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“If it does not challenge you, it won’t change you.”

-Fred Devito



Summary

Increased sodium intake aggravates cardiovascular diseases by modulating blood pressure
and immune cell response. Studies reveal that sodium substitute containing potassium
protects from cardiovascular morbidity and mortality in hypertensive patients with high
cardiovascular risk. In this work, we investigate the role of high potassium (K* 5%) intake
on the development of hypertensive cardiac damage in the presence or absence of high
sodium diet. Throughout the whole trial, apolipoproteinE-deficient mice (4poe””) were fed
anormal K*(0,55%) or high K* (5%) diet. Apoe”” mice were infused with angiotensin (Ang)
IT (500ng/kg/min) for 28 days starting two weeks after the start of the diet. In a second series
of experiments, 1% sodium (Na") was added to the drinking water of high K*-fed mice.
Magnetic Resonance Imaging (MRI), immunohistochemistry, flow cytometry analysis,
quantative PCR and Western blot were used to assess the cardiac damage. High K diet
increased serum potassium levels significantly, compared to mice treated with normal K"
diet, but had no impact on blood pressure or cardiac function in Apoe” mice chronically
infused with Ang II. Anticipated, aldosterone excretion was significantly increased in Ang
Il infused Apoe”” mice fed a high K" diet compared to a normal K* diet. To evaluate the
consequence of potassium mediated aldosterone secretion for hypertensive cardiovascular
damage, we additionally treated our high K" groups with high Na®. Potassium-induced
aldosterone production in the setting of high sodium exaggerates hypertensive cardiac
damage. High K'/high Na'-fed mice had significantly higher left ventricular mass, more
cardiac fibrosis and lower ejection fraction in comparison to high K or high Na® fed mice.
Furthermore, inflammation and a consequent premature senescence associated secretory
phenotype were linked to cardiac injury. Therefore, the simultaneous intake of high K" and
high Na" diet, induced higher mitochondrial ROS production in different cardiac cell types
compared to high K* or high Na* diet. The Apoe” mice fed with high K*/high Na*had greater
levels of cellular senescence biomarkers such as p16 and p21. Notably, co-treatment with
spironolactone (50mg/kg/day), a mineralocorticoid receptor antagonist (MRA), significantly
attenuated cardiovascular damage in mice fed a high K'/high Na" diet. In conclusion, the
data from this study demonstrate that not only does a high K" intake have no beneficial effect
on blood pressure and cardiovascular health in hypertensive mice, but it might also have

negative effects if it is combined with a high Na" diet.



Zusammenfassung

Eine erhohte Natriumzufuhr verschlimmert Herz-Kreislauf-Erkrankungen durch erhdhten
Blutdruck. In dieser Studie untersuchten wir die Rolle einer hohen Kaliumzufuhr (K" 5 %)
bei der Entwicklung von hypertensiven Herzschidden in Gegenwart oder Abwesenheit einer
natriumreichen Erndhrung. Apolipoprotein E-defiziente Miuse (Apoe””) wurden wihrend
des gesamten Versuchszeitraums mit einer normalen K* (0,55 %) oder einer Didt mit hohem
K" (5 %) gefiittert. Zwei Wochen nach Beginn der Diit wurden die Apoe”-Miuse 28 Tage
lang mit Angiotensin (Ang) II (500ng/kg/min) infundiert. Die hypertensiven Herzschiden
wurden mittels MRT, Durchflusszytometrie und quantitativer PCR untersucht. Hohe K'-
Diit erhdhte den Serumkaliumspiegel im Vergleich zu Miusen, die mit einer normalen K-
Didt behandelt wurden, hatte jedoch keine Auswirkungen auf den Blutdruck oder die
Herzfunktion von Apoe”-Miusen. Wie erwartet war die Aldosteronausscheidung bei Apoe”
/- Miusen, die mit Ang II infundiert wurden und ein K- erhielten, im Vergleich zu Méusen
mit einer normalen K- Diét signifikant erhoht. Um die Folgen der Aldosteronausscheidung
fiir hypertensive kardiovaskuldre Schidden zu untersuchen, behandelten wir die Gruppe mit
hoher K*-Diit mit einer Diit mit hohem Natriumgehalt (1 % Na'), um zu zeigen, dass die
K" -vermittelte Aldosteronproduktion hypertensive kardiale Schiden bei hohem Na*
verschlimmert. Herz-MRT und Immunhistochemie zeigten eine signifikante
linksventrikuldre Herzfibrose und eine geringere Auswurffraktion sowie eine hohere
Expression von Entziindungsmarkern im Vergleich zu hohem K" oder hohem Na'. Dariiber
hinaus wurden die kardiovaskuldren Schdden mit oxidativem Stress und einer daraus
resultierenden vorzeitigen zelluldiren Seneszenz im Herzen in Verbindung gebracht. So
fiihrte die gleichzeitige Aufnahme einer Didt mit hohem K'/Na'-Gehalt zu einer héheren
mitochondrialen ROS-Produktion in verschiedenen Herzzelltypen im Vergleich zu einer
Diit mit hohem K*- oder hohem Na*-Gehalt. Biomarker der zelluliren Seneszenz wie pl16
und p21 waren bei Apoe”-Miusen, die eine hohe K*/Na*-Diit erhielten, signifikant erhdht.
Bemerkenswert ist, dass die gleichzeitige Behandlung mit Spironolacton (50 mg/kg/Tag),
einem Mineralokortikoidrezeptor-Antagonisten, die kardiovaskuldren Schidden und die
zelluldre Seneszenz bei Miusen, die mit einer K/Na™-Diit gefiittert wurden, signifikant
verringerte. Zusammenfassend zeigt diese Studie nicht nur, dass eine hohe K'-Zufuhr keine
positiven Auswirkungen auf den Blutdruck und die kardiovaskulire Gesundheit bei
hypertensiven Midusen hat, sondern auch, dass sie schddliche Auswirkungen haben kann,

wenn sie mit einer hohen Natriumzufuhr einhergeht.
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Abbreviations

Ang II: Angiotensin II

ANP: Atrial Natriuretic Peptide

AP-1: Activator Protein 1

Apoe : Apolipoprotein E gene deficiency
ASDN: Aldosterone-Sensitive Distal Nephron
ATP: Adenosine Triphosphate

ATPSFAL: ATP synthase F1 subunit alpha
BMHC: Beta- Myosin Heavy Chain

BNP: Brain Natriuretic Peptide

BP: Blood Pressure

CD: Cluster of Differentiation

(c)DNA: (complementary) Deoxyribonucleic Acid

CKD: Chronic Kidney Diseases
CNT: Connecting Tubule

c¢TnT: cardiac Troponin T

COX IV: Cytochrome C Oxidase
CVD: Cardiovascular Diseases
DCT: Distal Convoluted Tubule
DNA: Deoxyribonucleic acid
DOCA: Deoxycorticosterone acetate
DWT: Diastolic Wall Thickness
ECG: Electrocardiogram

EDV: End-diastolic Volume

III



EF: Ejection Fraction

ESV: End-systolic Volume

ENaC: Epithelial Sodium Channels

FBS: Fetal Bovine Serum

FFPE: Formalin-Fixed Paraffin-Embedded
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
(g)DNA: (genomic) Deoxyribonucleic Acid
HSA: Human Serum Albumin

