary to HF is a consequence of the
renal response to preserve the GFR. The combination of renal congestion, hypoperfusion
and the increased right atrium pressure promotes renal dysfunction in HF patients [6,11]. It
has been suggested that the correct diagnosis of this CRS should be based on HF aetiology,
HF with preserved ejection fraction (HFpEF) or with reduced ejection fraction (HFrEF), and
on biochemical parameters of renal dysfunction, such as creatinine levels [20]. However, as
the interactions between the heart and kidney are bidirectional, is not always easy to assess
the inciting event from the secondary damage, thus making it difficult to differentiate CRS
type 2 patients from CRS type 4 ones [11,20].

2.3. CRS Type 3 or Acute Reno-Cardiac Syndrome

CRS type 3 occurs when there is an acute worsening of kidney function secondary
to AK]I, ischemia, or glomerulonephritis that leads to acute heart injury and/or dysfunc-
tion [6,7,11]. AKI may produce cardiac events as a consequence of the fluid overload,
hyperkalaemia, or metabolic acidosis, but the exact cause of the damage is difficult to estab-
lish, as there are shared comorbidities and variability in the risk factors for AKI [6,11,21,22].

There are multiple definitions of AKI according to urine output and serum creatinine
levels (SCr), all of which have limitations in their clinical application [21,23]. It is due to the
differing definitions of AKI that make it difficult to identify this type of CRS. Despite the
lacking criteria, the incidence of AKI is increasing in hospitalized patients, and is associated
with an 86% increased risk of cardiovascular mortality and a 38% increased risk of major
cardiovascular events [24].

2.4. CRS Type 4 or Chronic Reno-Cardiac Syndrome

CRS type 4 is characterized by cardiovascular damage in patients with CKD at any
stage [7,11]. It is well established that renal dysfunction is an independent risk factor for
cardiovascular disease, with the risk for myocardial infection and sudden death being
higher in CKD patients [25,26]. Numerous studies have found there is an independent
association between the severity of CKD, evaluated by the degree of decline in kidney
function, and the subsequent cardiac events [5,27,28], which could suggest that CKD likely
accelerates the risk and development of cardiovascular disease [7].
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CKD has been demonstrated to be associated with inflammation and other cardiovas-
cular factors, such as hypertension, activation of RAAS, or volume overload, that usually
go in parallel with a decline in GFR [26,29]. Pressure and volume overload in CKD patients
lead to left ventricular hypertrophy (LVH), which is a common feature that is accompanied
by fibrosis and other histological changes. These structural changes consequently cause di-
astolic dysfunction and increased oxygen demand, which could also explain these patients’
predispositions to arrhythmias and sudden death [6,29,30].

2.5. CRS Type 5 or Secondary Cardiorenal Syndrome

CRS type 5 (CRS-5) represents simultaneous injury and/or dysfunction of the heart
and kidneys as a result of a systemic condition, such as sepsis, drug toxicity, lupus, cirrhosis
or amyloidosis [7,23,31]. Although many pathways have been proposed, it is challenging
to identify the mechanisms that are involved in CRS-5 due to the multitude of contributing
factors and the sequence of organ involvement [7,31].

CRS-5 has been divided into four stages according to severity: hyperacute (0-72 h
after diagnosis), acute (3-7 days), subacute (7-30 days) and chronic (beyond 30 days) [6,23].
Usually, the existing studies of CRS-5 are those of hyperacute or acute stages, as these
evaluate the effects of sepsis. Sepsis, defined as a life-threatening organ dysfunction caused
by a deregulated host response to infection [32], is one of the most common causes of death
among hospitalized patients [33], among whom the prevalence of CRS-5 is high [7,34].

In the early stages of sepsis, microcirculatory changes are developed despite normal
systemic haemodynamics [35]. Those alterations, along with inflammation, are important
in the cardiac and renal dysfunction given in this type of CRS [11]. For instance, the increase
in pro-inflammatory cytokines during sepsis and the decrease in renal blood flow lead to
tubular necrosis, reduction in GFR and severe kidney failure [6,23,26]. Sepsis is also related
to autonomic nervous system dysfunction and RAAS activation [23,31]. This complex
environment makes differentiating between the cardiorenal crosstalk effects and sepsis
effects very difficult.

The different CRSs are summarized in Figure 1.
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Figure 1. Differences among the subtypes of cardiorenal syndrome (CRS). (a) CRS type 1 or acute cardiorenal syndrome;

(b) CRS type 2 or chronic cardiorenal syndrome; (c) CRS type 3 or acute reno-cardiac syndrome; (d) CRS type 4 or chronic

reno-cardiac syndrome; (e) CRS type 5 or secondary cardiorenal syndrome. GFR: glomerular filtration rate; LV: left

ventricular. Modified from [7].
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3. Pathophysiology of CRS

Due to the essential role of both the heart and kidney in the maintenance of cardiovas-
cular homeostasis, initial organ damage during a disease state, such as CRS, can induce
structural remodelling and functional alterations in the other.

3.1. Cardiac Alterations Associated with CKD

As CKD is considered an important complication associated with higher cardiovascu-
lar risk and mortality. This increased risk is partially due to common risk factors such as
hypertension, obesity or diabetes [36], but not entirely, as the association between CKD
and cardiovascular mortality persists after risk factor adjustment [37,38]. Albuminuria-
and creatinine-based estimated GFR (eGFR) are currently considered to be useful measure-
ments for cardiovascular risk prediction, as they improve discrimination for cardiovascular
mortality among CKD patients beyond traditional risk factors [38,39].

In patients with CKD there is high prevalence of structural and functional heart
alterations from the early stages to end-stage renal disease (ESRD), which includes left
ventricular (LV) remodelling, valvular sclerosis, reduction of the ejection fraction (EF) and
diastolic dysfunction [40-42].

Echocardiographic studies have observed that LV remodelling is prevalent among patients
with CKD and has been recognized as an important predictor of poor prognosis [43,44]. There
are many factors that influence LV geometry in CKD patients. Pressure overload causes the
thickening of the LV walls, which translates into concentric hypertrophy, whereas hypervolemia
and anaemia contributes to the development of eccentric hypertrophy [45]. Two studies
have reported the existence of associations between LV hypertrophy and renal dysfunction,
characterized by low eGFR, which are independent of other risk factors, suggesting that
impaired kidney function contributes to LV hypertrophy. In addition, they also describe that LV
geometry tends to shift to concentric LV hypertrophy in advanced kidney dysfunction rather
than eccentric hypertrophy [44,46]. A recent clinical study showed that the stages are associated
with LV remodelling even in milder CKD, as 22% of 90 patients with stages 1 to 3 presented
concentric hypertrophy, 19% eccentric hypertrophy and 20% concentric remodelling [47].

Most of the studies that have investigated the association between CKD and cardiac
alterations have focused on the assessment of LV mass or hypertrophy, whilst fewer have
explored LV function (neither systolic nor diastolic) [48]. In terms of LV systolic function,
LVEF has been used in the majority of studies, although subclinical systolic dysfunction
can happen in patients with CKD despite normal LVEF [49-51]. Diastolic dysfunction
usually coexists with systolic dysfunction during LV remodelling and is common in CKD
patients [44,52-54].

Numerous studies have assessed LV function in patients with CKD by trying to find an
association between eGFR or albuminuria and systolic or diastolic function alterations. According
to the literature, systolic dysfunction seems to be strongly correlated with albuminuria over low
eGFR [55-57]. However, there is high variability. Similarly, there seems to be higher association
of diastolic dysfunction with albuminuria than eGFR [56-58]. Therefore, some studies have
found clear association between low eGFR, LV diastolic dysfunction and LVH [44,59].

Despite the advances made in cardiac damage, the increasing incidence and prevalence
of HF makes it an important health problem. For that reason, various potential biomarkers
that could contribute to diagnosis have been proposed. The gold standard in chronic HF
diagnosis and prognosis is the natriuretic peptides, such as atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP), which are produced within the heart as a response to
myocardial stretch as a consequence of volume or pressure overload [60,61]. HF guidelines
currently recommends monitoring of BNP and its precursor, N-terminal-proBNP (NT-
proBNP), for CHF progression evaluation. It must be acknowledged, however, that age,
body mass, renal failure and pulmonary diseases influence its plasmatic concentrations [62].
Other molecules associated with myocyte necrosis or injury have been evaluated as HF
biomarkers, such as cardiac troponins (cTn), which are regulatory proteins involved in
contraction. The troponin complex is formed by cardiac troponin C (cInC), I (cTnl) and T
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(cTnT), which dissociates after Ca?* binds to cTnC. cTnl and cTnT are considered a reference
marker of myocardial injury as its blood concentrations rise after myocyte damage [63,64].

3.2. Renal Alteration Associated to HF

As explained before, CRS-1 and CRS-2 are characterized by progressive kidney
damage due to HF. Over 50% of HF patients have been reported to have renal insuffi-
ciency [19,65]. Indeed, even a modest reduction in renal function is associated with a
higher mortality rate in cardiovascular disease patients [19,66]. The most currently used
diagnostic measurements for renal damage are GFR, serum creatinine and urinary output.

The systolic blood pressure and effective arterial volume are reduced once HF devel-
ops, which translates into a decrease in renal blood flow as well as GFR [67]. In order to
preserve adequate blood flow, the kidneys autoregulate through different mechanisms,
including sympathetic nervous system (SNS) and RAAS activation, which would act as
vasoconstrictors of the afferent and the efferent arteriole [13,68]. In the long term, this
activation or the neurohormonal axis could result in podocyte injury [69,70], loss of mesan-
gial integrity [71,72], tubular and glomerular damage [73-75] and kidney dysfunction [76],
which are often associated with CKD and ESRD.

It is common to use the term kidney failure in a clinical setting to refer to a situation where
there is a persistent decrease in eGFR in the short term [18]. Another important concept is
worsening renal function, which is considered to appear in those patients in which the serum
creatinine increases by 25% compared to the basal levels or the eGFR decreases by more than
20% in a period of around 25 weeks [77,78]. AKI is characterized by a rapid loss of kidney
function that can happen in HF patients when diuresis decreases <0.5 mL/kg/h in 6-12 h or
the basal serum creatinine levels increases >0.3 mg/dL in 48 h [77,78].

In addition to traditional markers of decreased glomerular filtration, such as creatinine
and albuminuria [79,80], other markers, such as cystatin C [81,82] and blood urea nitrogen
(BUN) [83,84], also have been proposed as possible biomarkers of tubular damage.

One of these is Neutrophil Gelatinase Associated Lipocalin (NGAL), a small glyco-
protein expressed in renal and other cell types to which different functions have been
attributed [85]. Its involvement in renal pathologies and its role as a biomarker comes from
its rapid release in response to a tubular lesion and its presence in plasma, serum and urine,
making it easy to quantify [85,86]. Another proposed molecule is kidney injury molecule-1
(KIM-1), a transmembrane glycoprotein expressed in low levels in healthy kidneys. Shortly
after tubular damage, KIM-1 cleavage allows its secretion by the injured cells to the tubule
lumen, resulting in detection in the urine, to where it is excreted [87]. Moreover, its role
as a biomarker has proved to be associated with inflammation and fibrosis in the injured
kidney, which would help monitor the degree of tubular damage [88-90]. Interleukin-18
(IL-18) is a proinflammatory cytokine that is expressed in activated macrophages, renal
epithelial cells and others [91]. Urinary IL-18 is considered a marker of both short- and
long-term injury in AKI, as it increases within 6 h of the insult or at least a day before
serum creatinine increase [91,92].

3.3. Fibrosis

Another common structural alteration observed in both heart and kidney remodelling
in CRS is fibrosis, which is also considered a key contributor to the progression of cardiac
and renal failure [93-95]. Fibrosis is an important process that can be contemplated as
aberrant wound healing as a consequence of the misbalance between extracellular matrix
(ECM) production and degradation [96]. The fibrotic response to injury can be classified
into reparative, when the scar is necessary to stabilize the tissue defect, or reactive, when the
mechanical stress and the hormonal mediators facilitate the expansion of connective tissue
in a remote non-injured zone, compromising the correct function of the organ [97]. The
main fibrosis effectors are the fibroblasts and myofibroblasts, both of which are responsible
for the synthesis and accumulation of interstitial ECM proteins. While fibroblasts are
mesenchymal cells ubiquitous in tissues and organs, myofibroblasts are differentiated
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cells that are rarely found in non-pathological environments [98-100]. The fibrotic scar
composition is similar amongst different tissues, predominantly formed by collagens type
I and III, fibronectin, proteoglycans and laminin [101-103].

As a response to the damaged heart in cardiac ischemia, myocardial remodelling oc-
curs through the secretion of ECM components by the myofibroblasts. Histopathologically
speaking, there are three types of cardiac fibrosis: replacement fibrosis, interstitial fibrosis
and perivascular fibrosis. Replacement fibrosis provides structural support, as it consists of
the removal of necrotic tissue and generation of a fibrotic scar within the infarcted zone that
compensates cardiomyocyte loss [104,105]. On the other hand, the widespread deposition
of ECM proteins in the endo and perimysium of remote areas of the infarct is what is
known as interstitial fibrosis [106]. The term perivascular fibrosis is used to describe the
increase in connective tissue around the cardiac microvasculature [107], both of which are
types of fibrotic lesions that could not be a consequence of cardiomyocyte death.

The remodelling that follows after MI happens in different phases that partially
overlap: First, there is cell death and an inflammatory response (inflammatory phase);
secondly, the resolution of inflammation and fibroblast proliferation (proliferative or repar-
ative phase); and lastly, the scar formation and maturation (maturation or remodelling
phase) [108]. During the proliferative phase, which usually coexists with the inflammatory
and reparative phases, there is an increase in the number of fibroblasts, which will adopt
the proliferatory, secretory and migratory myofibroblast phenotype [109]. Following the
proliferative phase of cardiac repair, when the scar has been synthesized, there begins a
long process known as maturation, in which an organized fibrotic state is formed due to
ECM crosslinking [110] and scar reinforcement by other components of the ECM, such
as decorin [111,112] and perlecan [113,114]. In addition, during the maturation phase,
the activated fibroblasts go through apoptosis and senescence [115]. The presence of a
mature fibrotic scar ultimately leads to an increased ventricular stiffness that compromises
cardiac output [116,117]. In addition to the impaired cardiac contractility, fibrosis also
interferes with the normal electrical signals within the heart, which predisposes to arrhyth-
mias and fibrillation [118,119]. Overall, fibrosis has thus been proposed as a risk factor
in HF as it predisposes to ventricular systolic and diastolic dysfunction [120-122], car-
diomyocyte hypertrophy [122-124] and sudden cardiac death [125,126], thereby increasing
mortality [127,128].

At the renal level, CKD is characterized by functional loss and deposition of connective
tissue that ends up creating a common fibrotic phenotype independently of the initial dam-
age. This happens since tubulointerstitial diseases lead to glomerular injury, and glomerular
lesions produce tubulointerstitial damage. Fibrosis is a common manifestation of functional
alterations that spreads in response to sustained inflammation and epithelial damage [129-131].
Among the events that induce fibrosis, both diabetes and hypertension are considered to be the
leading causes of CKD [132,133], as they elevate the glomerular pressure that gradually leads
to glomerular damage, endothelial dysfunction [134,135] and other structural changes, such
as alterations of the glomerular basement membrane [136-138], decrease in podocyte number
and mesangial distension [136,139,140]. As a result of such damage, the renal tissue would start
a response that resembles wound healing in other tissues. The scar created in the early stage
is potentially reversible but with the progression of the damage, the cross-linking of the ECM
proteins makes it stiff and resistant to proteolysis [141].