IHC: Immunohistochemistry

iNOS: inducible Nitric Oxide Synthase

IL: Interleukin

IL-1B : Interleukin 1 Beta

K": Potassium

LC3B: Light Chain 3B

LVM: Left Ventricular Mass

MCP1: Monocyte Chemoattractant Protein-1
MR: Mineralocorticoid Receptor

MRI: Magnetic Resonance Imaging

MS: MitoSox

MT: MitoTracker

Na': Sodium

NADP(H): Nicotinamide Adenine Dinucleotide Phosphate
NCC: Sodium-Chloride Cotransporter

NF«B: Nuclear Factor Kappa B



NO: Nitric Oxide

NOX2: NADPH Oxidase 2

PAI-1: Plasminogen Activator Inhibitor 1

PBS: Phosphate-Buffered Saline

PCR: Polymerase Chain Reaction

PEEK: Polyether Ether Ketone

PFA: Paraformaldehyde

RAAS: Renin Angiotensin Aldosterone System
RNA: Ribonucleic Acid

RT: Room Temperature

ROS: Reactive Oxygen Species

SASP: Senescence Associated Secretory Phenotype
SBP- Systolic Blood Pressure

SDS-PAGE: Sodium Dodecyl Sulphate — Polyacrylamide Gel Electrophoresis
SOD2: Superoxide Dismutase 2

SWT: Systolic Wall Thickness

OPA1: Optic Atrophy 1

TGFp: Transforming Growth Factor Beta
TNFa: Tumor Necrosis Factor Alpha

TVM: Total Ventricular Mass

WNK: With-no-lysine (K)

WGA: Wheat Germ Agglutinin
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1. Introduction

1.1. CVD and diet pattern

Chronically elevated blood pressure (BP) is a major factor for cardiovascular diseases
(CVD) and the leading cause of preventable mortality worldwide, accounting for 11.3
million deaths overall in 2021 (Vaduganathan et al. 2022. ] Am Coll Cardiol). Hypertension-
induced cardiovascular deaths have been linked to ischemic heart diseases and stroke
(Vaduganathan et al. 2022. J] Am Coll Cardiol) (Figure 1). Many clinical guidelines which
aim to implement various BP-lowering strategies through pharmacological and non-
pharmacological interventions. Diet has a strong influence on BP. Excess dietary sodium
(Na") has been associated with hypertension, and restriction of sodium intake by 2,3
grams/day can decrease the cardiovascular events and the death rate (Greer et al. 2019.
Hypertension). Epidemiological (Mente et al. 2014. N Engl J Med) and interventional studies
have shown that dietary potassium (K") intake not only lowers BP but modulate the salt
sensitivity. Potassium adequate intake level of 3,4 grams/day can reduce BP in hypertensive

patients particularly.

Figure 1
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Fig.1: Global ranking of cardiovascular deaths by cause. Specific cardiovascular diseases by region in 2022.

Source: Global Burden of Cardiovascular Diseases and Risks Collaboration, 1990-2021.



1.2.  Effect of potassium intake on blood pressure
There has been growing interest in public health strategies in reducing Na" and increasing
K" to improve cardiovascular health. Several optimal intervention strategies have been
advocated such as potassium supplementation, use of sodium substitution with K*, and/or

simply to increase the K" rich diet (i.e. fruits, legumes).

Experimental studies in humans suggest that potassium supplementation may decrease blood
pressure particularly in adults with hypertension (Riphagen et al. 2016. J Hypertens; Nomura
et al. 2019. Clin Exp Nephrol). A meta-analysis from Igbal et al. (2019. Nutrients) showed
that the increase in K" intake exerted a reduction of systolic blood pressure (SBP) of 8 to 9
mmHg in adults with higher baseline sodium excretion and a lower potassium excretion. The
same finding was demonstrated by (Filipini et al. 2017. Int J Cardiol) that a BP lowering
effect is achieved by a 90 mmol/day potassium intake. Conversely, normotensive adults
subjected to dietary K" depletion reported a SBP increase of 10mmHg (Krishna et al. 1991.
Ann Intern Med). Notably, a recent meta-analysis of 32 randomized-controlled trials
(duration 4 weeks) explored the dose-response relationship between potassium
supplementation and BP (Filippini et al. 2020. ] Am Heart Assoc). They observed a U-
shaped relationship, showing that a K" intake lower than 30 mmol/day or over 80 mmol/day
increases SBP. Particularly excessive amounts of potassium should be avoided from the
subjects that take antihypertensive medication which are associated with high plasma
potassium levels. Additionally, plasma potassium stimulates the secretion of BP-raising
hormone aldosterone (Figure 2). A drop in renal perfusion volume or reduced sodium
delivery to the kidney triggers the renin release from juxtaglomerular cells (Reincke et al.
2021. Lancet Diabetes Endocrinol). Renin converts the liver-derived angiotensinogen to
angiotensin I (Ang I), which is further converted to angiotensin II (Ang II) by angiotensin-
I-converting enzyme on the surface of endothelial cells. Ang II triggers the secretion of
aldosterone hormone by zona glomerulosa cells of adrenal gland (Figure 2). Further the
secreted aldosterone binds to mineralocorticoid receptor (MR) in aldosterone-sensitive distal
nephron (ASDN) to induce sodium re-absorption and increase plasma volume and
consecutively elevates blood pressure. Therefore, there is a limitation to consider potassium
supplementation as a population-wide approach, because it cannot be applicable in all

settings due to baseline sodium and potassium intake.

Dietary guidelines mutually advise reduced Na' intake and increased K' intake

concomitantly to control BP. Therefore, sodium substitute with potassium has emerged as a
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promising alternative for controlling blood pressure and lowering cardiovascular risk.
Sodium substitute is available as a single product in which potassium is replaced for <30%
of pure sodium (Jones et al. 2022. Hypertension). Remarkably, Salt Substitute Stroke Study
(SSaSS) has provided some significant insights (Neal et al. 2021. N Eng J Med). The trial
involved 20,995 persons in 600 villages of China, above 65,4 years old and had a previous
history of hypertension, stroke and cardiovascular diseases. The villages were randomly
assigned participants who received the sodium substitute (75% Na and 25% K), and
participants who continued to use regular sodium (100% Na) in a course of 5 years. Sodium
substitute significantly lowered the rate of stroke, cardiovascular events by 13% and death
by 12%. The rate of adverse clinical outcomes concerning hyperkalemia was the same as in
regular sodium consumers. Regarding the hyperkalemic episodes as a result of increased
potassium intake, the India modelling study addressed this issue by evaluating the risk and
benefits of sodium substitute in patients with chronic kidney diseases (CKD). They found
out that cardiovascular benefits outweigh the hyperkalemia risk (Marklund et al. 2022. J
Hypertens). A new study was conducted in 48 residential elderly care facilities of China,
where participants were 2 x 2 cluster randomised to sodium substitute (62.5% Na and 25%
K) versus usual sodium and to progressively restricted versus to usual supply of sodium for
2 years (Yuan et al. 2023. Nat Med). They showed that sodium substitute compared with
regular sodium reduced SBP by 7 mmHg and diastolic blood pressure by 1.9 mmHg, whereas
the restricted sodium supply did not affect BP. Sodium substitute also reduced
cardiovascular events, although no effect was observed in total mortality. Mean serum
potassium levels increased with sodium substitute use, but was not associated with adverse
clinical outcomes. This study reinforces the beneficial effect of sodium substitutes to
decrease blood pressure and provides reassurance on safety in high-risk populations

(McLean. 2023. Nat Med).