During chronic injury to the kidney in CKD, the excessive accumulation of connective tissue
and expansion of interstitial fibroblasts during the reparative stage of the fibrotic scar can happen
in all compartments of the kidney, including the glomeruli, usually termed glomerulosclerosis,
and the tubules, which is referred to as tubulointerstitial fibrosis [142-144]. Such deposition
of the fibrotic matrix alters organ structure and function, which could further damage kidney
function, as it impairs blood flow in this region of the parenchyma [96,145]. The fibrotic wound
is not the only structural change involved since it is usually associated with tubular atrophy,
tubular dilation and inflammatory cell infiltration [146-148]. Indeed, as the loss of renal cells
and its replacement by ECM are common sequelae of renal damage, expansion of cortical
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fibrosis is considered one of the best histologic predictors of kidney dysfunction loss in CKD
along with tubular atrophy (IFTA parameter) [148-150]. It is also one of the most common
features assessed in biopsies in predicting a progression to ESRD [151,152].

Even though chronic damage to the kidney will naturally converge into histological
and functional alterations that are common and lead to glomerulosclerosis and fibrosis, it
is important to understand that the fibrotic progression is different depending on where
it begins [153]. In glomerular damage, the progression starts with an injury within the
Bowman'’s Capsule that initially leads to glomerular hyperfiltration for a long period of
time until it progresses to decrease the total GFR [154,155]. This reduction in the blood
flow results in tubular hypoxia and epithelial cell death normally referred to as tubule atro-
phy [156,157]. In these circumstances, the inflammation initiated by the damaged tubular
cells propitiates the formation of a fibrotic scar to fill the void created by epithelial cell
death [158,159]. To form that scar, resident fibroblasts differentiate into the myofibroblast
phenotype, which can synthesize different extracellular matrix proteins. Among the ECM
components produced by myofibroblasts in order to form the fibrotic scar, the main ones in
the kidney are collagen type I, Il and 1V, as well as fibronectin [160-162]. During tubule
atrophy, the tubular basement membrane remains, thereby separating the cell death from
the interstitium but disappears after the cell-free tubule collapses, at which point we could
talk of complete loss of the nephron [163-165].

Epithelial damage is heterogeneous in tubular injury, which can be caused by many
factors, such as hemodynamic, inflammatory, toxin-related or metabolic alterations. Some
cells will instantly go through necrosis or apoptosis, whereas others will survive with dif-
ferent levels of injury, these being the ones that could proliferate and replace the lost cells
of the tubular epithelium [166-168]. In the cases in which the tubules do not recover, in-
flammation signalling activates and with it the fibroblasts differentiate into myofibroblasts
that will lead to tubulointerstitial fibrosis and tubular atrophy [169-171]. Tubulointerstitial
fibrosis is the deposition of ECM proteins in the space between the tubular basement
membrane and the peritubular capillaries [160], which impairs blood flow and induces
ischemic injury in the nephrons of the fibrotic wound [148,172,173].

Inflammation and oxidative stress serve as the initial response to injury although
its long-term progression could damage organ structure and function [174,175]. Inflam-
mation is a common process in fibroproliferative diseases that leads to the release of
pro-inflammatory mediators that have an important role in tissue damage and could ei-
ther stimulate or inhibit fibrosis [176,177]. An appropriate level of cytokines and growth
factors that mediates the cellular responses is key in normal wound healing. Among the
many growth factors involved, transforming growth factor 5 (TGF-f) is considered to be
a prototypic profibrotic cytokine that has a central role in organ fibrosis as it binds to its
receptors causing the phosphorylation of SMADs, which modulate the expression of the
target genes [100,178]. TGF-f3 can also activate SMAD-independent pathways in what is
called non-canonical signalling [179]. Among the many TGF-3-mediated responses are
cell proliferation and differentiation, ECM production and immune modulation [180-182].
Another important mediator is the connective tissue growth factor (CTGF), a downstream
factor of TGF £ that has been reported in fibrosis in different organs such as the heart and
kidney [93,183,184]. CTGF promotes the TGF-8-induced excessive ECM production and
fibroblast proliferation [185,186], and its expression appears to correlate with the degree of
fibrosis [187].

As previously said, a dynamic balance between production and breakdown of ECM
regulates the degree of fibrosis. The degradation of the ECM components is performed by
the matrix metalloproteinases (MMPs), whose activity is controlled by the tissue inhibitors
of MMPs (TIMPs) in order to maintain the homeostasis. MMPs can be classified according
to substrate specificity into collagenases, such as MMP-1, MMP-8 and MMP-13 [188,189];
gelatinases, such as MMP-2 and MMP-9 [190,191]; membrane MMPs, such as MMP-14 [192];
and stromelysins, such as MMP-3, MMP-10 and MMP-11 [193]. Interestingly, MMPs can
have both inhibitory and stimulatory effects on fibrosis as some of them promote it [194].
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For example, the most frequently studied MMPs in HF and kidney damage are MMP-2
and MMP-9, out of which MMP-9 is believed to have a profibrotic effect [195-197] whereas
MMP-2 has antifibrotic effects [198,199].

In recent years, it has been proved that different metabolic alterations stimulate struc-
tural and/or functional alterations, such as fibrosis development. Changes in metabolic
regulation, such as that occurring in a situation such as lipotoxicity, defined as the ac-
cumulation of lipids in non-adipose tissues, is known to promote the development of
fibrosis. This fibrosis is due to an upregulation in ECM protein synthesis, promoted by
fibroblasts [200,201]. In this sense, we have observed in a recent study that Ml is associated
with cardiac lipotoxicity in rats, independently of the presence of obesity. This lipotoxicity
was accompanied by alterations in the mitochondprial lipid profile and associated with
myocardial fibrosis, suggesting that MI promotes an increase in lipid accumulation in the
heart through mechanisms that are currently unknown. Similarly, we observed at the
renal level the direct profibrotic role of palmitic acid at renal fibroblasts, as it induced
an increase in ECM synthesis mediated by activation of ER stress, suggesting its impor-
tance in lipotoxicity-induced fibrosis [202]. These observations are in agreement with
another study in which the authors proved that accumulation of lipid droplets accelerates
tubulointerstitial fibrosis development in an animal model of kidney disease [200].

4. Mechanisms Involved in Fibrosis Progression

As a wide variety of diseases converge in fibrosis understanding, the pathogenesis
involved is important in order to determine potential therapeutic targets. Despite the efforts
to acquire insight into the process, the mechanisms involved are not fully established, and
the current therapies are either ineffective or only slightly successful [203,204]. The current
clinical strategies for CRS are guided towards the treatment of the general processes, such
as diuretics, to treat volume overload, or angiotensin converting enzyme (ACE) inhibitors,
Angiotensin II receptor blockers, mineralocorticoid receptor antagonist or 3-adrenergic
blockers to inhibit RAAS activation [17,205]. Due to the complex pathophysiology of CRS,
new therapeutic approaches centred in fibrosis have been proposed. For instance, in a
recent study, it has been proved that cardiac shock wave therapy significantly reduces
cardiac fibrosis in a rat model of MI through the activation of the PI3K/Akt signalling
pathway [206]. Despite this, these new experimental approaches are still required in
order to have a comprehensive understanding of the pathophysiological mechanisms
underlying fibrosis.

4.1. Inflammation

Inflammation can be defined as a defensive immune response that is triggered by
damage to a tissue. The acute inflammatory response can be initiated as a consequence
of an infection in which the pattern recognition receptors in the innate immune cells
interact with the pathogen-associated molecular patterns (PAMPs), or due to the damage-
associated molecular patterns (DAMPs) that are released during physical injury [207]. An
acute inflammatory response is characterized by vasodilation, vascular leak and leukocyte
emigration and, shortly after its induction, secretion of cytokines and chemokines will
happen in order to recruit the immune cells to the damaged or infected region. Among the
cells recruited, neutrophils are the first to migrate as a means to engulf the pathogens and
secrete pro-inflammatory mediators and vasoactive substances [208,209].

In a normal inflammatory response, the activity is temporally restricted, as it re-
solves once the threat has been dealt with. However, the presence of a prolonged low-
grade activity leads to chronic inflammation, which is characterized by the activation
of different immune components that lead to major alterations in tissues, increasing the
risk of diseases [210]. The clinical consequences of chronic inflammation include type 2
diabetes [211,212], hypertension [213], cardiovascular disease [214,215], chronic kidney
disease [216]) and metabolic syndrome [217] among others.
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Since both CHF and CKD are associated with a chronic inflammation response, char-
acterized by an increase in the circulating inflammatory mediators, this process has become
of interest in the understanding of CRS. A persistent inflammatory trigger is needed in
order to activate the wound-healing process. However, if not eliminated quickly, the
inflammatory cells could increase the response, leading to the abnormal wound healing
and scarring characteristic of fibrosis. Within the wound-healing mechanism that is ac-
tivated after injury, the first response is coagulation, in which activated platelets release
platelet-derived growth factor (PDGF), acting as a chemoattractant for inflammatory cells,
and transforming growth factor 81 (TGF-£1), which is one of the main drivers of fibrosis as
it stimulates ECM synthesis by the fibroblasts of the tissue that was damaged [218-220].

Inflammation is known to have an important role in the development and progres-
sion of chronic diseases. For example, CKD progression into ESRD is characterized by
chronic inflammation in the renal parenchyma, concluding in ECM deposition and loss
of renal function [221-223]. Independent of the original cause, experimental models and
human biopsies have shown that during renal inflammation, cells such as neutrophils
and macrophages infiltrate both the glomeruli and tubulointerstitial space in order to
remove the cell and matrix components that were damaged during the insult [223-225]. In
general, M1 macrophages generate the initial response in the diseased organ by generation
of pro-inflammatory cytokines, such as tumour necrosis factor « (TNF«) and interleukin-1
(IL-1), whereas M2 macrophages propitiate tissue repair by secretion of immunosuppres-
sive cytokines during the repair phase [223,226]. It is that transition from the M1 to M2
phenotype that promotes fibrosis, as the production of cytokines, chemokines and growth
factors alter the ECM balance between production and degradation [214,227,228].

Cytokines are cell-derived polypeptides that mediate the inflammatory response and
can have positive or negative effects. It is well known that not all cytokines are involved at
all stages of inflammation, but some of them do mediate both acute and chronic responses.
This is the case of TNF-, IL-1 («x and ) and IL-6 [229], which are some of the most studied
ones and have been suggested to have an important role in inflammatory modulation
during CRS due to its extremely potent proinflammatory effects [94,230-232].

It is well established that RAAS activation and the sympathetic nervous system (SNS)
promotes the inflammatory response both in the heart and kidneys [233]. Angiotensin II
(Ang II), one of the main effectors of RAAS activation, induces endothelial dysfunction,
upregulation of adhesion molecules and fibrosis [234-236]. These Ang II effects are accom-
panied by recruitment of infiltrating cells and an increase in proinflammatory cytokines via
the angiotensin type 1 (AT1) receptor in cardiorenal disease [230,237]. It has been proved
that Ang II produces the accumulation of macrophage in the kidney [238,239], and it was
shown in a murine unilateral ureteral obstruction (UUO) model that the macrophages” AT1
receptor activation impedes polarization towards the M1 phenotype and limits the damage
and fibrosis [240]. This shows that an increase in M1 macrophage differentiation makes or-
gans more susceptible to damage whereas the M2 phenotype decreases injury [223,241,242].
Nevertheless, neurohormonal activation is not the only proposed source of inflammation in
CRS. Both animal and human studies have shown that congestion may lead to endothelial
activation and peripheral release of proinflammatory mediators, as venous congestion
itself causes an inflammatory response activation in cells [233,243,244].

Inflammation leads to functional and structural damage in the cardiorenal axis, as the
different cytokines, especially TNF-«, which plays a central role in organ dysfunction, are
involved in inflammation, cell proliferation [245] and apoptosis [246]. During inflammation,
TNF-« has been described to be involved in vasodilation, inflammatory cell adhesion,
coagulation and reactive oxygen species (ROS) production, among others [247].

Numerous cytokines have been studied due to their profibrotic or antifibrotic ef-
fects [248]. Th2-derived cytokines, such as IL-4, IL-5, IL-6, IL-13 and IL-21, are important
in the regulation of organ fibrosis [249,250], out of which the most studied one is IL-13,
an interleukin whose profibrotic effect can be enhanced by IL-5 and IL-21, and which can
increase its production and its receptor expression [251-253]. IL-21 can also promote tissue
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fibrosis through the induction of differentiation into Th17 cells [254,255], which produce a
well-known profibrotic interleukin, IL-17, and which is involved in the development of
fibrosis in various organs [256-258], although a recent study has suggested IL-17 plays
an antifibrotic role in tubulointerstitial fibrosis [259]. On the other hand, Th1 cytokines,
such as IL-7 [250,260], IL-10 [261,262], IL-12 [263,264] and IL-22 [265,266], along with IFN-
v [267,268], have been shown to have a suppressive effect on fibrosis. For instance, the
inflammatory response in IL-10 KO mice resulted in scar formation rather than wound
repair, suggesting IL-10 has an important antifibrotic role [269,270].

Chronic, unresolved inflammation damages renal structure and function, thereby
leading to CKD, a state characterized by progressive renal fibrosis. In previous studies,
it was reported that circulating levels of fibrinogen, TNF-« and a decrease in serum
albumin were associated with loss of kidney function, linking the progression of CKD to the
inflammatory response [221,271]. Systemic inflammation and function decline can alter the
structure of the kidney, creating an environment in which epithelial damage increases and
the factors released by infiltrating macrophages lead to fibrotic expansion [272,273]. Indeed,
macrophage depletion has proved to reduce renal fibrosis in an animal model of myocardial
infarction [274]. In renal fibrosis, the first process involved is the injury itself, followed
by the unresolved inflammation. In the tubulointerstitium, pro-inflammatory cytokines,
such as IL-6, TNF-« and IL-1f3, promote further inflammatory cell infiltration, propitiating
activation of profibrotic cells to differentiate into myofibroblasts and local secretion of
fibrotic mediators [275-277]. This situation will lead to overproduction and deposition of
ECM proteins, disruption of tissue integrity and progressive decline in function. Finally,
glomerulosclerosis and tubular atrophy will happen in the latest stages [278,279].

In cardiac injury, as what happens in renal damage, the necrotic cell death within the
heart activates tissue cells that will synthetize proinflammatory cytokines to recruit inflam-
matory cells. In the first phase, the macrophages and neutrophils act to remove the debris
and release growth factors and cytokines that propitiate formation of connective tissue.
Afterwards, fibroblast activation and cell proliferation will happen in the maturation phase
to repair the myocardium by fibrotic wound formation [280,281]. After the phagocytic
clearance of the apoptotic cells, macrophages will polarize towards the “reparative” M2
phenotype, releasing anti-inflammatory and profibrotic cytokines such as IL-10 and TGFpj,
while proinflammatory cytokines, such as IL-13 or TNF-, decrease in order to stimulate
cardiac fibroblast activation to collagen-secreting myofibroblast [281-283]. Having said
that, chronic inflammation entails a change in the inflammatory behaviour towards per-
sistent and exacerbated fibrinogenesis, which is a structural feature in chronic injuries. It
is due to that characteristic chronic inflammation for which TNF-« has been proposed
as an independent predictor of cardiac and non-cardiac mortality in CHF patients [284].
Nonetheless, there is no consensus on the role of cytokines and chemokines, as some studies
suggest its aggravating injury effects and others show that they endanger cardioprotective
responses. For example, TNF-« ablation has proved to reduce the infarct size in mice with
I/R injury [285], but in other studies TNF receptor deficiency increased the ischemic injury
during I/R [286].