Figure 2
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1.3.  Potassium switch
On average, K" is 50-55 mmol/kg body weight, much less compared to palaeolithic times
when dietary potassium was much higher (250-400 mmol/day) (Sebastian et al. 2006. Semin
Nephrol; Kamel et al. 2014. Nephrol Dial Transplant). The Na"™-K*-ATPase of every cell
ensures a maintenance of high intracellular potassium concentration (120-140 mM) and low
extracellular potassium concentration (3.5-5.0 mM). This strict range is vital for not
disturbing the resting membrane potential of cells, because hyper- or hypokalemia causes
muscle paralysis and cardiac arrhythmia (McDonough et al. 2022. Eur J Physiol). After a
K'-rich meal, potassium is reallocated to the intracellular compartment from extracellular
fluid and excreted proportionally by the kidneys. This way, the plasma potassium level is
maintained at 3.5 to 5.0 mmolL through internal and external mechanisms. The kidney plays
a crucial role by matching potassium excretion with dietary intake. Around 90% of unbound
potassium is reabsorbed by the kidney, while the rest reaches the distal nephron (Zacchia et

al. 2016. Kidney Dis).

The distal nephron is recognized for sodium reabsorption and potassium secretion, making
it a critical site for potassium excretion. It consists of distal convoluted tubule (early DCT
and late DCT), the connecting tubule (CNT) and collecting duct. The late DCT and CNT is
referred to as aldosterone-sensitive distal nephron (ASDN). The electroneutral chloride
cotransporter (NCC) facilitates sodium reabsorption in early DCT and epithelial sodium
channels (ENaC) modulate sodium reabsorption in ASDN. The electrogenic reabsorption of
sodium by ENaC coupled with ROMK form the main secretory route of potassium secretion
(Valinsky et al. 2018. Clin Sci). High K* diet increases the potassium secretion, while a
depletion of K™ diet shifts from secretion to reabsorption of potassium (Gumz et al. 2015. N
Engl J Med). Alterations in sodium reabsorption affect potassium secretion, which is
highlighted in primary aldosteronism and Gitelman syndrome patients. Overactivation of
NCC leads to K" retention and hyperkalemia, while loss of NCC function results in K"
wasting and hypokalemia (Wilson et al. 2001. Science).

Recent studies have identified a kidney potassium switch within the distal nephron (Terker
etal. 2015. Cell Metab; Wang et al. 2018. Kidney International; Cuevas et al. 2017. JASN).
This switch turns NCC off and ENaC on in response to high K* intake (Su et al. 2020.
Current Cardiology Reports). High plasma potassium concentration dephosphorylates NCC
through WNK kinases cascade, thereby increasing the sodium delivery to ASDN. This leads



to activation of ENaC which increases the lumen negativity for potassium secretion. ENaC

activity is further enhanced by potassium-induced aldosterone (Figure 3).

Accordingly, a high K' diet causes sodium excretion and lower blood pressure. The
counteracting effect is applicable for low K" intake, which increases sodium reabsorption

and blood pressure.

Figure 3
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Fig.3: Low plasma potassium activates the WNK4 kinase by hyperpolarizing the membrane, which in
turn phosphoactivates NCC in DCT1. Thereby it causes sodium retention and limits sodium delivery to
ASDN (DCT2+CNT), which further reduces potassium excretion. The system is activated by low
potassium even in high sodium presence, on this way leading to salt sensitivity and hypertension.
Meanwhile, high plasma potassium turns off the switch in DCT1. This leads to increased sodium delivery
to ASDN and excretion, resulting in lower blood pressure. The illustration was drawn by using Biorender

application and adapted from Su et al. 2020. Current Cardiol Reports.



1.4.  Aldosterone paradox
High dietary K intake lowers the blood pressure but also increases aldosterone secretion by
zona glomerulosa cells of the adrenal gland. In addition to its classic role in increasing blood
pressure through increased sodium retention and potassium excretion in the kidneys,
aldosterone modulates pathophysiological processes in the cardiovascular system by binding
to the mineralocorticoid receptor (MR) (Buffolo et al. 2022. Hypertension). MRs are
expressed in non-epithelial cells such as cardiomyocytes, endothelial cells, vascular smooth
muscle cells, fibroblasts and inflammatory cells (Brown et al. 2013. Nat. Rev. Nephrol).
Abnormal MR activation contributes to cardiovascular alterations such as cardiac

inflammation, fibrosis and myocardial hypertrophy.

Aldosterone and/or MR activation generate reactive oxygen species (ROS) which activate
the proinflammatory transcription factors activator protein (AP)-1 and nuclear factor kappa
B (NFkB). It is shown that aldosterone increases nicotinamide adenine dinucleotide
phosphate [NADP(H)] oxidase (NOX) activity and oxidative stress in the heart (Brown et
al. 2013. Nat. Rev. Nephrol). Macrophages also play an important role in inflammation.
Compelling studies have reported that macrophage-specific deletion of Nr3C2, the gene
encoding MR, protects mice against interstitial and perivascular cardiac fibrosis induced by
DOCA plus salt (Rickard et al. 2009. Hypertension). The chronic inflammation is followed
by proliferation of myofibroblasts, collagen production, perivascular and interstitial fibrosis
(Jones et al. 2021. Hypertension). Aldosterone increases TGF-B1 in cultured cardiomyocytes
and in the hearts of mice aldosterone-MR binding contribute directly to cardiomyocyte

hypertrophy (Figure 4) (Parksook et al. 2023. Cardiovascular Research).

Along with fibrosis, chronic inflammation is a potential risk for senescence associated
secretory phenotype (SASP) and ROS mediated cellular senescence. Cellular senescence is
characterised by a permanent cell-cycle arrest, typically occurring in the G1 or G2 phase,
which serves as a safeguard mechanism to prevent the proliferation of damages or potentially
harmful cells. The main trigger of cellular senescence is DNA damage which activates the
DNA damage response and p53-p21 pathway. Further, epigenetic alterations activate p16-
RB pathway, which helps to maintain the senescence state. SASP is a hallmark feature of
senescent cells which involves the secretion of variety pro-inflammatory cytokines like IL-
6. Additionally, elevated oxidative stress caused by overproduction of ROS can induce
cellular senescence by reducing the DNA copying and modulating SASP. ROS causes
oxidative damage to mitochondrial and cellular DNA due to mitochondria malfunction
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(Mylonas et al. 2022. Front. Aging). Aldosterone induced mitochondrial ROS has been more
studied in mesangial cells, where rotenone reverses the aldosterone renal injury and lowers
the blood pressure (Yuan et al. 2012. Free Radic Biol Med). Mitochondrial dysfunction has
been associated with cardiac remodelling, but the role of aldosterone on mitochondria
remains unclear. A recent study demonstrated that aldosterone downregulated mitochondrial
DNA, superoxide dismutase 2 mitochondrial (SOD2) and cytochrome ¢ oxidase (COX IV)
protein through an MR/MAPK/p38 pathway and ROS production (Tsai et al. 2021.
Biomedicines). Considering the MR expression in T cells and macrophages, chronic
inflammation can lead also SASP. This pathway involves nuclear factor kappa beta (NF-
kB), interleukin 7 (IL-7) and chemokines that different cell types exchange and affect each

other, in this way contributing to senescence (Labora et al. 2020. Trends Cel Biol).

Mounting evidence has supported the link of aldosterone dependent and independent MR
signalling with sodium in hypertension. Thus, typically high sodium suppresses Ang II and
aldosterone production in order to keep normal BP values (Maeoka et al. 2022.
Hypertension). However, observational and experimental studies have shown that the
combination of sodium and aldosterone excess enhance cardiovascular morbidity (Brown.
2013. J Nat Rev Nephrol). In rats, continuous infusion of aldosterone with 1% Na" via
drinking water resulted in arterial hypertension, proteinuria and glomerular damage
(Nishiyama et al. 2004. Hypertension). Comparable results were reported in a rat model
rendered hypertensive by aldosterone infusion and high sodium diet, which developed left
ventricular hypertrophy and perivascular fibrosis. The aldosterone-sodium proinflammatory
and profibrotic effect in kidney, vasculature and heart were prevented by MR antagonism
(Blasi et al. 2003. Kidney Int; Lacolley et al. 2002. Circulation; Brilla et al. 1993] Mol Cell
Cardiol). Several mechanisms could potentially explain aldosterone-sodium interaction to
promote mineralocorticoid-induced organ damage. Schneider et al. suggest that local renin-
angiotensin-aldosterone system (RAAS) and inflammation culminate on the generation of
ROS, which in turn oxidize and activate the MR, leading to a transcription of MR-dependent
genes and downstream organ damage (Chen et al. 2023. Hormone and Metabol Research).
It is also reported the MR antagonism decreases inflammation and fibrosis during high
sodium intake, despite low aldosterone levels, suggesting activation of MR independently
of aldosterone. It is evident that increased Racl, Rho family GTPase, may activate MR

during high sodium intake to elevate the BP (Maaliki et al. 2022. Front Physiol). However,



the mechanism remains unclear. These countervailing effects have led to debates and

disagreements about the optimal dietary intake.

Figure 4
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Fig.4: Effects of cell-specific activation of the MR in the heart. Aldosterone activates the MR on
cardiomyocytes to produce ROS, fibrosis and hypertrophy in the heart. In the endothelial cells, MR
activation by aldosterone increases the production of ICAM1, TGFp and IL-18. Aldosterone activates MR
in fibroblast and inflammatory cells to promote inflammation and cardiac fibrosis. The illustration was

drawn by using Biorender application and adapted from Parksook et al. 2023. Cardiovasc. Res.



1.5.  Sodium and Hypertension
High Na" has been associated with elevated blood pressure and consequently an increase in
cardiovascular risk and death (Wainford. 2017. Hypertension). Several reports have
presented a positive, independent linear relationship between BP and 24h urinary sodium
excretion (Ellison et al. 2021. N Engl J Med). The World Health Organization recommends
a daily sodium consumption less than 2g/day. However, not all individuals respond equally
to Na* intake, which is known as salt-sensitivity. In this regard, some patients exhibit high
blood pressure values when challenged with Na® load, while Na® depletion causes a

significant decrease of BP (Elijovic et al. 2016. Hypertens).

The pathophysiological link between sodium intake and increase in BP has been widely

debated. Different hypothesis has been extensively investigated such as:

Altered renal mechanism/volume-loading theory by Guyton, shows that Na" administration
increases the water retention, hence the intravascular volume which leads to an increase in
cardiac output and kidney perfusion pressure (Guyton et al.1972 Annu Rev Physiol). The
rise in kidney perfusion pressure increases the sodium excretion to achieve the fluid balance
in the body. If the kidney loses the ability to excrete excessive sodium and fluid volume, the

pulse volume and BP increase consequently (Balafa et al. 2020. J Hum Hypertens).

Enhanced activation of the sympathetic nervous system and disturbances in nitric oxide
(NO) activity mediate impaired vasodilatory response to sodium that increases blood

pressure (Morris]Jr et al. 2016. Circulation).

Another mechanism is immune system-mediated response related to skin hypertonicity.
High sodium diet results in Na® and CI storage in the skin causing a local hypertonic
environment. The osmotic stress triggers homeostatic macrophages to exert blood pressure-
regulatory effect via tonicity-responsive enhancer-binding protein (TONEBP)-driven
modulation of cutaneous lymphatic capillary function (Wiig et al. 2013. J Clin Invest; Kitada
et al. 2023. Hypertension).

Recent studies have revealed that other systems such as the gut contribute to hypertension
in the context of high sodium. It has been shown that high Na" intake affects gut microbiome
by depleting Lactobacillus spp, which increased Tul7 cells and blood pressure, thereby

connecting gut-immune axis with salt-sensitivity hypertension (Wilck et al. 2017. Nature).



1.6.  Aim of the study

The aim of this thesis is to examine the potential benefits of increased potassium intake on
blood pressure regulation in hypertension, while considering the concurrent rise in
aldosterone levels. Additionally, we aim to investigate the cardiac outcomes associated with
elevated potassium intake in the presence of excess sodium, using a hypertensive model

featuring Apoe” mice infused with angiotensin II.
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2. Methods

2.1.  Mice and dietary manipulation
The University Hospital of Diisseldorf Animal Care and Use Committee approved the
experiments for this study (G301/18; 81-02.04.2018.A301). Apoe”” mice on a C57BL/6
background were housed in a temperature-controlled facility with a 12:12-h light-dark cycle
within the central animal care of University Hospital of Diisseldorf. Food and water were
available ad libitum. Male Apoe” mice (8-10 weeks old) were used in the in vivo
experiments. In all animal models, mice were first acclimated to standard chow containing
0.55 % K*. The following dietary protocols were performed to assess the role of dietary K*

on cardiovascular outcomes:

1) For assessment of the beneficial effect of high K* diet on cardiac function, mice were
randomized to two dietary groups. They received either a high K" diet (5%) or a control diet
referred to as normal K* (0.55%) for 6 weeks in group cages. Diets were matched for caloric
content and only differed in potassium content. Table 1 shows the electrolyte composition
of these diets. Two weeks after the start of the diet, Apoe”” mice were infused with Ang II
(500ng/kg/min) minipumps for 28 days (Figure 5). During the 4 weeks of Ang II, blood

pressure and MRI measurements were performed.

Figure 5
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Fig.5: Apoe” mice were supplied with high or normal K* diet. SBP was measured twice per week and

MRI was performed one day before the sacrifice.
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2) To evaluate the significance of potassium-induced aldosterone, mice were supplemented
with 1% Na" in the drinking water, knowing that sodium aggravates aldosterone effects.
Apoe”” mice were randomly assigned to stay on the high K* diet or receive high K* diet and
high Na" in the drinking water concomitantly. To test the effect of high sodium, we supplied
normal K'-fed mice with high Na" in drinking water. The same animal model was adapted,

as shown in Figure 6.

Figure 6
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Fig.6: Apoe” mice were randomized to three dietary groups and received either high K™ or high Na* as either

high K*/high Na* diet. Systolic BP and cardiac MRI measurements were performed after Ang II infusion.

3) To prove that potassium-induced aldosterone in Na" presence has detrimental effects on
cardiac function, we blocked the mineralocorticoid receptor using spironolactone. After
mice were acclimated to a standard diet, they were fed with high K" diet/high Na*, receiving
either spironolactone or not. The MR was blocked via the implantation of spironolactone
pellets on the first day of the experiment. The same animal model was customized (Figure

7).
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Figure 7
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Fig.7: One day before the start of diet, Apoe” mice were assigned to spironolactone or placebo administered.