4.2. Oxidative Stress

Oxidative stress is a general concept that describes the imbalance between the produc-
tion of ROS and the antioxidant defences. ROS includes both free radicals, which are species
with an unpaired electron, such as superoxide anion (O,*~) and hydroxyl radical (-OH),
or non-free radical oxygenated molecules, such as hydrogen peroxide (H,O,) [287,288].
Other reactive species derived from nitrogen or sulphur do exist, but they are less abun-
dant [289,290].

Even in basal conditions, aerobic metabolism involves ROS production, thus making
0O,°*~ and H;0O; physiological intracellular metabolites. In low quantities, ROS act as
signalling molecules involved in different pathways, such as cell proliferation, apoptosis
and gene expression [291,292]. However, the fact that an important increase in oxidants
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could target almost all substrates implies the impairment and alteration of all biomolecules,
resulting in cell damage and death [293,294]. ROS can damage proteins [295] and nucleic
acids [296,297], but among all the molecules to undergo oxidation, polyunsaturated fatty
acids are the most susceptible, leading to an increase in the markers of lipid peroxidation,
such as malondialdehyde or 4-hydroxynonenal [298-300].

The endogenous sources of prooxidant species include organelles where there is high
oxygen use, such as the mitochondria, peroxisomes, due to the fatty acid (3-oxidation [301,302],
and the endoplasmic reticulum (ER) [303], although the mitochondria seem to be the major
source of ROS production, as around 95% of the breathed oxygen is reduced in the mitochondrial
electron chain. Specifically, there are two major sites in the electron transport chain, the
NADH dehydrogenase (complex I) and the ubiquinone cytochrome c reductase (complex
IIT), which transfer electrons to coenzyme Q or ubiquinone, creating reduced forms that will
ultimately transfer electrons to the molecular oxygen, generating superoxide radicals [304,305].
Through the action of mitochondrial superoxide dismutase (SOD), the superoxide anion is
converted to hydrogen peroxide, which can be detoxified by the catalase and glutathione
peroxidase [305,306].

In the outer mitochondrial membrane, the monoamine oxidases are another source
of ROS that is not related to respiration [307,308]. In this case, the bivalent reduction of
oxygen produces HyO;. In order to regulate the levels of ROS, the sources colocalize with
the antioxidant response, among which there are enzymes, such as superoxide dismutases,
catalase and glutathione peroxidase, as well as non-enzymatic antioxidants, such as vitamin
A, bilirubin or reduced coenzyme Q [288,309,310].

Both inflammation and oxidative stress are related to chronic diseases, such as diabetes,
hypertension, cardiovascular diseases or CKD [175,311-313]. It is known that under chronic
damage the inflammatory and hypoxic environment propitiates fibrosis by fibroblast
activation and proliferation into myofibroblasts. In this circumstance, ROS formation
also occurs, and is considered to have an important role in both inflammation and organ
fibrosis [314-316]. The bidirectional link between ROS and TGF-1 is well established, as
ROS production and enhanced ROS formation leads to higher activation and expression of
TGF-B1 [317-319]. One of the possible explanations for this link resides in the action of an
important ROS source, such as the different NADPH oxidases (NOX). In normal conditions,
the NOX-derived ROS act as modulators of cell growth, proliferation, differentiation and
apoptosis, but once it is uncontrolled, oxidative stress damages the DNA, proteins and
lipids, inducing organ damage and fibrosis [320-322]. Multiple studies have shown the
effectiveness of NOX-1 and NOX-4 inhibition in inflammation and fibrosis amelioration
in liver and kidney injury [323-325], while different studies in the heart have shown
that both NOX-2 and NOX-4 mediate the oxidative stress and cardiac injury following
I/R[320,326,327]. Indeed, NOX-4 is considered a well-recognized mediator of the transition
from fibroblast to myofibroblast, and its inhibition in in vitro studies with renal cells proved
to prevent ROS production and myofibroblast differentiation, which would translate into a
decrease in fibrosis during damage [328,329].

Multiple factors seem to participate in order to produce the characteristic multior-
gan dysfunction of CRS, among which the increase in proinflammatory cytokines, the
dysregulation of apoptosis and the increase in oxidative stress have been proposed as
key elements of this complex pathophysiology [232,330,331]. Different animal models
have shown that an increase in oxidative stress plays a pivotal role in cardiac and renal
damage, independently of the CRS type depicted, through activation of the inflammatory
response [15,331-333]. This can also be seen in patients with CRS, who presented an in-
crease in ROS and RNS, which was accompanied by higher inflammatory cytokines, such
as IL-6 [15].

4.3. Endoplasmic Reticulum Stress

The ER is an essential organelle for calcium homeostasis, lipid biosynthesis and protein
synthesis and post-translational modifications. To ensure correct protein folding, the ER
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lumen balance between unfolded and misfolded proteins, and the capability to handle
it, must be maintained. Such homeostasis could be altered by both physiological and
pathological entities, such as inflammatory cytokines, protein demand or mutant protein
expression, which translates into what is called ER stress [334,335].

In response to ER stress, the unfolded protein response (UPR) is initiated by at least
one of three different pathways: the ER transmembrane proteins Activating Transcription
Factor 6 (ATF6), Inositol-Requiring 1 (IRE1) or PKR-like ER kinase (PERK). In unstressed
conditions, the chaperone Immunoglobin Binding Protein (BiP) binds to the luminal domain
of ATF6, IRE1 and PERK, keeping them inactive [334,336]. In ER stress conditions, BiP
dissociates from the three regulators, activating UPR [337]. Although initially UPR is
considered a beneficial adaptive response, if it fails to restore homeostasis, then the UPR
pathways guide the damaged cells to apoptosis and the consequent tissue injury [338,339].

Different pathologies, such as diabetes mellitus [340], obesity [341,342], cardiovascular
disease [343,344] and CKD [345,346], have been associated with ER stress. In CRS, the
activation of ER stress in the heart and kidney could be induced by different factors,
such as hemodynamic changes, hormones from the RAAS, inflammation or oxidative
stress [346-348]. These pathophysiological mediators could directly induce ER stress in
the myocardium or renal parenchyma, resulting in apoptotic cell death due to prolonged
UPR activation [349-351] and the consequent fibrotic wound formation, all of which would
eventually lead to structural and functional changes [348,352-354]. Our group has recently
evaluated the effect of myocardial infarction (MI) at renal level in rats. At 4 weeks post-M],
animals presented renal alterations characterized by tubulointerstitial fibrosis, oxidative
stress and upregulation of inflammatory cytokines, such as IL-6 and TNF-«. All these
alterations were accompanied by ER stress activation, which correlates with the renal
fibrosis, suggesting ER stress relevance in the structural renal damage in CRS type 1 [202].

As ER stress inhibition has proved to ameliorate the fibrotic progression, it has been
suggested that its blockade could be a new therapeutic approach for fibrosis [355-357]. One of
the possible ways in which ER stress could lead to fibrosis is through fibroblast differentiation
and collagen formation by TGF-f3 upregulation, as PERK and IRE1 activation have been seen
to increase TGF-f3 expression [358-360]. ER stress activation of fibroblasts during injury at the
wounded site triggers their differentiation into myoblasts, so as to restore the area by ECM
protein synthesis and secretion [361,362]. Different in vitro studies have described ER-mediated
differentiation into different cell types, such as renal tubular cells [363], cardiac cells [364],
adipocytes [365,366], plasma cells [367,368] and others [369-371]. Additionally, our group’s
in vitro studies in kidney fibroblasts, stimulated with the well-known profibrotic factor Ang II
in presence of the pharmacological inhibitor of ER stress, 4-phenylbutiric acid (4-PBA), proved
to be effective in preventing the increase in collagen I, inflammatory markers and superoxide
anion production. All of this suggests the important role of ER stress in fibrosis, inflammation
and oxidative stress in renal damage [202].

The explained mechanisms involvement in CRS is depicted in Figure 2.
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Figure 2. Mechanisms involved in the progression of cardiac and renal fibrosis in CRS.

5. Conclusions

Due to the pathogenesis of cardiorenal syndromes, numerous efforts have given
insight into the different pathways and mediators involved. This review has summarized
evidence that the development of a fibrotic wound has proved to play a central role in both
cardiac and renal damage progression, in which inflammation, oxidative stress and ER
stress could be relevant players. This makes it crucial to understand the pathogenic basis
of fibrosis in order to determine therapeutic targets.
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Myocardial infarction (Ml) is associated with renal alterations resulting in poor outcomes in
patients with MI. Renal fibrosis is a potent predictor of progression in patients and is often
accompanied by inflammation and oxidative stress; however, the mechanisms involved in
these alterations are not well established. Endoplasmic reticulum (ER) plays a central role in
protein processing and folding. An accumulation of unfolded proteins leads to ER dysfunc-
tion, termed ER stress. Since the kidney is the organ with highest protein synthesis fractional
rate, we herein investigated the effects of Ml on ER stress at renal level, as well as the pos-
sible role of ER stress on renal alterations after MI. Patients and MI male Wistar rats showed
an increase in the kidney injury marker neutrophil gelatinase-associated lipocalin (NGAL) at
circulating level or renal level respectively. Four weeks post-Ml rats presented renal fibrosis,
oxidative stress and inflammation accompanied by ER stress activation characterized by
enhanced immunoglobin binding protein (BiP), protein disulfide-isomerase A6 (PDIA6) and
activating transcription factor 6-alpha (ATF6«) protein levels. In renal fibroblasts, palmitic
acid (PA; 50-200 M) and angiotensin Il (Ang Il; 10~8 to 10-6M) promoted extracellular ma-
trix, superoxide anion production and inflammatory markers up-regulation. The presence of
the ER stress inhibitor, 4-phenylbutyric acid (4-PBA; 4 uM), was able to prevent all of these
modifications in renal cells. Therefore, the data show that ER stress mediates the deleteri-
ous effects of PA and Ang Il in renal cells and support the potential role of ER stress on renal
alterations associated with MI.

Introduction

Kidneys and heart are linked since the heart provides nutrients and oxygen to support normal kidney
function. Moreover, kidneys regulate fluid, electrolytes and acid-base homeostasis which facilitate heart
function [1]. Based on that interaction, Consensus Conference of Acute Dialysis Quality Initiative Group
defined cardiorenal syndrome as the different conditions in which kidney and heart dysfunction overlap
[2]. The definition of cardiorenal syndrome involves five subtypes, being type 1 defined by renal injury due
to a deterioration in cardiac function, the most prevalent in patients diagnosed with cardiorenal syndrome
[3].

Several animal models have been described to study cardiorenal syndrome, being myocardial infarction
(MI) the most commonly used to evaluate it due to its reproducibility and its relation to human pathophys-
iology [4]. It has been observed that approximately 20% of MI patients present renal damage which in-
crease mortality as compared with MI patients without renal impairment [5,6]. Experimental studies have
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demonstrated that MI is associated with development of renal fibrosis accompanied by renal inflammation even
in absence of renal dysfunction few weeks post-MI [7]. Chronically, MI is accompanied by renal dysfunction. Al-
though patients with MI usually show a time-course recovery of impaired renal function, an increased mortality
rate is observed [5]. Renal fibrosis is a common feature of chronic kidney diseases and plays a critical role in renal
dysfunction contributing to mortality complications [8,9]. Renal fibrosis occurs as a consequence in the misbalance
between extracellular matrix (ECM) production/degradation. The increase in ECM production could be a trigger for
an inflammatory response and myofibroblast proliferation [9]. Several cytokines appear to be major contributors to
renal fibrosis as transforming growth factor-beta (TGF-{3) which is involved in ECM production, as well as in the
inflammatory response. In accordance with that, MI is accompanied by interleukin (IL)-6 overexpression, as well as
macrophage infiltration at renal level in rats [6]. The inflammatory response seems to play a critical role in the de-
velopment of renal fibrosis, since systemic depletion of monocytes/macrophages improves renal fibrosis in an animal
model of MI [10]. However, the mechanisms involved in renal fibrosis are not fully established and there is not an
effective treatment, with new strategies being mandatory for treating it.

In the last years, it has been described that various types of kidney damage such as kidney aging [11], nephronoph-
thisis [12], diabetic kidney disease [13], acute kidney injury [14] and hypertension-associated kidney disease [15]
are associated with endoplasmic reticulum (ER) dysfunction, termed ER stress. ER plays a central role in calcium
homeostasis, lipid biosynthesis and protein processing. Different conditions such as high protein demand, viral in-
fections, inflammatory cytokines and mutant protein expression, result in ER stress and the subsequent activation of
unfolded protein response (UPR) in order to try to mitigate this pathological situation [16]. UPR response tries to
deal with the accumulation of unfolded proteins, activating three different pathways initiated by inositol requiring 1
(IRE1), PKR-like ER kinase (PERK) and activating transcription factor 6 (ATF6) proteins. In unstressed conditions,
immunoglobin binding protein (BiP) binds to IRE1, PERK and ATF6 and keep them inactive. Upon undergoing ER
stress, BiP dissociates from these master regulators, thereby activating UPR. For this reason, BiP is considered to be
a monitor of ER stress [17]. UPR activation is initially considered to be an adaptive response; however, persistent
activation of UPR drives damaged cells to apoptosis [18] and is associated with the pathogenesis of a number of
diseases.

Therefore, the aim of the present study was to evaluate whether ER stress can participate in the renal fibrosis
associated with MI. To achieve this aim, we have evaluated if ER stress is activated at renal level in rats with MI and its
association with renal fibrosis. We have also analyzed the impact of the activation of ER stress on ECM components
and mediators on renal fibroblasts stimulated with palmitic acid (PA) which has been proven to activate ER stress
accompanied by an increase in inflammatory markers in podocytes [19]; however, its effect on renal fibroblasts and
the effects of PA on ECM production is not studied. In addition, we used a well-known profibrotic factor such as
angiotensin II (Ang II) in renal fibroblasts to study the possible role of ER stress in ECM production.

Materials and methods

Subjects

Patients who suffer a first acute myocardial infarction (MI) as defined by “The Third Universal Definition of My-
ocardial Infarction” [20]: increase in biomarkers in the presence of ischemia, ST-T changes, the appearance of new
Q waves, identification of alterations of local contraction by image technique or intracoronary thrombus detected
by angiography were recruited from the Cardiology Department of Hospital Clinico San Carlos, Madrid, Spain. The
exclusion criterion were a previous MI or myocardial revascularization, hemodynamic instability 12 h previous revas-
cularization, severe chronic kidney disease with a creatinine clearance <30 ml/min/1.7m?. Twenty-four to forty-eight
hours after hospital admission for MI, patients underwent transthoracic echocardiographic and at the same time
blood samples were collected. A group of healthy volunteers were recruited from staff of the hospital. The study pro-
tocol was approved by the ethics committee (16/107-E_BS) and all participants signed the informed consent. The
present study was conducted in compliance with Good Clinical Practice Guidelines and the ethical principles stated
in the Declaration of Helsinki.