The next day, both groups received high K*/high Na* for 42 days. Ang II was infused two weeks after the

initiation of the diet.

Table 1. Composition of the purified potassium diets presented as physiological fuel

Ingredients 0.55% K* 5% K"
Normal K* High K*

Proximate content

Potassium % 0.55 5.0
Sodium % 0.16 0.16
Crude protein % 17.6 17.6
Crude fat % 5.1 5.1
Crude fibre % 5.0 5.0
Crude ash % 3.5 11.8
Starch % 37.5 29.3
Dextrin % 15.7 15.7
Sugar % 11.1 11.1
Calcium % 0.55 0.55
Phosphorus % 0.37 0.37
Magnesium % 0.10 0.10
Energy MlJ/kg 15.7 14.4
Protein kJ% 19 21
Fat kj% 12 13
Carbohydrates kJ% 69 66
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At the conclusion of each dietary protocol, mice were anesthetized in the morning by
intraperitoneal ketamine-xylazine injection. After mice reached the surgical plane of
anaesthesia, blood was collected from the renal artery into heparin tubes. One hundred
millilitres of whole blood were used to measure potassium and sodium electrolytes. The
heart was isolated and dissected into the apex and the upper part. Apex was used for RNA
isolation or protein analysis, while the rest was snap-frozen until further use. Minipumps

were disposed of at the end of each experiment.

2.2.  Osmotic minipumps preparation and implantation

The Ang II infusion experiment was conducted using osmotic pumps (ALZET 1004) with a
release rate of 500 ng/kg/min during the 28 days. Each pump was filled completely with the
Ang II powder dissolved in saline solution (Fresenius Kabi, Bad Homburg, Germany). When
MRI measurements were to be performed, the metal tips were subsidised with PEEK
(polyetheretherketone) tips. To prevent the cling of PEEK tips with Ang II, they were
prewashed with 1 % Human Serum Albumin (HSA) in Phosphate buffer Dulbecco solution
without Ca2+ and Mg 2+ (PBS). The prefilled pumps were incubated in sterile saline for 24

hours at 37°C to ensure an immediate release of Ang Il upon implantation.

The subcutaneous implantation of osmotic minipumps took place in a sterile set-up. Mice
were anesthetized with 1.5 % isoflurane or a mix of Ketamine (100 mg/kg, i.p.) and Xylazine
(5 mg/kg, i.p.) and an ophthalmological cream was applied to the eyes of the mice. The
implantation site in the neck was shaved and washed previously. An incision was made to
create a subcutaneous pocket for the minipump placement. After the insertion, the wound
was closed with sutures. The mice received 0.02 mL buprenorphine injection for pain relief

and were closely monitored for the following days.

2.3. Implantation of spironolactone pellets
We blocked the MR by implanting spironolactone pellets, a dosage of 63 mg, with a release
rate of up to 42 days. Mice were anesthetized with a mix of Ketamine (100 mg/kg, i.p.) and
Xylazine (5 mg/kg, i.p.) and an ophthalmological cream was applied to the eyes of the mice.
An incision was made in the lateral side of the neck, followed by a 2 cm pocket beyond the

site. The pellet was inserted in the pocket and closed with sutures.
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2.4. Blood pressure measurements
Systolic blood pressure was measured twice a week after the minipumps implantation in
conscious mice by tail-cuff plethysmography (BP-98A; Softron) as described previously
(Kurtz et al. 2005. Arterioscler Thromb Vasc Biol). The mice were placed in a restrainer
equipped with a climatic coil to provide 37°C heating. The cuff was positioned at the
proximal end of the tail of the mice. For habituation, mice were trained daily for 5
consecutive days before Ang II pump implantation. SBP was calculated as the mean of all

measured values for each time per mouse.

2.5. MRI (Cardiac function)

To assess the cardiac function and cardiac anatomy of Apoe” mice, we performed 'H
magnetic resonance imaging (MRI) using a vertical 9.4 T Bruker AVANCE™ wide bore
NMR spectrometer as described previously (Temme et al. 2021. Front Cardiovasc Med;
Haberkorn et al. 2017. Circ Cardiovasc Imaging). Mice were anesthetized with 1.5%
isoflurane at a rate of 75ml/min using a home-build nose cone. The body temperature (37°C)
was maintained throughout the whole measurement. For gated MRI acquisitions, the front-
paws and the left hind-paw were attached to ECG electrodes (Klear-Trace) and respiration
was monitored by means of a pneumatic pillow positioned at the animal’s back. An M1025
system (SA Instruments, Stony Brook, NY) was utilized was utilized to monitor vital
functions and, if needed, to synchronize the acquisition of cardiac MRI data with cardiac
and respiratorymotion. Each measurement lasted 60-80 minutes. During a complete heart
cycle, 15-20 images were acquired to gain temporal and spatial resolution for functional
heart parameters determination. Images were acquired using the Bruker microimaging unit
Micro 2.5 with actively shielded gradient sets (1.5 T/m) and a 25-mm birdcage resonator.
The datasets were analysed with Fiji or in-house developed software-tools based on the

Labview environment.
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2.6. Metabolic cage experiments and urine
measurements

Mice were placed in metabolic cages overnight at two different time points: before and after
Ang Il infusion. Food and water were available ad libitum. The urine samples were collected
the next day, and a portion of 150 uL was used for potassium and sodium electrolyte analysis
(Cobas 8000 ISE). The urinary aldosterone concentration was measured utilizing a
competitive assay ELISA kit following the manufacturer’s instructions. The assay ELISA
kit is based on the competition between aldosterone and aldosterone tracer for a limited
amount of Aldosterone Polyclonal Antiserum. The concentration of the Aldosterone Tracer
is held constant to quantify how much aldosterone binds to the Aldosterone Polyclonal
Antiserum. The plate has anti-rabbit IgG so that the antiserum can bind to it. 100 pL of each
sample was added per well and assayed. The plate was covered with plastic film and
incubated for 18 hours at 4°C. Afterwards, the plate was washed, and the Ellman’s Reagent
(which contains the substrate to aldosterone tracer) was added to the well, resulting in an
enzymatic reaction. The distinct yellow was determined spectrophotometrically,
proportional to the amount of Aldosterone Tracer bound to the well, which inversely
quantifies the aldosterone concentration in the well. The assay has a range from 15.6-2000

pg/ml.

2.7.  Sirius red/Fast green staining
After dissection, the heart was placed in 10 % Formalin solution overnight for fixation. The
next day, tissues were immersed in a serial dilution of ethanol, xylol and paraffin. Then, the

tissues were embedded in paraffin blocks and stored at room temperature.

Formalin-fixed paraffin-embedded (FFPE) were cut using a sharp blade in 10 um thick
sections and placed over coated glass slides. To dewax the slides, initially, they were
immersed in xylol for 10 minutes, followed by absolute ethanol twice, and then in 96 %
ethanol, 80 % ethanol, and 70 % ethanol for 3 minutes each step. Lastly, the slides were

washed in distilled water for 10 minutes.

Sirius Red/Fast Green collagen staining is a micro-assay used to determine collagen and
non-collagenous proteins on tissue sections. The heart slides were incubated with one drop
(0.2 - 0.3 ml) of staining kit solution for 30 minutes at room temperature and then rinsed

with 0.5 ml distilled water. Afterwards, they were dehydrated and mounted (Roti©-Mount
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HP68.1). Collagen fibers appeared red, while the non-collagen proteins were green. The
quantitative analysis was obtained through microscopic images as a percentage of red pixels
(the collagen) against green colour pixels (the non-collagen). The calculation was done by

using Photoshop CSS5.

2.8.  Preparation of Cryo-conserved Tissues
After dissection, the heart was placed in 4 % PFA for 1 hour for fixation purposes. The fixed
heart was immersed in 20% sucrose + PBS at 4°C for 2-3 hours. Afterwards, the tissue was
placed into the freezing container and covered with TissueTek®, followed by overnight

storage at -80°C. The heart sections were cut by using a cryotome.

Immunofluorescence Imaging

To visualize cardiac fibrosis, the heart slides were stained with Wheat Germ Agglutinin
(WGA). Sections of hearts frozen were thawed for 20 minutes and re-hydrated in PBS for 5
minutes. The heart slides were incubated in blocking solution (0,1% saponin, 0.5% bovine
serum albumin (BSA), 0,2% fish gelatine) for one hour at room temperature (RT) to prevent
non-specific binding. Afterwards, the blocking solution was rinsed off by washing the slides
in PBS for 3 sets of 3 minutes each. The primary antibodies (CD45, Ly6g, F4/80) were
diluted in blocking solution and carefully applied onto the sections. The slides were then
incubated overnight at 4°C in the dark. On the following day, the primary antibody was
washed away by rinsing the slides in PBS for 3 sets of 3 minutes each. Subsequently, the
secondary antibody was applied to the slides and incubated in the dark at RT for one hour.
After another set of 3-minutes washes with PBS, the heart sections were stained using WGA
for 1 hour in a dark chamber. After that, unbound WGA staining solution was removed with
PBS (3 x 3 minutes) and slides were mounted using Prolong Diamond Antifade Mountant

containing 4',6-diamidino-2-phenylindole (DAPI), to stain live nuclei.

Senescence-Associated Beta-Gal Staining

To detect senescence presence in frozen tissue, B-Galactosidase Staining was performed as
described previously (Jannone et al. 2020. J Histochem Cytochem). The tissue slides were
rehydrated in PBS for 5 minutes and ready to be stained with the Senescence B-Galactosidase
Staining Kit. The staining solution was made of X-Gal solution (25uL), staining buffer 10x
(100 pL), Reagent B & C (12.5 pL) and distilled water (850 puL). Each heart section was
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stained with 100 puL staining solution and incubated at 37°C overnight. Next, the heart
sections were washed with PBS and mounted. A bright field microscopy detected the blue

staining representing the senescence and its location in the heart.

2.9. Flow cytometry-mitochondrial staining

Here, we describe how mitochondrial dyes are used to track mitochondrial content (as
MitoTracker Green) and mitochondrial superoxide (as MitoSox Red) per different cardiac
cell types using flow cytometry. The hearts were dissociated by combining mechanical
dissociation with enzymatic degradation using the Multi Tissue Dissociation Kit 1 (0.5 g
tissue in 2.5 ml enzyme mix). After 30 minutes of incubation at 37°C, the mix was
centrifuged, and the supernatant was discarded. Afterwards, the single cells were
resuspended in MACS buffer and transferred to a 96-well round-bottom plate. We used the
following panel to stain the cells:
e We diluted the anti-CD140a antibody 1/200 and mixed it with MitoTracker green
(final 100nM) + MitoSox red (final 5 uM).
e We diluted the anti-CD31 antibody 1/200 and mixed it with MitoTracker green +
MitoSox red, keeping the same final concentration.
e We diluted the anti-cTnT antibody 1/200 and mixed it with MitoTracker green +
MitoSox red, keeping the same final concentration.
e Then, the cells were resuspended in antibody and probes mix (50 uL per well) and
incubated for 15 minutes at 37°C. Once the staining time was over, the cells were
centrifuged (5 min at 1500 rpm and discarded supernatant) and resuspended in PBS

+ 2% FCS for acquisition in the flow cytometer.

We used flow cytometry to determine the mitochondrial ROS based on mitochondrial mass
and production of superoxides. MitoTracker green is a probe that passively diffuses the
membrane and accumulates in active mitochondria, representing the mitochondrial mass.
MitoSox red is a live-cell permeant dye. It enters the mitochondria and is oxidized by
superoxides, producing a strong red fluorescence (Excitation/emission wavelength: 396/610
nm). For this analysis, we considered the ratio of MitoSox against MitoTracker signal per
cardiomyocytes, fibroblasts or endothelial cells. Flow cytometric measurements were done
using Canto [I™ Flow Cytometer (BD Biosciences, San Jose, USA). FlowJo v8 (FlowJo

LLC) was used for data analysis.
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2.10. Western blot analysis

Western blot is a technique used for protein detection, which includes denaturation and gel
electrophoresis of the relevant samples. Adapted protocol according to (Quast et al. 2022.
Basic Res Cardiol). Frozen heart (apex) tissues were minced in RIPA
(radioimmunoprecipitation assay) lysate buffer (Table 2), and phosphatase and protease
inhibitor. Then, the samples were homogenized by a Beadbug device using 1.5 mM
zirconium bead-prefilled tubes. Detergents were added, and the homogenate was incubated
for 1 hour with rotation at 4°C. After 15 min of centrifugation at 15,000 g, the supernatant
was collected for protein concentration determination using Bradford Reagent. To separate
the proteins, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
used. After the separation, the proteins were transferred to nitrocellulose membranes. The
blots were then stained with the Revert™700 Total Protein Stain and imaged with the LI-
COR Odyssey Fc to confirm the protein loading. After destaining, the membranes were
blocked for 1 hour with Intercept™ Blocking Buffer and incubated overnight at 4°C with
primary antibodies, diluted 1/1000 dilution in blocking buffer. The primary antibodies of
interest used: OPA1-L Rabbit mAb, ATP5A1 Polyclonal Antibody, COX IV Rabbit Ab or
Rabbit anti-LC3B pAb. After washing, the membranes were incubated with the secondary
antibody Goat anti-Rabbit IgG (1/10.000 diluted in blocking buffer) for 1 hour at room
temperature. After an additional washing, the membranes were imaged with the Odyssey Fc
Imaging System within 700 and 800 nm. Integrated band intensity was quantified using Fiji
software and normalized to the total protein staining using the Empiria Studio™ Software.

The final results were presented as ratios.

Table 2. Buffer recipe.

NaCl 150 mM
EDTA 5mM
Tris 50 mM
Nonidet P40 substitute 1%

SDS 0.1 %
Sodium nitroprusside dihydrate 5%
dH20 84 ml
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2.11. mRNA quantification and assessment by qPCR

gPCR stands for quantitative polymerase chain reaction, and it measures gene expression.
RNA content was isolated using the RNeasy plus mini kit and following the manufacturer’s
instructions. The tissue was transferred to RLT buffer containing 10% -merchaptoethanol
and ruptured for 30 seconds. To eliminate the gDNA, the supernatant was placed in a gDNA
column and centrifuged at 8000g briefly. After the discard of gDNA, 70% ethanol was
added, and the mixture was transferred into an RNA column. To purify the RNA from
carbohydrates, proteins or salts, the RNA column was twice with 350 uL. RW1 buffer and
500 pL RPE buffer. To ensure total removal of gDNA, a DNAse enzyme was added to the
column and incubated for 15 minutes. The column was centrifuged twice for 2 minutes at
the maximum speed to remove any liquid. To obtain the purified RNA content, 50 puL of
RNase free was placed in the column and centrifuged for 1 minute. The amount of RNA was
quantified spectrophotometrically.