Experimental design and animals

Myocardial infarction was induced in 12-week-old male Wistar rats of 320-350 g (Harlan Ibérica, Barcelona, Spain;
n=38) anesthetized (2% isofluorane), intubated and ventilated (Inspira Asv, Harvard Instruments) and placed on an
adjustable heating pad to maintain a core temperature of 36-37°C by ligation of the left anterior descendent (LAD)
coronary artery as previously reported [21]. Rats subjected to Sham operation (the same surgical procedure except that
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the suture passing the LAD was not fastened; n=8) was included as a reference group (Sham). After surgery, buprenor-
phine (0.05 mg/kg per 8 h, intramuscular) was given for 48 h. After recovery, the animals were kept in collective cages
with free access to food and water in the animal facility of the Universidad Complutense de Madrid. Four-weeks after
myocardial infarction, animals were sacrificed. Systolic blood pressure (SBP) was estimated end-of-study through use
of a tail-cuff plethysmograph (Narco Bio-Systems) in unrestrained rats. Animals were sacrificed by decapitation. At
the end of the experiment, blood was collected in EDTA in food-deprived animals. Kidneys were removed carefully
from animals, immediately frozen in liquid nitrogen and stored at —80°C until its use. The Animal Care and Use
Committee of Universidad Complutense de Madrid approved all experimental procedures according to the Spanish
Policy for Animal Protection RD53/2013, which meets the European Union Directive 2010/63/UE.

Creatinine measurements
Plasma creatinine levels were measured using spectrophotometric techniques in an autoanalyzer (Vitros 5600, Diag-
nostics Ortho Clinical, Johnson & Johnson, New Brunswick, NJ, U.S.A.).

Circulating measurements

Plasma Neutrophil gelatinase-associated lipocalin (NGAL) (R&D Systems; catalogue number: DY1757-05), Ang II
(abbex; catalogue number: abx052349) and thiobarbituric acid reactive substances (TBARS) (Sigma Aldrich; cata-
logue number: MAKO085) levels, were measured following the instructions of the manufacturer.

PA was measured as previously reported [22]. Aliquots of 100 pl of plasma were transferred to Eppendorf tubes. The
lipids were then extracted with hexane/isopropanol, 3:2 v/v at a 1:10 sample/solvent ratio. The tubes were vortexed
and maintained at —20°C for 10 min, then centrifuged at 14,000 g at 4°C for 5 min. The supernatant was collected,
transferred to glass tubes and dried under nitrogen flow. Then, 1 ml of 80% methanol was added, and the tubes were
thoroughly mixed.

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) system comprised a Shimadzu UHPLC Nex-
era X2 system hyphenated to a triple quadrupole mass spectrometer LCMS-8030 (Shimadzu Corporation, Kyoto,
Japan). The mass spectrometer was operated with an electrospray ionization (ESI) source in negative mode. The
desolvation line and heat block temperatures were set at 250 and 400°C, respectively. The interface voltage was main-
tained at 3.5 kV. Nitrogen was used as nebulizing and drying gas at a flow of 1.5 and 15 I/min, respectively. Argon was
used as collision gas at 230 kPa.

Morphological and histological evaluation

Renal tissue samples were dehydrated, embedded in paraffin and cut in 4 um-thick sections that were stained with
picrosirius red in order to detect collagen fibers. Other renal tissue samples were embedded in Tissue-Tek® O.C.T™.
The area of renal interstitial fibrosis was identified as the ratio of fibrosis or collagen deposition to the total tissue area
(after excluding the vessel and glomerular area from the region of interest). For each sample stained with picrosirius
red, 30 fields all through the cortex were analysed with a 20x objective under transmitted light microscopy (Leica
DM 2000; Leica AG, Germany).

Cell culture
The renal tube fibroblasts (TFBs) is a murine renal interstitial fibroblast cell line originally isolated from SJL mouse
kidney and was a generous gift from Dr Ucero AC. TFBs were maintained in RPMI 1640 medium supplemented with
10% FBS, L-glutamine 1% and penicillin/streptomycin 1%. The cells were seeded in T75 tissue culture flask pretreated
with L-polylysine (0.1 mg/ml) and then grown as a monolayer culture. Cells were passaged with 1x trypsin whenever
they became confluent. All assays in the present study were done at temperatures of 37°C, 95% sterile air and 5% CO,
in a saturation humidified incubator. Cells were treated with different doses of palmitic acid (PA) with bovine serum
albumin (BSA) as a carrier—conjugated to 10% free fatty acids (FFA)-free BSA (PA; 50-200 uM), angiotensin IT (Ang
II; 10~® to 10~°M) and/or 4-phenylbutyric acid (4-PBA; 2 and 4 uM).

For the intracellular pathways study, cells were treated with Ang II for 5, 10, 15, 30 and 60 min. The following
chemical inhibitors were added at 107 M: BAY11-7082 (Sigma Aldrich); LY294002 (Sigma Aldrich) and PD98059
(Sigma Aldrich).
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Western blot

Protein extraction was performed from kidneys by mechanic disruption by 0.5 mm zirconium oxide beads in a tissue
homogenizer bullet blender (Scientific Instrument Services, MA, U.S.A.) containing 300 pl of lysis buffer (cOmplete
Lysis-M; Roche, Risch-Rotkreuz, Suiza, catalogue number 04719956001).

Renal and cellular proteins were separated by SDS-PAGE on polyacrylamide Criterion™ TGX™ Precast Gels (Bio-
Rad, California, U.S.A.) and transfered to Hybond-c Extra nitrocellulose membranes (Hybond-P; Amersham Bio-
sciences, Piscataway, NJ). Membranes were probed with primary antibody for x-smooth muscle actin (x-SMA;
Biocare medical, California, U.S.A.; dilution 1:200), 4-Hydroxynonenal (4-HNE; Abcam plc, Cambridge, U.K.; di-
lution 1:250), protein kinase B (Akt, Cell Signaling, Danvers, MA, U.S.A,; dilution 1:1000), Akt, (phospho Ser473,
Cell Signaling, Danvers, MA, U.S.A.; dilution 1:1000), activating transcription factor 6-alpha (ATF6«; Santa Cruz,
Texas, U.S.A.; dilution 1:250), immunoglobin binding protein (BiP; BD Biosciences, Madrid, Spain; dilution 1:500),
CCAAT-enhancer-binding protein homologous protein (CHOP; Cell Signaling Technology, Massachusetts, U.S.A.;
dilution 1:500), collagen I (Calbiochem, California, U.S.A.; dilution 1:1000), connective tissue growth factor (CTGF;
Sigma-Aldrich, Missouri, U.S.A.; dilution 1:1000), extracellular signal-regulated kinases (Erk1/2, ThermoFisher;
Rockford, IL, U.S.A.; dilution 1:1000), Erk1/2 (phospho-p44/42 Thr202/Tyr204, Cell Signaling, Danvers, MA, U.S.A.;
dilution 1:1000), nuclear factor-kB p65 (NF-«kB, Abcam; Cambridge, U.K.; dilution 1:1000), NF-kB (phospho S536,
Abcam; Cambridge, UK,; dilution 1:1000), protein disulfide-isomerase A6 (PDIA6; Abcam plc, Cambridge, UK,
dilution 1:1000), transforming growth factor-f (TGF-f3; Abcam plc, Cambridge, U.K.; dilution 1:1000), (3-actin
(Sigma-Aldrich, Missouri, U.S.A.; dilution 1:1000) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cell
Signaling Technology, Massachusetts, U.S.A.; dilution 1:5000) as a loading control. Signals were detected using the
ECL system (Millipore, Massachusetts; U.S.A.). Results are expressed as an n-fold increase over the values of the
control group in densitometric arbitrary units.

Detection of superoxide anion production

The oxidative fluorescent dye dihydroethidium (DHE; 10~°> M) was used to evaluate superoxide anion (O~2) presence
atrenal level or production in cells as previously described [23]. The fluorescence intensity was determined with Leica
application suite (Leica microsystems, Wetzlar, Germany).

Inmunocytochemistry

Characterization of the cells using immunocytochemistry technical procedure, revealed a consistent expression of
vimentin (Supplementary Figure S1) confirming that the cells possessed fibroblasts phenotype. Renal fibroblasts
(TFBs) were fixed with Merckofix (Merck KGaA, Darmstadt, Germany) and permeabilized with Triton X-100. Cells
were then incubated overnight at 4°C in a solution containing 1:100 antivimentin (GeneTex, California, U.S.A.). Af-
ter three washings (5 min each) in PBS, the cells were incubated in fluorescein anti-rabbit (Vectastin Vector) 1:200.
Images were analysed and photographed at 40 x objective with a Leica DMI 3000B microscope.

Retrotranscription and real-time PCR

Total RNA was isolated using Trizol Reagent (Fisher Scientific, Waltham, MA, U.S.A.) and was reverse transcribed
into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific Inc, Waltham, MA,
U.S.A.). Quantitative PCR analysis was performed with SYBR green PCR technology (Bio-Rad) (Supplementary Ta-
bles S1 and S2). Quantification of mRNA levels was performed by real-time PCR using the A AC; method. Data were
normalized to hypoxanthine phosphoribosyltransferase (HPRT).

Statistical analysis

Continuous variables of patients are expressed as mean + SD. Categorical variables are expressed in absolute values
and percentages. Continuous variables of experimental data are expressed as mean & SEM. Normality of distributions
was verified by means of the Kolmogorov-Smirnov test. Levene’s test was used to assess the equality of variances and
a Student’s t test was performed to determine if two sets of data were significantly different from each other. One-way
ANOVA was used and followed by Newman-Keuls test or a Dunnett test. Pearson correlation analysis was used to
examine association among different variables. A value of P<0.05 was used as the cut-off value for defining statistical
significance. Data analysis was performed using the statistical program GraphPad Prism 8 (San Diego, CA, U.S.A.).
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Results

Ml is associated with higher NGAL levels in patients

The mean age of patients with MI was higher than that of control subjects (54.8 £ 6.8 vs. 41.6 & 4.1 years; P<0.0001),
with there being only males in the group of MI versus 50% in the control one. All MI patients, but only 8.3% of the
control subjects, had associated comorbidities, with the most prevalent being hypertension and dyslipidemia. Drug
treatment for hypertension included angiotensin converting enzyme inhibitors (or angiotensin II type 1 receptor
antagonists), whereas all dyslipidemic patients were placed on statins. Body mass index (BMI) was higher in MI
patients than in non-MI subjects (26.4 & 2.1 vs. 23.04 + 2.01 kg/m?; P=0.005). Plasma creatinine levels in MI patients
were higher than those of control subjects (0.88 £ 0.17 vs. 0.73 &= 0.11 mg/dl; P=0.0119). Despite the fact that plasma
creatinine values were within normal values in both groups, MI group presented an important increase in NGAL, an
acute marker of kidney injury, as compared to control subjects (87,873 % 24,419 vs. 61,941 &+ 14,695 pg/ml; P=0.0046;
Supplementary Table S3).

Ml is associated with renal fibrosis, oxidative stress and inflammation
Animals subjected to ligation of the coronary artery presented several cardiac structural and functional alterations
characterized by an increase in left ventricular end-systolic diameter accompanied by a reduction in systolic and
diastolic function as compared with Sham group [21]. MI animals also presented an increase in interstitial cardiac
fibrosis [21].

As occurs in patients, creatinine serum levels were similar between both groups; however, MI animals presented an
increase in two markers of kidney injury NGAL and kidney injury marker-1 (KIM-1), as compared to control animals
(Figure 1A). In addition, MI animals showed kidney fibrosis (Figure 1B) which was accompanied by an increase in
collagen type I protein levels (Figure 1C). Complementary analysis revealed that the MI group presented a slight
increase in o-SMA without signification and enhanced protein levels of the profibrotic mediator TGF-3 without
modification in CTGF protein levels (Figure 1C).

Oxidative stress was evaluated at renal level in the animals. An increase in TBARs circulating plasma levels was
observed in MI animals as compared with control ones (Figure 1D). As shown in Figure 1E, there was an increase in
fluorescence intensity in the kidney of MI animals as compared with control ones, suggesting a higher presence of
superoxide anion in MI animals. This prooxidant scenario was confirmed by 4-HNE, a major end-product of lipid
peroxidation, which was enhanced after MI at renal level (Figure 1F).

MI induced increased levels of pro-inflammatory markers in the kidney, including IL-6 and TNF-« (Figure 1G)
mRNA levels as compared with Sham animals.

Endoplasmic reticulum stress is activated at renal level after Ml

At 4 weeks after MI, two markers of ER stress, BiP (Figure 2A) and PDIA6 (Figure 2B) were up-regulated in MI
animals as compared with control ones. Analysis of different pathways involved in ER stress activation revealed that
ATF6« protein levels were enhanced in MI animals (Figure 2C) in absence of CHOP protein modifications (Figure
2D). This endoplasmic reticulum stress activation was accompanied by a slight increase of PA, which did not reach
significant statistically, (Figure 2E) and Ang II plasma levels in MI rats (Figure 2F).

Activation of ER stress in renal fibroblasts
In order to activate the ER stress in renal tube fibroblasts (TFBs), we exposed the cells to PA that has been demon-
strated to activate ER stress accompanied by an increase in inflammatory markers in podocytes [19].

The exposition of TFBs to different doses of PA (50-200 uM) for 24 h was accompanied by activation of ER stress
characterized by enhanced PDIA6 protein levels (Figure 3A) and up-regulation of two downstream proteins of ER
stress as ATF6oc and CHOP (Figure 3B,C). Interestingly, PA-treated cells presented an increase in collagen I protein
levels at the dose of 100 LM of PA (Figure 3D) and a protein increase in the profibrotic mediator TGF- 3 independently
of the dose of PA (Figure 3E). This profibrotic effect of PA was accompanied by an enhanced production of superoxide
anion production, reaching a maximum effect at 100 uM of PA after 24 h of stimulation (Figure 3F).

Endoplasmic reticulum stress mediates the prooxidant, profibrotic and

proinflammatory effects of PA in renal fibroblasts
In order to explore the possible role of ER stress in the prooxidants and profibrotic effects of PA, TFBs were exposed
to PA (100 uM) in presence or absence of the pharmacological inhibitor of ER stress, 4-PBA, for 24 h.
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Figure 1. Impact of Ml on renal fibrosis, oxidative stress and inflammation

(A) Neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury marker-1 (KIM-1) mRNA levels. (B) Representative micropho-
tographs of renal sections staining with picrosirius red (magnification 20x) and quantification of collagen volume fraction. (C) Renal
protein levels of collagen type |, alpha-smooth muscle actin (x-SMA), transforming growth factor-beta (TGF-{3) and connective tis-
sue growth factor (CTGF). (D) Thiobarbituric acid reactive substances (TBARS) plasma. (E) Representative images and quantification
of renal sections labelled with the oxidative dye hydroethidine (magnification 40x). (F) Renal protein levels of 4-hydroxynonenal
(4-HNE). (G) Renal mRNA levels of interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-«) in kidneys from rats after Ml or Sham
animals. Bar graphs represent the mean + SEM of 8-10 animals normalized to hypoxanthine-guanine phosphoribosyltransferase
(HPRT) or -actin for cDNA and protein, respectively: *P<0.05; **P<0.01; **P<0.001 versus Sham group.
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Renal protein levels of (A) immunoglobulin binding protein (BiP). (B) Protein disulfide isomerase family A member 6 (PDIAG). (C)
Activating transcription factor 6-alpha (ATF6«) and (D) CCAAT-enhancer-binding protein homologous protein (CHOP) from rats
after Ml or Sham animals. Plasma levels of (E) palmitic acid (PA) and (F) Angiotensin Il (Ang Il) from rats after Ml or Sham animals.
Bar graphs represent the mean + SEM of 8-10 animals normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH);

*P<0.05; ***P<0.001 versus Sham group.
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Figure 3. Palmitic acid (PA) effects on endoplasmic reticulum stress, extracellular matrix proteins and superoxide anion
production in renal fibroblasts

Dose-response (50-200 uM) of PA in renal fibroblasts on (A) protein disulfide isomerase family A member 6 (PDIA6); (B) activating
transcription factor 6-alpha (ATF6«); (C) CCAAT-enhancer-binding protein homologous protein (CHOP); (D) collagen I; (E) trans-
forming growth factor-beta (TGF-f3) protein expression and (F) representative microphotographs and quantification of cells labeled
with the oxidative dye hydroethidine (magnification 40x). Bar graphs represent the mean + SEM of four to six assays normalized
to B-actin; *P<0.05, **P<0.01 versus control cells.
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4-PBA was able to prevent the increase in superoxide anion production induced by PA at two different doses, 2 and
4 uM (Figure 4A). For the next experiments, we used the dose of 4 pM of 4-PBA. At that dose, 4-PBA was able to
prevent the activation of ER stress and thus preventing the protein up-regulation of BiP, PDIA6 and ATF6x protein
levels induced by PA, showing the efficiency of the treatment (Supplementary Figure S2A-C). In addition, 4-PBA was
able to prevent the increase in ECM proteins induced by PA after 24 h of treatment. 4-PBA-treated cells were resistant
to the increase in TGF-[3 (Figure 4B) induced by PA in TFBs. 4-PBA blunted the production of collagen I induced by
PA at mRNA levels (Figure 4C).

TFBs treated with PA (100 uM) for 24 h presented and increase in different proinflammatory markers such as IL-6,
CCL-2 and osteopontin at mRNA level (Figure 4C). The pharmacological inhibitor of ER stress was able to prevent
the proinflammatory response of PA in TFBs (Figure 4C). These effects of 4-PBA were accompanied by a prevention
of the up-regulation in the acute kidney injury biomarker, NGAL, induced by PA in the renal cells (Figure 4C).

Endoplasmic reticulum stress mediates the prooxidant, profibrotic and

proinflammatory effects of angiotensin Il in renal fibroblasts

We evaluated the possible role of ER stress in a well-known profibrotic factor at renal level. Ang II was able to activate
ER stress in a dose dependent-manner characterized by an increase in BiP, PDIA6, CHOP and ATF6«x protein levels
after 24 h of stimulation (Figure 5A-D). For the next experiments, cells were exposed to Ang I (10~® M) in presence
or absence of 4-PBA at 4 pM. The presence of the ER stress inhibitor was able to block the rise in superoxide anion
production induced by Ang II (Figure 5E), as well as the increase in collagen I and the inflammatory markers IL-6,
CCL-2 and osteopontin at mRNA level in Ang II-treated cells (Figure 5F).

The possible intracellular pathways by which Ang II exerts its profibrotic effects in renal fibroblasts were analysed.
Ang II (107% M) increased NFkB phosphorylation after 10 min of stimulation (Figure 6A), Akt phosphorylation at
60 min (Figure 6B) and enhanced protein levels of ERK phosphorylation at 5 and 10 min (Figure 6C). The presence
of LY294002, a specific inhibitor of PI3K/Akt pathway, was not able to modify the increase in collagen I protein levels
induced by Ang II (Figure 6D). In contrast, the presence of BAY11-7082, a specific inhibitor of NFkB pathway, or the
presence of PD98059, a specific inhibitor of ERK 1/2, prevented the profibrotic effects of Ang I in renal cells (Figure
6D).

Discussion

The main purpose of the present study was to investigate the role of ER stress in the renal alterations associated with
MI. Four weeks post-MI, animals presented renal fibrosis, oxidative stress and inflammation. We show for the first
time that these alterations were accompanied by ER stress activation showing its possible role on ECM production.
To our knowledge, this is the first study demonstrating that PA is able to exert profibrotic actions as well as ER stress
activation. In addition, the pharmacological ER stress inhibition prevented the increase in collagen I, superoxide anion
production and inflammatory markers induced by PA or by another profibrotic factor such as Ang II, supporting the
role of ER stress in this process. Thus, ER stress emerges as a potential target for treatment of renal fibrosis associated
with ML

Several studies have demonstrated that MI is associated with renal damage [24,25]. This effect was accompanied by
the fact that patients with renal alterations experience poor outcomes post-MI [26,27], and make an earlier detection
of renal damage in patients mandatory, even in absence of creatinine alterations. Serum NGAL levels have correlated
with the severity of renal damage and are associated with an increased risk of mortality in patients [28]. In this line, we
have observed an increase in NGAL levels, a marker of acute renal damage, in patients with MI even in the presence of
normal creatinine levels. Similarly, 4-week post-MI, animals do not present alterations in creatinine circulating levels
as compared with control ones. In fact, serum creatinine levels were not elevated until 60 days post-MI [7]. However,
renal NGAL and KIM-1 levels were higher than in Sham rats. This further supports the impact of myocardial ischemia
in the kidney.

Renal fibrosis is an alteration that indicates the progression of kidney disease and is related to a decline in renal
function in patients and animal models [29]. Different mediators have been postulated as contributors to renal fibro-
sis with TGF-f3 being a central one [10]. Our results show an increase in protein levels of this important fibrogenic
cytokine in the kidneys of MI animals, which is accompanied by renal fibrosis and collagen I up-regulation. Along
with TGF- {3 and renal fibrosis, oxidative stress and inflammation are other mechanisms described in the progression
of renal failure. Our data show that MI animals presented an increase in superoxide anion levels, in 4-HNE, a major
end-product of lipid peroxidation, and TBARs confirming oxidative stress at renal level after 4 weeks of MI. A com-
mon pathway involved in tissue dysfunction is oxidative stress, which has been associated with different pathologies,
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Figure 4. Endoplasmic reticulum stress mediates the prooxidant, profibrotic and proinflammatory effects of palmitic acid
(PA) in renal fibroblasts

(A) Effects of 4-phenylbutyric acid (4-PBA at 2 and 4 uM) on superoxide anion production in renal fibroblasts treated with PA (100
1M) for 24 h. Representative microphotographs and quantification of cells labeled with the oxidative dye hydroethidine (magni-
fication 40x). Effects of 4-PBA (4 uM) on (B) transforming growth factor-beta (TGF-f3) protein expression; (C) collagen | mRNA
expression, interleukin-6 (IL-6), C-C motif chemokine ligand 2 (CCL-2), osteopontin and neutrophil gelatinase-associated lipocalin
(NGAL) mRNA expression in PA-treated cells (100 uM) for 24 h. Bar graphs represent the mean + SEM of four to six assays
normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT) or {3-actin for cDNA and protein, respectively; *P<0.05;
***P<0.001 versus control cells; 11P<0.01; 171P<0.001 versus PA-treated cells.
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Figure 5. Endoplasmic reticulum stress mediates the prooxidant, profibrotic and proinflammatory effects of angiotensin Il
(Ang ll) in renal fibroblasts

Dose-response (10~8-10-8 M) of Ang Il in renal fibroblasts on (A) immunoglobulin binding protein (BiP); (B) protein disulfide iso-
merase family A member 6 (PDIAG); (C) CCAAT-enhancer-binding protein homologous protein (CHOP) and (D) activating transcrip-
tion factor 6-alpha (ATF6«) protein expression. Effects of 4-PBA (4 uM) on (E) superoxide anion production in renal fibroblasts
treated with Ang Il (108 M) for 24 h. Representative microphotographs and quantification of cells labelled with the oxidative dye
hydroethidine (magnification 40x); (F) collagen I, interleukin-6 (IL-6), C-C motif chemokine ligand 2 (CCL-2) and osteopontin mRNA
expression in Ang Il (10-8M) for 24 h. *P<0.05; **P<0.01; *** P<0.001 versus control cells; {P<0.05; {1P<0.01; {11P<0.001 versus

Ang lI-treated cells.
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Figure 6. NFkB and ERK 1/2 mediate the profibrotic actions of angiotensin Il (Ang ll) in renal fibroblasts

Phosphorylation of (A) NFkB (p-NF«B, nuclear factor-«B; B); (B) Akt (p-Akt, protein kinase B) and (C) ERK 1/2 (p-ERK1/2, extra-
cellular signal-regulated kinases 1/2) in renal fibroblasts treated with Ang Il (10~6M) for 24 h. (D) Effects of the NF«B inhibitor, BAY
11-7082 (10~6 M), AKT inhibitor, LY294002 (10-% M) or ERK 1/2 inhibitor, PD98059 (10~ M) on collagen type | protein synthesis
induced by Ang Il. Bar graphs represent the mean + SEM of four to six assays normalized to total NF«B, total Akt, total ERK 1/2
or B-actin; *P<0.05; **P<0.01 versus control cells; 1P<0.05 versus Ang ll-treated cells.

including heart failure, hypertension or kidney diseases [30-32]. In fact, patients with cardiorenal syndrome present
an increase in reactive oxygen species (ROS) [33]. It has been postulated that ROS generation is responsible for IL-6
production linking oxidative stress with inflammation. In line with this, patients with cardiorenal syndrome pre-
sented an increase in oxidative stress markers accompanied by higher levels of IL-6 [33]. In agreement with this, MI
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rats presented an increase in two inflammatory markers at renal level such as IL-6 and TNF-c. These observations are
in agreement with the study performed by Cho et al., which describe that MI is associated with renal macrophages in-
filtration and TNF-o and IL-6 up-regulation at kidney level in rats subjected to ligation of the left anterior descending
coronary artery [10]. In addition, macrophage depletion is able to blunt the development of renal fibrosis in MI rats,
thus showing the role of inflammation in kidney fibrosis [10]. Despite the fact that macrophage depletion improved
renal fibrosis, it was not able to recover cardiac function after MI induction, indicating the complexity of this patho-
logical situation and supporting the necessity to discover the additional mechanisms involved in the development of
tibrosis as well as inflammation in this context.

ER is an organelle essential for protein biosynthesis and post-translational modifications, which is very sensitive to
unfolded and misfolded proteins in the lumen of ER. In those situations, ER induces ER stress and activates the UPR
to enhance degradation of misfolded proteins [34]. On the other hand, if ER is sustained, it triggers inflammation
and apoptosis [35]. Several pathologies have been associated with ER stress activation such as diabetes mellitus [36],
cardiovascular disease [37], obesity [38] as well as chronic kidney disease [39]; however, the effect of MI in ER stress
activation at renal level is not analyzed. In our study, we observed that ER stress is activated at renal level 4 weeks
post-MI showing the possible role of ER stress in ECM production at renal level after MI. Accordingly, several studies
have demonstrated the role of ER stress in the development of fibrosis. ER stress has been associated with myocardial
tibrosis in different pathological situations such as obesity, pressure overload or hypertension [40-42]. At renal level, it
has been also related to fibrosis. The pharmacological inhibition of ER stress was able to prevent fibrosis in an animal
model of unilateral ureteral obstruction and the profibrotic effects of TGF-f3 in tubular cells [43]. Genetic disruption
of ATF6«x prevented collagen I up-regulation and promoted less tubulointerstitial fibrosis in an animal model of uni-
lateral ischemia reperfusion injury [44]. Similarly, we have observed an increase at renal level in ATF6« levels after MI
without modifications in CHOP, which has been described as a mediator of apoptosis [45]. ATF6cc has been reported
as a key regulator in lipid metabolism antagonizing the activity of sterol regulatory element-binding proteins [46] and
its depletion reduces lipid accumulation within the kidneys of mice after ischemia-reperfusion [44]. In this sense, a
high intake of saturated fatty acids is considered an important risk factor for coronary heart disease through to its
ability to raise low-density lipoprotein cholesterol. It has been demonstrated the relevance of different across types of
saturated fatty acids based on the chain-length on cardiovascular diseases and in MI [47]. In this sense, PA (C16:0)
is associated with high coronary heart disease while other saturated fatty acids with other carbon chain lengths were
not in a prospective cohort study [48]. Martinez-Garcia et al., have demonstrated that lipotoxicity induced by PA,
promoted ER stress activation and insulin resistance by disturbing the cytoarchitecture in podocytes [19]; however,
the effects of PA on renal fibroblasts are not studied. Several cell types are involved in renal injury and renal fibrosis.
It has been previously described that resident tubular epithelial cells, endothelial cells, vascular smooth muscle cells,
tibroblasts or inflammatory cells could promote renal fibrosis through different mechanisms such as sources of renal
tibroblasts via endothelial-to-mesenchymal transition, prooxidant or proinflammatory effects [49-51]. Renal fibrob-
lasts are one of the cell types responsible for ECM production and the consequent development of renal fibrosis. We
have confirmed the role of PA on ER stress activation in renal fibroblasts. In addition, we observed that PA exerts
direct profibrotic, prooxidant and proinflammatory actions in renal fibroblasts showing its detrimental role at renal
level. ER stress activation seems to play an important role in these modifications since the pharmacological inhibition
of ER stress by 4-PBA was able to prevent all the PA effects in renal fibroblasts.

In human proximal tubule epithelial cells, PA has been demonstrated to induce ER stress as well as Ang II in cul-
tured medium. In addition, the blockade of Ang II receptor I with valsartan or the treatment with the renin inhibitor,
aliskiren, was able to prevent the ER stress induction by PA in the renal cells [52], supporting that Ang II could me-
diate the activation of ER stress induced by PA. In renal fibroblasts, Ang II has been shown to increase collagen I
and TGF-f3 protein levels, an effect accompanied by an increase in superoxide anion production [53]. In fact, treat-
ments against renin-angiotensin—-aldosterone system are the standard strategies to preserve renal function in chronic
kidney diseases [53]. Ang II is recognized as one of the modifiable risk factors involved in several pathologies such
as myocardial infarction [54]. Ang II exerts paracrine and autocrine effects increasing the vascular resistance and
impairing the correct function of the cardiovascular and renal systems. Activation of the renin-angiotensin system
has several haemodynamic and humoral consequences promoting cardiac and renal damage among others [55]. An
excess of Ang II promotes sarcolemmic permeability, cell death, an increase in vascular permeability due to the de-
struction of endothelial cells. All of these events lead to the replacement of contractile tissue by fibrotic one. Different
mechanisms have been demonstrated in the detrimental role of Ang II such as tissue hypertrophy [56], oxidative
stress [57] or pro-inflammatory activity, which finally trigger the fibrotic response affecting the correct function of
the tissue such as heart or kidneys showing that elevated levels of Ang II as a cardiovascular risk factor. In the present
study we observed an increase in Ang II plasma levels in MI rats as compared to control ones. In animal models of
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M, blockade of receptor type I of Ang II or inhibition of angiotensin converting enzyme has been demonstrated to
improve glomerular damage and inflammatory cell infiltration in kidneys [58]; however, its effects on renal fibrosis
have not presented a major improvement [8]. Our data show that NFkB and ERK1/2 pathways mediate the profibrotic
effects of Ang II. In previous studies, the effects of Ang II on ER stress activation have been described. Ang II is able to
induce ER stress in podocytes [59] in macrophages [60] and mesangial cells [61]. In the study, we have corroborated
the profibrotic, proinflammatory and prooxidant effects of Ang II in renal fibroblasts. These alterations seem to be
mediated by ER stress activation since (i) Ang II was able to induce ER stress and (ii) the presence of 4-PBA in the
culture medium prevented the increase in collagen I, superoxide anion production and the inflammatory markers in
Ang II-treated fibroblasts.