To obtain the complementary DNA (cDNA), QuantiTect Reverse Transcription kit was used.
First, the isolated RNA of each sample was incubated with 2 pL gDNA wipe-out buffer at
42°C for 2 minutes. A reverse-transcription master mix containing Quantiscript reverse
transcriptase, Quantiscript RT and RT primer was prepared. 0.5 pL of each isolated RNA
sample was mixed with the master mix and incubated at 95 °C for minutes to acquire the

cDNA.

As a final step, a master mix was made for quantitative RT-PCR. The master mix contained
10 puL /well sybr green, 0.1 pL/well reverse primer and 8.8 puL /well RNAse-free water. The
master mix and 1 pL/well cDNA were pipetted into a 96-well plate. After sealing the plate,
the JPCR process was performed by a 7300 Real-time PCR system (Thermofisher, Waltham,
USA).

Table 3. The thermal cycles of qPCR.

Stage Repetitions Temperature Time
1 1 95.0°C 15:00
2 95.0°C 00:15
40 58.0°C 00:30
72.0°C 00:30
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76.0°C 00:34
95.0°C 00:15
3 (Dissociation) 1 60.0°C 01:00
95.0°C 00:15
60.0°C 00:15

The mRNA quantification was based on the fluorescence threshold (Threshold cycle, CT

value). The CT value is the cycle of PCR at which the reporter fluorescence significantly

exceeds background fluorescence, and a ACy method was used to compare C; values between

groups. The expression of the target mRNA was normalized with the housekeeping gene

GAPDH to calculate the relative expression of the mRNA.

gPCR Primers (Eurofins genomics, Germany) used were as the following:

- Gapdh (encoding Glyceraldehyde-3-phosphate dehydrogenase):

Forward: GTGTTCCTACCCCCAATGTGT
Reverse: GTCCTCAGTGTAGCCCAAGATG
- Anp (encoding Atrial natriuretic peptide):
Forward: CTGGGCTTCTTCCTCGTCTT
Reverse: CCTCATCTTCTACCGGCATCT

- Bnp (encoding Brain natriuretic peptide):
Forward: AAGGTGCTGTCCCAGATGATT
Reverse: CCATTTCCTCCGACTTTTCTC

- Fnl (encoding Fibronectin 1):

Forward: CGAGGTGACAGAGACCACAA
Reverse: CTGGAGTCAAGCCAGACACA

- Pmhc: (encoding Beta- myosin heavy chain)
Forward: GGCAGAGCAGGACAACCTC
Reverse: AGGTCCGCGTTCACTTCCT

- Collal (encoding Collagen type 1 alpha 1 chain):
Forward: ATCTCCTGGTGCTGATGGAC
Reverse: ACCTTGTTTGCCAGGTTCAC

- Tnfa (encoding Tumor necrosis factor-alpha):
Forward: ATGTCTCAGCCTCTTCTCATTC
Reverse: GTCTGGGCCATAGAACTGATGA
- TefB1 (encoding Transforming growth factor beta 1)
Forward: GCTGCGCTTGCAGAGATTAAAA
Reverse: CGTCAAAAGACAGCCACTCA
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- 1l-6 (encoding Interlekuin-6):

Forward: CAGAGGATACCACTCCCAACA

Reverse: GCCATTGCACAACTCTTTTCTC

- II-1B (encoding Interleukin-1 beta):

Forward: GGATGAGGACATGAGCACCTT

Reverse: CTAATGGGAACGTCACACACC

- Cdkn2a (encoding Cyclin dependent kinase inhibitor 2a):
Forward: CTCGTGCTGATGCTACTGAGGA

Reverse: GGTCGGCGCAGTTGGGCTCC

- Cdknla (encoding Cyclin dependent kinase inhibitor 2a):
Forward: AGGTGGACCTGGAGACTCTCAG

Reverse: TCCTCTTGGAGAAGATCAGCCG

2.12. Statistical analyses

Data was curated in Microsoft Excel and analysed using Graph Pad Prism v9.4.1. For
comparisons of more than two groups, data passing the Shapiro-Wilk normality test were
assessed using one-way ANOVA (regular measurements) followed by SIDAK multiple
comparison test. For repeated measurements, two- way ANOVA followed by TUKEY’S
multiple comparisons test was used to compare two or more groups. For comparison of two
groups at one time point, data meeting the Gaussian distribution assumption were assessed
using an unpaired t-test. Two tailed t test was used to test for effects in any direction. One-
tailed t test was used to detect a difference between the groups only in one direction. Data is
plotted as mean + standard error (SEM) alongside individual values from independent
animals. Outliers were identified by ROUT test and excluded when necessary. The
significant difference was considered when P value is <0.05 and it is represented by an

asterisk (*).

2.13. List of materials
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Name Catalogue nr. Brand, Company Country

Aldosterone ELISA kit | 501090 Cayman Michigan, USA

Ang I1 A9525-10MG Sigma Steinheim,
Germany

ATP5A1  Polyclonal | PA5-27504 Invitrogen Massachusetts,

Ab USA

Bis-Tris 4-12% Gel QP3510 SMOBIO Hsinchu City,
Taiwan

Bradford Reagent ab119216 Abcam® Cambridge, UK

CD140a Ab 323511 Biolegend San Diego, USA

CD31 Ab 102423 Biolegend San Diego, USA

c¢TNT Ab 130-120-403 Miltenyi Cologne,
Germany

COX IV Rabbit Ab 4844S Cell Signalling Boston, USA

DPBS P04-37500 PAN Biotech Aidenbach,
Germany

EDTA Calbiochem, Merck | Calbiochem, Merck | Darmstadt,
Germany

Empiria Studio™ | Version 4 LI-COR Nebraska, USA

Software

Human Serum Albutein, Grifols Frankfurt,

Albumin 1% Germany

Intercept™  Blocking | 927-70001 LI-COR Nebraska,

Buffer Germany

Isoflurane PZN-09714675 Piramal Hallbergmoss,
Germany

IRDye 800CW Goat | 926-32211 LI-COR Nebraska, USA

anti-Rabbit IgG

K" diet (normal) S3544-E042 SSNIF Germany

K" diet (high) S3544-E044 SSNIF Germany

Ketamine 402082 Ketaset, Zoetis New Jersey, USA
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MitoSox M36008 Invitrogen™ Massachusets,
USA
MitoTracker M7514 Invitrogen™ Massachusets,
USA
Multi Tissue | 130-095-927 Miltenyi Biotec Inc | California, USA
Dissociation Kit 1
NaCl 3957.1 ROTH Krlsruhe,
Germany
Nitrocellulose Blotting | 10600003 Cytiva life sciences | Freiburg,
membrane Germany
Nonidet P40 Substitute | 15875388 Honeywell Fluka™ | New Jersey, USA
Odyssey Fc LI-COR Nebraska, USA
OPA 1 Rabbit mAb 804718 Cell Signaling Boston, USA
Osmotic pump Model 1004 Alzet®, Durect California, USA
PEEK tips 2612 Alzet, Durect California, USA
Phosphatase Inhibitor | A32957 Thermo Scientific Massachusetts,
Mini Tablets USA
Rabbit anti-LC3B pAb | NB100-2220 NOVUSBIO Clorado, USA
Revert™ 700 | 926-11012 LI-COR Nebraska, USA
Distaining
Revert™ 700 TPS 926-11011 LI-COR Nebraska, USA
Roti-Mount HP68.1 ROTH Karlsruhe,
Germany
SDS 10% A0676 AppliChem, ITW- | Chicago, USA
Illinois Tool Works
Inc.
Senesence B-Gal | 9860 Cell Signaling Boston, USA
Staining kit
Sirius Red/Fast Green | 9046 Chondrex™ Washington, USA
Staining kit
Sodium nitroprusside | ALX-400-001- Alexis® New York, USA
dihydrate G005 Biochemicals, Enzo