In summary, we have demonstrated that the renal alterations observed in MI rats were accompanied by ER stress
activation. Inhibition of ER stress prevented the increase in ECM proteins, ROS production and inflammatory mark-
ers in PA or Ang II-treated renal fibroblasts.

Limitations

A limitation of our study must be acknowledged regarding the age and that the majority of MI patients were male
showing the profile of patients admitted in the emergency room with MI code at the time of inclusion in the study.
However, whether these differences in age or gender distribution with the reference group of subjects could impact
or influence the interpretation of the clinical data need further work.

Clinical perspectives

e Ml is associated with renal alterations resulting in poor outcomes in patients with MI. Renal fibrosis
and inflammation are common features of chronic kidney diseases and play a critical role in renal
dysfunction contributing to mortality complications. However, the mechanisms involved in renal al-
terations in Ml are not fully established and there is not an effective treatment, with new strategies
being mandatory for treating it.

e Inthe present study, we demonstrate that Ml is associated with renal alterations including ER stress
activation. In addition, ER stress is associated with renal interstitial fibrosis in animals with MI. In
renal fibroblasts, ER stress mediates the profibrotic, prooxidant and proinflammatory effects of PA
and Ang Il in these cells.

e Ourfindings suggest the potential role of ER stress in the renal fibrosis in the context of Ml, suggesting
new therapeutic approaches in the management of Ml for the treatment of kidney dysfunction, as well
as in pathological situations with high levels of Ang Il or PA (lipotoxicity).
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Abstract: Cardiorenal syndrome is a term that defines the complex bidirectional nature of the
interaction between cardiac and renal disease. It is well established that patients with kidney disease
have higher incidence of cardiovascular comorbidities and that renal dysfunction is a significant
threat to the prognosis of patients with cardiac disease. Fibrosis is a common characteristic of organ
injury progression that has been proposed not only as a marker but also as an important driver of
the pathophysiology of cardiorenal syndromes. Due to the relevance of fibrosis, its study might
give insight into the mechanisms and targets that could potentially be modulated to prevent fibrosis
development. The aim of this review was to summarize some of the pathophysiological pathways
involved in the fibrotic damage seen in cardiorenal syndromes, such as inflammation, oxidative
stress and endoplasmic reticulum stress, which are known to be triggers and mediators of fibrosis.

Keywords: cardiorenal syndrome; endoplasmic reticulum stress; fibrosis; heart failure; inflammation;
kidney disease; oxidative stress

1. Introduction

The existence of a relationship between the heart and the kidney was first described in
the XIX century by Robert Bright, who reported structural changes in the heart in patients
with advanced kidney disease [1]. Since then, new discoveries have given insight into
the interaction between heart and kidney diseases in terms of shared risk factors (such as
hypertension, obesity, diabetes and atherosclerosis) and the pathophysiological pathways
involved in each [2—4]. Clinically, the shared pathology of the heart and kidneys has a
strong impact on the clinical outcome and is associated with increased morbidity and
mortality rates [5,6].

The classic definition of cardiorenal syndrome (CRS) was proposed in 2010 by the
Acute Dialysis Quality Initiative as a term that gathers the “disorders of the heart and
kidneys whereby acute or chronic dysfunction in one organ may induce acute or chronic
dysfunction of the other” [7]. In addition, within the term there is further classification
into different subtypes according to the primary organ dysfunction and to whether it is an
acute or chronic situation [7]. However, the appearance of risk factors that can affect both
the heart and the kidney complicate the clinical picture, and with it the causal relationship
of one to the other.

2. CRS Classification
2.1. CRS Type 1 or Acute Cardiorenal Syndrome

CRS type 1 (CRS-1) is characterized by the worsening of cardiac function leading
to acute kidney injury (AKI) and/or dysfunction of both organs [7]. Around 25-30% of
patients with acute decompensated heart failure (ADHF) present AKI, often after ischemic
or non-ischemic heart disease [8-10]. These patients have higher morbi-mortality and
lengthier hospitalization [7]. CRS-1 has a complex pathophysiology, with hemodynamic
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and non-hemodynamic alterations for which the treatments show no improvements [10,11],
thus demonstrating the need to discover and understand the mechanisms involved.

Faced with a drop in blood pressure levels due to the development of heart failure
(HF), the kidney responds to the decrease in cardiac output by retaining sodium and water.
Nevertheless, it has been demonstrated that an elevation of the central venous pressure
can result in impairment of renal function and congestion of the kidneys [10,12]. In this
context, neurohormonal activation through the Renin—Angiotensin—Aldosterone System
(RAAS) also has an important role, as it is both an initially compensatory mechanism for
the decrease in volume consequence of the ventricular injury, and a long-term initiator
of cardiovascular and renal dysfunction [13,14]. Other non-hemodynamic mechanisms,
such as inflammation and oxidative stress, have been established as common pathways for
cellular dysfunction in heart and kidney failure [9-11,15].

2.2. CRS Type 2 or Chronic Cardiorenal Syndrome

CRS type 2 is defined as chronic cardiac dysfunction that leads to progressive ap-
pearance of renal impairment that promotes the development of chronic kidney disease
(CKD) [6,16,17]. CKD was defined in 2012 by Kidney Disease: Improving Global Outcomes
(KDIGO) as an abnormality in kidney function or structure that is present for more than
3 months and has health implications. It is classified based on cause, a glomerular filtration
rate (GFR) of <60 mL/min per 1.73 m? and the degree of albuminuria [18]. A meta-analysis
by Damman et al. showed that almost a third (32%) of the total of 1 million HF patients
studied presented CKD, and 23% had worsening renal function [19], confirming that renal
dysfunction is an important contributor to the comorbidities in HF.

The pathological process implicated in CKD secondary to HF is a consequence of the
renal response to preserve the GFR. The combination of renal congestion, hypoperfusion
and the increased right atrium pressure promotes renal dysfunction in HF patients [6,11]. It
has been suggested that the correct diagnosis of this CRS should be based on HF aetiology,
HF with preserved ejection fraction (HFpEF) or with reduced ejection fraction (HFrEF), and
on biochemical parameters of renal dysfunction, such as creatinine levels [20]. However, as
the interactions between the heart and kidney are bidirectional, is not always easy to assess
the inciting event from the secondary damage, thus making it difficult to differentiate CRS
type 2 patients from CRS type 4 ones [11,20].

2.3. CRS Type 3 or Acute Reno-Cardiac Syndrome

CRS type 3 occurs when there is an acute worsening of kidney function secondary
to AK]I, ischemia, or glomerulonephritis that leads to acute heart injury and/or dysfunc-
tion [6,7,11]. AKI may produce cardiac events as a consequence of the fluid overload,
hyperkalaemia, or metabolic acidosis, but the exact cause of the damage is difficult to estab-
lish, as there are shared comorbidities and variability in the risk factors for AKI [6,11,21,22].

There are multiple definitions of AKI according to urine output and serum creatinine
levels (SCr), all of which have limitations in their clinical application [21,23]. It is due to the
differing definitions of AKI that make it difficult to identify this type of CRS. Despite the
lacking criteria, the incidence of AKI is increasing in hospitalized patients, and is associated
with an 86% increased risk of cardiovascular mortality and a 38% increased risk of major
cardiovascular events [24].

2.4. CRS Type 4 or Chronic Reno-Cardiac Syndrome

CRS type 4 is characterized by cardiovascular damage in patients with CKD at any
stage [7,11]. It is well established that renal dysfunction is an independent risk factor for
cardiovascular disease, with the risk for myocardial infection and sudden death being
higher in CKD patients [25,26]. Numerous studies have found there is an independent
association between the severity of CKD, evaluated by the degree of decline in kidney
function, and the subsequent cardiac events [5,27,28], which could suggest that CKD likely
accelerates the risk and development of cardiovascular disease [7].
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CKD has been demonstrated to be associated with inflammation and other cardiovas-
cular factors, such as hypertension, activation of RAAS, or volume overload, that usually
go in parallel with a decline in GFR [26,29]. Pressure and volume overload in CKD patients
lead to left ventricular hypertrophy (LVH), which is a common feature that is accompanied
by fibrosis and other histological changes. These structural changes consequently cause di-
astolic dysfunction and increased oxygen demand, which could also explain these patients’
predispositions to arrhythmias and sudden death [6,29,30].

2.5. CRS Type 5 or Secondary Cardiorenal Syndrome

CRS type 5 (CRS-5) represents simultaneous injury and/or dysfunction of the heart
and kidneys as a result of a systemic condition, such as sepsis, drug toxicity, lupus, cirrhosis
or amyloidosis [7,23,31]. Although many pathways have been proposed, it is challenging
to identify the mechanisms that are involved in CRS-5 due to the multitude of contributing
factors and the sequence of organ involvement [7,31].

CRS-5 has been divided into four stages according to severity: hyperacute (0-72 h
after diagnosis), acute (3-7 days), subacute (7-30 days) and chronic (beyond 30 days) [6,23].
Usually, the existing studies of CRS-5 are those of hyperacute or acute stages, as these
evaluate the effects of sepsis. Sepsis, defined as a life-threatening organ dysfunction caused
by a deregulated host response to infection [32], is one of the most common causes of death
among hospitalized patients [33], among whom the prevalence of CRS-5 is high [7,34].

In the early stages of sepsis, microcirculatory changes are developed despite normal
systemic haemodynamics [35]. Those alterations, along with inflammation, are important
in the cardiac and renal dysfunction given in this type of CRS [11]. For instance, the increase
in pro-inflammatory cytokines during sepsis and the decrease in renal blood flow lead to
tubular necrosis, reduction in GFR and severe kidney failure [6,23,26]. Sepsis is also related
to autonomic nervous system dysfunction and RAAS activation [23,31]. This complex
environment makes differentiating between the cardiorenal crosstalk effects and sepsis
effects very difficult.

The different CRSs are summarized in Figure 1.
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Figure 1. Differences among the subtypes of cardiorenal syndrome (CRS). (a) CRS type 1 or acute cardiorenal syndrome;

(b) CRS type 2 or chronic cardiorenal syndrome; (c) CRS type 3 or acute reno-cardiac syndrome; (d) CRS type 4 or chronic

reno-cardiac syndrome; (e) CRS type 5 or secondary cardiorenal syndrome. GFR: glomerular filtration rate; LV: left

ventricular. Modified from [7].
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3. Pathophysiology of CRS

Due to the essential role of both the heart and kidney in the maintenance of cardiovas-
cular homeostasis, initial organ damage during a disease state, such as CRS, can induce
structural remodelling and functional alterations in the other.

3.1. Cardiac Alterations Associated with CKD

As CKD is considered an important complication associated with higher cardiovascu-
lar risk and mortality. This increased risk is partially due to common risk factors such as
hypertension, obesity or diabetes [36], but not entirely, as the association between CKD
and cardiovascular mortality persists after risk factor adjustment [37,38]. Albuminuria-
and creatinine-based estimated GFR (eGFR) are currently considered to be useful measure-
ments for cardiovascular risk prediction, as they improve discrimination for cardiovascular
mortality among CKD patients beyond traditional risk factors [38,39].

In patients with CKD there is high prevalence of structural and functional heart
alterations from the early stages to end-stage renal disease (ESRD), which includes left
ventricular (LV) remodelling, valvular sclerosis, reduction of the ejection fraction (EF) and
diastolic dysfunction [40-42].

Echocardiographic studies have observed that LV remodelling is prevalent among patients
with CKD and has been recognized as an important predictor of poor prognosis [43,44]. There
are many factors that influence LV geometry in CKD patients. Pressure overload causes the
thickening of the LV walls, which translates into concentric hypertrophy, whereas hypervolemia
and anaemia contributes to the development of eccentric hypertrophy [45]. Two studies
have reported the existence of associations between LV hypertrophy and renal dysfunction,
characterized by low eGFR, which are independent of other risk factors, suggesting that
impaired kidney function contributes to LV hypertrophy. In addition, they also describe that LV
geometry tends to shift to concentric LV hypertrophy in advanced kidney dysfunction rather
than eccentric hypertrophy [44,46]. A recent clinical study showed that the stages are associated
with LV remodelling even in milder CKD, as 22% of 90 patients with stages 1 to 3 presented
concentric hypertrophy, 19% eccentric hypertrophy and 20% concentric remodelling [47].

Most of the studies that have investigated the association between CKD and cardiac
alterations have focused on the assessment of LV mass or hypertrophy, whilst fewer have
explored LV function (neither systolic nor diastolic) [48]. In terms of LV systolic function,
LVEF has been used in the majority of studies, although subclinical systolic dysfunction
can happen in patients with CKD despite normal LVEF [49-51]. Diastolic dysfunction
usually coexists with systolic dysfunction during LV remodelling and is common in CKD
patients [44,52-54].

Numerous studies have assessed LV function in patients with CKD by trying to find an
association between eGFR or albuminuria and systolic or diastolic function alterations. According
to the literature, systolic dysfunction seems to be strongly correlated with albuminuria over low
eGFR [55-57]. However, there is high variability. Similarly, there seems to be higher association
of diastolic dysfunction with albuminuria than eGFR [56-58]. Therefore, some studies have
found clear association between low eGFR, LV diastolic dysfunction and LVH [44,59].

Despite the advances made in cardiac damage, the increasing incidence and prevalence
of HF makes it an important health problem. For that reason, various potential biomarkers
that could contribute to diagnosis have been proposed. The gold standard in chronic HF
diagnosis and prognosis is the natriuretic peptides, such as atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP), which are produced within the heart as a response to
myocardial stretch as a consequence of volume or pressure overload [60,61]. HF guidelines
currently recommends monitoring of BNP and its precursor, N-terminal-proBNP (NT-
proBNP), for CHF progression evaluation. It must be acknowledged, however, that age,
body mass, renal failure and pulmonary diseases influence its plasmatic concentrations [62].
Other molecules associated with myocyte necrosis or injury have been evaluated as HF
biomarkers, such as cardiac troponins (cTn), which are regulatory proteins involved in
contraction. The troponin complex is formed by cardiac troponin C (cInC), I (cTnl) and T
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(cTnT), which dissociates after Ca?* binds to cTnC. cTnl and cTnT are considered a reference
marker of myocardial injury as its blood concentrations rise after myocyte damage [63,64].

3.2. Renal Alteration Associated to HF

As explained before, CRS-1 and CRS-2 are characterized by progressive kidney
damage due to HF. Over 50% of HF patients have been reported to have renal insuffi-
ciency [19,65]. Indeed, even a modest reduction in renal function is associated with a
higher mortality rate in cardiovascular disease patients [19,66]. The most currently used
diagnostic measurements for renal damage are GFR, serum creatinine and urinary output.

The systolic blood pressure and effective arterial volume are reduced once HF devel-
ops, which translates into a decrease in renal blood flow as well as GFR [67]. In order to
preserve adequate blood flow, the kidneys autoregulate through different mechanisms,
including sympathetic nervous system (SNS) and RAAS activation, which would act as
vasoconstrictors of the afferent and the efferent arteriole [13,68]. In the long term, this
activation or the neurohormonal axis could result in podocyte injury [69,70], loss of mesan-
gial integrity [71,72], tubular and glomerular damage [73-75] and kidney dysfunction [76],
which are often associated with CKD and ESRD.

It is common to use the term kidney failure in a clinical setting to refer to a situation where
there is a persistent decrease in eGFR in the short term [18]. Another important concept is
worsening renal function, which is considered to appear in those patients in which the serum
creatinine increases by 25% compared to the basal levels or the eGFR decreases by more than
20% in a period of around 25 weeks [77,78]. AKI is characterized by a rapid loss of kidney
function that can happen in HF patients when diuresis decreases <0.5 mL/kg/h in 6-12 h or
the basal serum creatinine levels increases >0.3 mg/dL in 48 h [77,78].

In addition to traditional markers of decreased glomerular filtration, such as creatinine
and albuminuria [79,80], other markers, such as cystatin C [81,82] and blood urea nitrogen
(BUN) [83,84], also have been proposed as possible biomarkers of tubular damage.

One of these is Neutrophil Gelatinase Associated Lipocalin (NGAL), a small glyco-
protein expressed in renal and other cell types to which different functions have been
attributed [85]. Its involvement in renal pathologies and its role as a biomarker comes from
its rapid release in response to a tubular lesion and its presence in plasma, serum and urine,
making it easy to quantify [85,86]. Another proposed molecule is kidney injury molecule-1
(KIM-1), a transmembrane glycoprotein expressed in low levels in healthy kidneys. Shortly
after tubular damage, KIM-1 cleavage allows its secretion by the injured cells to the tubule
lumen, resulting in detection in the urine, to where it is excreted [87]. Moreover, its role
as a biomarker has proved to be associated with inflammation and fibrosis in the injured
kidney, which would help monitor the degree of tubular damage [88-90]. Interleukin-18
(IL-18) is a proinflammatory cytokine that is expressed in activated macrophages, renal
epithelial cells and others [91]. Urinary IL-18 is considered a marker of both short- and
long-term injury in AKI, as it increases within 6 h of the insult or at least a day before
serum creatinine increase [91,92].

3.3. Fibrosis

Another common structural alteration observed in both heart and kidney remodelling
in CRS is fibrosis, which is also considered a key contributor to the progression of cardiac
and renal failure [93-95]. Fibrosis is an important process that can be contemplated as
aberrant wound healing as a consequence of the misbalance between extracellular matrix
(ECM) production and degradation [96]. The fibrotic response to injury can be classified
into reparative, when the scar is necessary to stabilize the tissue defect, or reactive, when the
mechanical stress and the hormonal mediators facilitate the expansion of connective tissue
in a remote non-injured zone, compromising the correct function of the organ [97]. The
main fibrosis effectors are the fibroblasts and myofibroblasts, both of which are responsible
for the synthesis and accumulation of interstitial ECM proteins. While fibroblasts are
mesenchymal cells ubiquitous in tissues and organs, myofibroblasts are differentiated
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cells that are rarely found in non-pathological environments [98-100]. The fibrotic scar
composition is similar amongst different tissues, predominantly formed by collagens type
I and III, fibronectin, proteoglycans and laminin [101-103].

As a response to the damaged heart in cardiac ischemia, myocardial remodelling oc-
curs through the secretion of ECM components by the myofibroblasts. Histopathologically
speaking, there are three types of cardiac fibrosis: replacement fibrosis, interstitial fibrosis
and perivascular fibrosis. Replacement fibrosis provides structural support, as it consists of
the removal of necrotic tissue and generation of a fibrotic scar within the infarcted zone that
compensates cardiomyocyte loss [104,105]. On the other hand, the widespread deposition
of ECM proteins in the endo and perimysium of remote areas of the infarct is what is
known as interstitial fibrosis [106]. The term perivascular fibrosis is used to describe the
increase in connective tissue around the cardiac microvasculature [107], both of which are
types of fibrotic lesions that could not be a consequence of cardiomyocyte death.

The remodelling that follows after MI happens in different phases that partially
overlap: First, there is cell death and an inflammatory response (inflammatory phase);
secondly, the resolution of inflammation and fibroblast proliferation (proliferative or repar-
ative phase); and lastly, the scar formation and maturation (maturation or remodelling
phase) [108]. During the proliferative phase, which usually coexists with the inflammatory
and reparative phases, there is an increase in the number of fibroblasts, which will adopt
the proliferatory, secretory and migratory myofibroblast phenotype [109]. Following the
proliferative phase of cardiac repair, when the scar has been synthesized, there begins a
long process known as maturation, in which an organized fibrotic state is formed due to
ECM crosslinking [110] and scar reinforcement by other components of the ECM, such
as decorin [111,112] and perlecan [113,114]. In addition, during the maturation phase,
the activated fibroblasts go through apoptosis and senescence [115]. The presence of a
mature fibrotic scar ultimately leads to an increased ventricular stiffness that compromises
cardiac output [116,117]. In addition to the impaired cardiac contractility, fibrosis also
interferes with the normal electrical signals within the heart, which predisposes to arrhyth-
mias and fibrillation [118,119]. Overall, fibrosis has thus been proposed as a risk factor
in HF as it predisposes to ventricular systolic and diastolic dysfunction [120-122], car-
diomyocyte hypertrophy [122-124] and sudden cardiac death [125,126], thereby increasing
mortality [127,128].

At the renal level, CKD is characterized by functional loss and deposition of connective
tissue that ends up creating a common fibrotic phenotype independently of the initial dam-
age. This happens since tubulointerstitial diseases lead to glomerular injury, and glomerular
lesions produce tubulointerstitial damage. Fibrosis is a common manifestation of functional
alterations that spreads in response to sustained inflammation and epithelial damage [129-131].
Among the events that induce fibrosis, both diabetes and hypertension are considered to be the
leading causes of CKD [132,133], as they elevate the glomerular pressure that gradually leads
to glomerular damage, endothelial dysfunction [134,135] and other structural changes, such
as alterations of the glomerular basement membrane [136-138], decrease in podocyte number
and mesangial distension [136,139,140]. As a result of such damage, the renal tissue would start
a response that resembles wound healing in other tissues. The scar created in the early stage
is potentially reversible but with the progression of the damage, the cross-linking of the ECM
proteins makes it stiff and resistant to proteolysis [141].

During chronic injury to the kidney in CKD, the excessive accumulation of connective tissue
and expansion of interstitial fibroblasts during the reparative stage of the fibrotic scar can happen
in all compartments of the kidney, including the glomeruli, usually termed glomerulosclerosis,
and the tubules, which is referred to as tubulointerstitial fibrosis [142-144]. Such deposition
of the fibrotic matrix alters organ structure and function, which could further damage kidney
function, as it impairs blood flow in this region of the parenchyma [96,145]. The fibrotic wound
is not the only structural change involved since it is usually associated with tubular atrophy,
tubular dilation and inflammatory cell infiltration [146-148]. Indeed, as the loss of renal cells
and its replacement by ECM are common sequelae of renal damage, expansion of cortical
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fibrosis is considered one of the best histologic predictors of kidney dysfunction loss in CKD
along with tubular atrophy (IFTA parameter) [148-150]. It is also one of the most common
features assessed in biopsies in predicting a progression to ESRD [151,152].

Even though chronic damage to the kidney will naturally converge into histological
and functional alterations that are common and lead to glomerulosclerosis and fibrosis, it
is important to understand that the fibrotic progression is different depending on where
it begins [153]. In glomerular damage, the progression starts with an injury within the
Bowman'’s Capsule that initially leads to glomerular hyperfiltration for a long period of
time until it progresses to decrease the total GFR [154,155]. This reduction in the blood
flow results in tubular hypoxia and epithelial cell death normally referred to as tubule atro-
phy [156,157]. In these circumstances, the inflammation initiated by the damaged tubular
cells propitiates the formation of a fibrotic scar to fill the void created by epithelial cell
death [158,159]. To form that scar, resident fibroblasts differentiate into the myofibroblast
phenotype, which can synthesize different extracellular matrix proteins. Among the ECM
components produced by myofibroblasts in order to form the fibrotic scar, the main ones in
the kidney are collagen type I, Il and 1V, as well as fibronectin [160-162]. During tubule
atrophy, the tubular basement membrane remains, thereby separating the cell death from
the interstitium but disappears after the cell-free tubule collapses, at which point we could
talk of complete loss of the nephron [163-165].

Epithelial damage is heterogeneous in tubular injury, which can be caused by many
factors, such as hemodynamic, inflammatory, toxin-related or metabolic alterations. Some
cells will instantly go through necrosis or apoptosis, whereas others will survive with dif-
ferent levels of injury, these being the ones that could proliferate and replace the lost cells
of the tubular epithelium [166-168]. In the cases in which the tubules do not recover, in-
flammation signalling activates and with it the fibroblasts differentiate into myofibroblasts
that will lead to tubulointerstitial fibrosis and tubular atrophy [169-171]. Tubulointerstitial
fibrosis is the deposition of ECM proteins in the space between the tubular basement
membrane and the peritubular capillaries [160], which impairs blood flow and induces
ischemic injury in the nephrons of the fibrotic wound [148,172,173].

Inflammation and oxidative stress serve as the initial response to injury although
its long-term progression could damage organ structure and function [174,175]. Inflam-
mation is a common process in fibroproliferative diseases that leads to the release of
pro-inflammatory mediators that have an important role in tissue damage and could ei-
ther stimulate or inhibit fibrosis [176,177]. An appropriate level of cytokines and growth
factors that mediates the cellular responses is key in normal wound healing. Among the
many growth factors involved, transforming growth factor 5 (TGF-f) is considered to be
a prototypic profibrotic cytokine that has a central role in organ fibrosis as it binds to its
receptors causing the phosphorylation of SMADs, which modulate the expression of the
target genes [100,178]. TGF-f3 can also activate SMAD-independent pathways in what is
called non-canonical signalling [179]. Among the many TGF-3-mediated responses are
cell proliferation and differentiation, ECM production and immune modulation [180-182].
Another important mediator is the connective tissue growth factor (CTGF), a downstream
factor of TGF £ that has been reported in fibrosis in different organs such as the heart and
kidney [93,183,184]. CTGF promotes the TGF-8-induced excessive ECM production and
fibroblast proliferation [185,186], and its expression appears to correlate with the degree of
fibrosis [187].

As previously said, a dynamic balance between production and breakdown of ECM
regulates the degree of fibrosis. The degradation of the ECM components is performed by
the matrix metalloproteinases (MMPs), whose activity is controlled by the tissue inhibitors
of MMPs (TIMPs) in order to maintain the homeostasis. MMPs can be classified according
to substrate specificity into collagenases, such as MMP-1, MMP-8 and MMP-13 [188,189];
gelatinases, such as MMP-2 and MMP-9 [190,191]; membrane MMPs, such as MMP-14 [192];
and stromelysins, such as MMP-3, MMP-10 and MMP-11 [193]. Interestingly, MMPs can
have both inhibitory and stimulatory effects on fibrosis as some of them promote it [194].
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For example, the most frequently studied MMPs in HF and kidney damage are MMP-2
and MMP-9, out of which MMP-9 is believed to have a profibrotic effect [195-197] whereas
MMP-2 has antifibrotic effects [198,199].

In recent years, it has been proved that different metabolic alterations stimulate struc-
tural and/or functional alterations, such as fibrosis development. Changes in metabolic
regulation, such as that occurring in a situation such as lipotoxicity, defined as the ac-
cumulation of lipids in non-adipose tissues, is known to promote the development of
fibrosis. This fibrosis is due to an upregulation in ECM protein synthesis, promoted by
fibroblasts [200,201]. In this sense, we have observed in a recent study that Ml is associated
with cardiac lipotoxicity in rats, independently of the presence of obesity. This lipotoxicity
was accompanied by alterations in the mitochondprial lipid profile and associated with
myocardial fibrosis, suggesting that MI promotes an increase in lipid accumulation in the
heart through mechanisms that are currently unknown. Similarly, we observed at the
renal level the direct profibrotic role of palmitic acid at renal fibroblasts, as it induced
an increase in ECM synthesis mediated by activation of ER stress, suggesting its impor-
tance in lipotoxicity-induced fibrosis [202]. These observations are in agreement with
another study in which the authors proved that accumulation of lipid droplets accelerates
tubulointerstitial fibrosis development in an animal model of kidney disease [200].

4. Mechanisms Involved in Fibrosis Progression

As a wide variety of diseases converge in fibrosis understanding, the pathogenesis
involved is important in order to determine potential therapeutic targets. Despite the efforts
to acquire insight into the process, the mechanisms involved are not fully established, and
the current therapies are either ineffective or only slightly successful [203,204]. The current
clinical strategies for CRS are guided towards the treatment of the general processes, such
as diuretics, to treat volume overload, or angiotensin converting enzyme (ACE) inhibitors,
Angiotensin II receptor blockers, mineralocorticoid receptor antagonist or 3-adrenergic
blockers to inhibit RAAS activation [17,205]. Due to the complex pathophysiology of CRS,
new therapeutic approaches centred in fibrosis have been proposed. For instance, in a
recent study, it has been proved that cardiac shock wave therapy significantly reduces
cardiac fibrosis in a rat model of MI through the activation of the PI3K/Akt signalling
pathway [206]. Despite this, these new experimental approaches are still required in
order to have a comprehensive understanding of the pathophysiological mechanisms
underlying fibrosis.

4.1. Inflammation

Inflammation can be defined as a defensive immune response that is triggered by
damage to a tissue. The acute inflammatory response can be initiated as a consequence
of an infection in which the pattern recognition receptors in the innate immune cells
interact with the pathogen-associated molecular patterns (PAMPs), or due to the damage-
associated molecular patterns (DAMPs) that are released during physical injury [207]. An
acute inflammatory response is characterized by vasodilation, vascular leak and leukocyte
emigration and, shortly after its induction, secretion of cytokines and chemokines will
happen in order to recruit the immune cells to the damaged or infected region. Among the
cells recruited, neutrophils are the first to migrate as a means to engulf the pathogens and
secrete pro-inflammatory mediators and vasoactive substances [208,209].

In a normal inflammatory response, the activity is temporally restricted, as it re-
solves once the threat has been dealt with. However, the presence of a prolonged low-
grade activity leads to chronic inflammation, which is characterized by the activation
of different immune components that lead to major alterations in tissues, increasing the
risk of diseases [210]. The clinical consequences of chronic inflammation include type 2
diabetes [211,212], hypertension [213], cardiovascular disease [214,215], chronic kidney
disease [216]) and metabolic syndrome [217] among others.
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Since both CHF and CKD are associated with a chronic inflammation response, char-
acterized by an increase in the circulating inflammatory mediators, this process has become
of interest in the understanding of CRS. A persistent inflammatory trigger is needed in
order to activate the wound-healing process. However, if not eliminated quickly, the
inflammatory cells could increase the response, leading to the abnormal wound healing
and scarring characteristic of fibrosis. Within the wound-healing mechanism that is ac-
tivated after injury, the first response is coagulation, in which activated platelets release
platelet-derived growth factor (PDGF), acting as a chemoattractant for inflammatory cells,
and transforming growth factor 81 (TGF-£1), which is one of the main drivers of fibrosis as
it stimulates ECM synthesis by the fibroblasts of the tissue that was damaged [218-220].

Inflammation is known to have an important role in the development and progres-
sion of chronic diseases. For example, CKD progression into ESRD is characterized by
chronic inflammation in the renal parenchyma, concluding in ECM deposition and loss
of renal function [221-223]. Independent of the original cause, experimental models and
human biopsies have shown that during renal inflammation, cells such as neutrophils
and macrophages infiltrate both the glomeruli and tubulointerstitial space in order to
remove the cell and matrix components that were damaged during the insult [223-225]. In
general, M1 macrophages generate the initial response in the diseased organ by generation
of pro-inflammatory cytokines, such as tumour necrosis factor « (TNF«) and interleukin-1
(IL-1), whereas M2 macrophages propitiate tissue repair by secretion of immunosuppres-
sive cytokines during the repair phase [223,226]. It is that transition from the M1 to M2
phenotype that promotes fibrosis, as the production of cytokines, chemokines and growth
factors alter the ECM balance between production and degradation [214,227,228].

Cytokines are cell-derived polypeptides that mediate the inflammatory response and
can have positive or negative effects. It is well known that not all cytokines are involved at
all stages of inflammation, but some of them do mediate both acute and chronic responses.
This is the case of TNF-, IL-1 («x and ) and IL-6 [229], which are some of the most studied
ones and have been suggested to have an important role in inflammatory modulation
during CRS due to its extremely potent proinflammatory effects [94,230-232].

It is well established that RAAS activation and the sympathetic nervous system (SNS)
promotes the inflammatory response both in the heart and kidneys [233]. Angiotensin II
(Ang II), one of the main effectors of RAAS activation, induces endothelial dysfunction,
upregulation of adhesion molecules and fibrosis [234-236]. These Ang II effects are accom-
panied by recruitment of infiltrating cells and an increase in proinflammatory cytokines via
the angiotensin type 1 (AT1) receptor in cardiorenal disease [230,237]. It has been proved
that Ang II produces the accumulation of macrophage in the kidney [238,239], and it was
shown in a murine unilateral ureteral obstruction (UUO) model that the macrophages” AT1
receptor activation impedes polarization towards the M1 phenotype and limits the damage
and fibrosis [240]. This shows that an increase in M1 macrophage differentiation makes or-
gans more susceptible to damage whereas the M2 phenotype decreases injury [223,241,242].
Nevertheless, neurohormonal activation is not the only proposed source of inflammation in
CRS. Both animal and human studies have shown that congestion may lead to endothelial
activation and peripheral release of proinflammatory mediators, as venous congestion
itself causes an inflammatory response activation in cells [233,243,244].

Inflammation leads to functional and structural damage in the cardiorenal axis, as the
different cytokines, especially TNF-«, which plays a central role in organ dysfunction, are
involved in inflammation, cell proliferation [245] and apoptosis [246]. During inflammation,
TNF-« has been described to be involved in vasodilation, inflammatory cell adhesion,
coagulation and reactive oxygen species (ROS) production, among others [247].

Numerous cytokines have been studied due to their profibrotic or antifibrotic ef-
fects [248]. Th2-derived cytokines, such as IL-4, IL-5, IL-6, IL-13 and IL-21, are important
in the regulation of organ fibrosis [249,250], out of which the most studied one is IL-13,
an interleukin whose profibrotic effect can be enhanced by IL-5 and IL-21, and which can
increase its production and its receptor expression [251-253]. IL-21 can also promote tissue
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fibrosis through the induction of differentiation into Th17 cells [254,255], which produce a
well-known profibrotic interleukin, IL-17, and which is involved in the development of
fibrosis in various organs [256-258], although a recent study has suggested IL-17 plays
an antifibrotic role in tubulointerstitial fibrosis [259]. On the other hand, Th1 cytokines,
such as IL-7 [250,260], IL-10 [261,262], IL-12 [263,264] and IL-22 [265,266], along with IFN-
v [267,268], have been shown to have a suppressive effect on fibrosis. For instance, the
inflammatory response in IL-10 KO mice resulted in scar formation rather than wound
repair, suggesting IL-10 has an important antifibrotic role [269,270].

Chronic, unresolved inflammation damages renal structure and function, thereby
leading to CKD, a state characterized by progressive renal fibrosis. In previous studies,
it was reported that circulating levels of fibrinogen, TNF-« and a decrease in serum
albumin were associated with loss of kidney function, linking the progression of CKD to the
inflammatory response [221,271]. Systemic inflammation and function decline can alter the
structure of the kidney, creating an environment in which epithelial damage increases and
the factors released by infiltrating macrophages lead to fibrotic expansion [272,273]. Indeed,
macrophage depletion has proved to reduce renal fibrosis in an animal model of myocardial
infarction [274]. In renal fibrosis, the first process involved is the injury itself, followed
by the unresolved inflammation. In the tubulointerstitium, pro-inflammatory cytokines,
such as IL-6, TNF-« and IL-1f3, promote further inflammatory cell infiltration, propitiating
activation of profibrotic cells to differentiate into myofibroblasts and local secretion of
fibrotic mediators [275-277]. This situation will lead to overproduction and deposition of
ECM proteins, disruption of tissue integrity and progressive decline in function. Finally,
glomerulosclerosis and tubular atrophy will happen in the latest stages [278,279].

In cardiac injury, as what happens in renal damage, the necrotic cell death within the
heart activates tissue cells that will synthetize proinflammatory cytokines to recruit inflam-
matory cells. In the first phase, the macrophages and neutrophils act to remove the debris
and release growth factors and cytokines that propitiate formation of connective tissue.
Afterwards, fibroblast activation and cell proliferation will happen in the maturation phase
to repair the myocardium by fibrotic wound formation [280,281]. After the phagocytic
clearance of the apoptotic cells, macrophages will polarize towards the “reparative” M2
phenotype, releasing anti-inflammatory and profibrotic cytokines such as IL-10 and TGFpj,
while proinflammatory cytokines, such as IL-13 or TNF-, decrease in order to stimulate
cardiac fibroblast activation to collagen-secreting myofibroblast [281-283]. Having said
that, chronic inflammation entails a change in the inflammatory behaviour towards per-
sistent and exacerbated fibrinogenesis, which is a structural feature in chronic injuries. It
is due to that characteristic chronic inflammation for which TNF-« has been proposed
as an independent predictor of cardiac and non-cardiac mortality in CHF patients [284].
Nonetheless, there is no consensus on the role of cytokines and chemokines, as some studies
suggest its aggravating injury effects and others show that they endanger cardioprotective
responses. For example, TNF-« ablation has proved to reduce the infarct size in mice with
I/R injury [285], but in other studies TNF receptor deficiency increased the ischemic injury
during I/R [286].

4.2. Oxidative Stress

Oxidative stress is a general concept that describes the imbalance between the produc-
tion of ROS and the antioxidant defences. ROS includes both free radicals, which are species
with an unpaired electron, such as superoxide anion (O,*~) and hydroxyl radical (-OH),
or non-free radical oxygenated molecules, such as hydrogen peroxide (H,O,) [287,288].
Other reactive species derived from nitrogen or sulphur do exist, but they are less abun-
dant [289,290].

Even in basal conditions, aerobic metabolism involves ROS production, thus making
0O,°*~ and H;0O; physiological intracellular metabolites. In low quantities, ROS act as
signalling molecules involved in different pathways, such as cell proliferation, apoptosis
and gene expression [291,292]. However, the fact that an important increase in oxidants
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could target almost all substrates implies the impairment and alteration of all biomolecules,
resulting in cell damage and death [293,294]. ROS can damage proteins [295] and nucleic
acids [296,297], but among all the molecules to undergo oxidation, polyunsaturated fatty
acids are the most susceptible, leading to an increase in the markers of lipid peroxidation,
such as malondialdehyde or 4-hydroxynonenal [298-300].

The endogenous sources of prooxidant species include organelles where there is high
oxygen use, such as the mitochondria, peroxisomes, due to the fatty acid (3-oxidation [301,302],
and the endoplasmic reticulum (ER) [303], although the mitochondria seem to be the major
source of ROS production, as around 95% of the breathed oxygen is reduced in the mitochondrial
electron chain. Specifically, there are two major sites in the electron transport chain, the
NADH dehydrogenase (complex I) and the ubiquinone cytochrome c reductase (complex
IIT), which transfer electrons to coenzyme Q or ubiquinone, creating reduced forms that will
ultimately transfer electrons to the molecular oxygen, generating superoxide radicals [304,305].
Through the action of mitochondrial superoxide dismutase (SOD), the superoxide anion is
converted to hydrogen peroxide, which can be detoxified by the catalase and glutathione
peroxidase [305,306].

In the outer mitochondrial membrane, the monoamine oxidases are another source
of ROS that is not related to respiration [307,308]. In this case, the bivalent reduction of
oxygen produces HyO;. In order to regulate the levels of ROS, the sources colocalize with
the antioxidant response, among which there are enzymes, such as superoxide dismutases,
catalase and glutathione peroxidase, as well as non-enzymatic antioxidants, such as vitamin
A, bilirubin or reduced coenzyme Q [288,309,310].

Both inflammation and oxidative stress are related to chronic diseases, such as diabetes,
hypertension, cardiovascular diseases or CKD [175,311-313]. It is known that under chronic
damage the inflammatory and hypoxic environment propitiates fibrosis by fibroblast
activation and proliferation into myofibroblasts. In this circumstance, ROS formation
also occurs, and is considered to have an important role in both inflammation and organ
fibrosis [314-316]. The bidirectional link between ROS and TGF-1 is well established, as
ROS production and enhanced ROS formation leads to higher activation and expression of
TGF-B1 [317-319]. One of the possible explanations for this link resides in the action of an
important ROS source, such as the different NADPH oxidases (NOX). In normal conditions,
the NOX-derived ROS act as modulators of cell growth, proliferation, differentiation and
apoptosis, but once it is uncontrolled, oxidative stress damages the DNA, proteins and
lipids, inducing organ damage and fibrosis [320-322]. Multiple studies have shown the
effectiveness of NOX-1 and NOX-4 inhibition in inflammation and fibrosis amelioration
in liver and kidney injury [323-325], while different studies in the heart have shown
that both NOX-2 and NOX-4 mediate the oxidative stress and cardiac injury following
I/R[320,326,327]. Indeed, NOX-4 is considered a well-recognized mediator of the transition
from fibroblast to myofibroblast, and its inhibition in in vitro studies with renal cells proved
to prevent ROS production and myofibroblast differentiation, which would translate into a
decrease in fibrosis during damage [328,329].

Multiple factors seem to participate in order to produce the characteristic multior-
gan dysfunction of CRS, among which the increase in proinflammatory cytokines, the
dysregulation of apoptosis and the increase in oxidative stress have been proposed as
key elements of this complex pathophysiology [232,330,331]. Different animal models
have shown that an increase in oxidative stress plays a pivotal role in cardiac and renal
damage, independently of the CRS type depicted, through activation of the inflammatory
response [15,331-333]. This can also be seen in patients with CRS, who presented an in-
crease in ROS and RNS, which was accompanied by higher inflammatory cytokines, such
as IL-6 [15].

4.3. Endoplasmic Reticulum Stress

The ER is an essential organelle for calcium homeostasis, lipid biosynthesis and protein
synthesis and post-translational modifications. To ensure correct protein folding, the ER
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lumen balance between unfolded and misfolded proteins, and the capability to handle
it, must be maintained. Such homeostasis could be altered by both physiological and
pathological entities, such as inflammatory cytokines, protein demand or mutant protein
expression, which translates into what is called ER stress [334,335].

In response to ER stress, the unfolded protein response (UPR) is initiated by at least
one of three different pathways: the ER transmembrane proteins Activating Transcription
Factor 6 (ATF6), Inositol-Requiring 1 (IRE1) or PKR-like ER kinase (PERK). In unstressed
conditions, the chaperone Immunoglobin Binding Protein (BiP) binds to the luminal domain
of ATF6, IRE1 and PERK, keeping them inactive [334,336]. In ER stress conditions, BiP
dissociates from the three regulators, activating UPR [337]. Although initially UPR is
considered a beneficial adaptive response, if it fails to restore homeostasis, then the UPR
pathways guide the damaged cells to apoptosis and the consequent tissue injury [338,339].

Different pathologies, such as diabetes mellitus [340], obesity [341,342], cardiovascular
disease [343,344] and CKD [345,346], have been associated with ER stress. In CRS, the
activation of ER stress in the heart and kidney could be induced by different factors,
such as hemodynamic changes, hormones from the RAAS, inflammation or oxidative
stress [346-348]. These pathophysiological mediators could directly induce ER stress in
the myocardium or renal parenchyma, resulting in apoptotic cell death due to prolonged
UPR activation [349-351] and the consequent fibrotic wound formation, all of which would
eventually lead to structural and functional changes [348,352-354]. Our group has recently
evaluated the effect of myocardial infarction (MI) at renal level in rats. At 4 weeks post-M],
animals presented renal alterations characterized by tubulointerstitial fibrosis, oxidative
stress and upregulation of inflammatory cytokines, such as IL-6 and TNF-«. All these
alterations were accompanied by ER stress activation, which correlates with the renal
fibrosis, suggesting ER stress relevance in the structural renal damage in CRS type 1 [202].

As ER stress inhibition has proved to ameliorate the fibrotic progression, it has been
suggested that its blockade could be a new therapeutic approach for fibrosis [355-357]. One of
the possible ways in which ER stress could lead to fibrosis is through fibroblast differentiation
and collagen formation by TGF-f3 upregulation, as PERK and IRE1 activation have been seen
to increase TGF-f3 expression [358-360]. ER stress activation of fibroblasts during injury at the
wounded site triggers their differentiation into myoblasts, so as to restore the area by ECM
protein synthesis and secretion [361,362]. Different in vitro studies have described ER-mediated
differentiation into different cell types, such as renal tubular cells [363], cardiac cells [364],
adipocytes [365,366], plasma cells [367,368] and others [369-371]. Additionally, our group’s
in vitro studies in kidney fibroblasts, stimulated with the well-known profibrotic factor Ang II
in presence of the pharmacological inhibitor of ER stress, 4-phenylbutiric acid (4-PBA), proved
to be effective in preventing the increase in collagen I, inflammatory markers and superoxide
anion production. All of this suggests the important role of ER stress in fibrosis, inflammation
and oxidative stress in renal damage [202].

The explained mechanisms involvement in CRS is depicted in Figure 2.
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Figure 2. Mechanisms involved in the progression of cardiac and renal fibrosis in CRS.

5. Conclusions

Due to the pathogenesis of cardiorenal syndromes, numerous efforts have given
insight into the different pathways and mediators involved. This review has summarized
evidence that the development of a fibrotic wound has proved to play a central role in both
cardiac and renal damage progression, in which inflammation, oxidative stress and ER
stress could be relevant players. This makes it crucial to understand the pathogenic basis
of fibrosis in order to determine therapeutic targets.
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