Biochem
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Spironolactone pellets | SM-161 Innovative Research | Florida, USA
America
TissueTek® 10225712 SAKURA
Xylazine 3100265 Rompun, Bayer Leverkusen,
Germany
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3. Results

To investigate the effect of high K diet on cardiovascular health, 4poe” mice were treated
with 5% potassium diet (high K") or 0.55 % potassium diet (normal K") throughout the
whole experimental period. After two weeks of the diet start, osmotic minipumps filled with
Ang II (500 ng/Kg/min) were implanted. At the end of the experiment, blood and urine
samples were collected for potassium and aldosterone determination. One day before

sacrifice, MRI was performed and mice were euthanized for cardiac function assessment.

3.1 High potassium diet does not affect Ang Il-induced
blood pressure

Mice fed a high K* diet for 42 days exhibited higher plasma potassium compared with mice
fed a normal K" diet (5.9+0.4 vs 4.7+0.4 mmol/L, p<0.06). As expected, the excreted
aldosterone in the urine was significantly higher for high K* mice both before and after Ang
II infusion (Figure 8B). There was no significant difference before and after Ang II
(213.9£72.4 vs 151.1428.8 ng/24h, p<0.5). Baseline SBP was similar between both
treatments (11310 vs 116+4). Infusion of Ang II for four weeks resulted in a significant
elevation of SBP to 161+£7 and 171£13 mmHg for normal potassium treated and high
potassium treated mice, respectively (Figure 9). However, no significant change was noted

during the 4-weeks period between the diets.
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Fig.1: (A) Plasma potassium levels were higher in mice fed a high K* diet compared to mice fed a normal
K™ diet (5.9+0.4 vs. 4.7+0.4 mmol/L, P<0.058, n=6-7). (B) Urinary aldosterone excretion before Ang II,
was significantly increased in the high K* group compared with the normal K* group (151.1+£28.8 vs
22.5+4.4 ng/24h, *P<0.0059, n=4-5). 2-tailed t test was used to test differences.

26



Figure 9
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3.2.  High potassium diet does not influence myocardial
morphology and function in hypertensive mice

To evaluate the beneficial effect of high K* diet on cardiac outcome in Ang II infused mice,
we noninvasively performed MRI measurements in vivo one day before the sacrifice. As
shown in figure 10, there were no differences among parameters such as ejection fraction
(EF), left ventricular mass (LVM), total ventricular mass (TVM), end systolic volume
(ESV), end diastolic volume (EDV), diastolic wall thickness (DWT) and systolic wall
thickness (SWT).

Figure 10
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Fig.10: MRI parameters of cardiac function did not differ between the groups of Ang II infused mice (n=7-
8): (normal K*vs high K*: EDV, 53.5£5.3 vs 51.8+£5.9 ul, P=0.8; ESV, 19.843.9 vs 17.3+2.2, P=0.6; LVM,
115+5.9 vs 117.3+6.6 mg, P=0.8; TVM, 148.3+3.7 vs 150.7+3.6 mg, P=0.6; EF, 64.7+3.3 vs 67.04+1.5 %,
P=0.5). SWT and DWT were similar between normal K* and high K* fed mice respectively (1.04 vs 1.03
mm, P=0.9 and 1.04 vs 1.04, P=0.9). Two-tailed t-test was used for each parameter.

3.3. High potassium diet does not influence cardiac
damage in hypertensive mice

In addition, relative mRNA expression of cardiac injury and fibrotic markers were assessed
in the hearts of Apoe”” mice. The relative expression of ANP was significantly lower in the
high K" group compared to the control group, as shown in figure 11A. Whereas, no
difference was observed for BNP and B-MHC, collagen and fibronectin. Cardiac tissue of
the mice was stained for fibrosis and the Sirius red/Fast green analysis revealed that mice
fed a high potassium or control diet produce similar collagen content (figure 12). In
summary, the present results suggest that high potassium diet has no effect on myocardial

morphology and function.
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Figure 11
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Fig.11: (A) High potassium fed mice had lower expression of cardiac ANP [explain] relative to normal
potassium group (0.3+£0.2 vs 1+0.6 mRNA, *P<0.01, n=5). Relative expression of BNP (1+0.3 vs 2.1+£0.4
mRNA, P=0.06, n=5-6) and B-MHC (1+0.3 vs 0.7+0.3, P=0.6, n=6). High K" diet increases the relative
expression of fibronectin compared to normal K, although not significantly (1+0.3 vs 0.5£0.1 mRNA, P=0.08,

n=5-6). Collagen expression in the hearts of high and normal K* diet was similar.
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Fig.12: The collagen content in the hearts of Ang II infused mice was assessed by Sirius Red/Fast Green

staining and analysed as a ratio between collagen to non-collagen part (n=4-5). Collagen content did not differ

between the two groups (0.5+£0.2 vs 0.7+0.2, P=0.5). Two-tailed t test was used for the comparisons.
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To evaluate the consequence of potassium mediated aldosterone secretion for hypertensive
cardiovascular damage, we additionally treated our high K* groups with 1% Na* (Figure 13).

High sodium has been shown to aggravate the aldosterone effects on the cardiovascular

system.
Figure 13
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3.4. The combination of chronic high potassium/high
sodium diet aggravates Ang II-induced hypertension

To determine the effect of the added high Na' to high K" intake on SBP, mice were fed with
the following diets: High K" diet (5%), high Na" in the drinking water (1%), high K" diet
and high Na" in drinking water concomitantly for six weeks. At baseline SBP was similar
among the diets. Ang II infusion elevated the BP values by 25mmHg in the first week. The
SBP increased constantly during the 2™ and 3™ week of Ang II infusion, but without a
significant difference between the three groups. At week 4 of Ang II infusion, SBP was
significantly higher in mice fed a high K'/high Na" compared to mice fed a high K" diet
(164+5 vs 141+6 mmHg, p<0.02). SBP was also elevated in high Na" treated mice (155+5
mmHg), although trending, it was not significant compared to high K" fed mice. These

results suggest that elevated blood pressure is mainly driven by high sodium.
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Figure 14
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3.4. Effect of high potassium/high sodium on blood
and urinary excretion of Na+, K+ and aldosterone

Plasma potassium concentration from the sacrifice day did not differ among the groups as
shown in figure 15 B. Plasma sodium concentration was significantly higher in mice fed a
high K*/high Na" or high Na* compared to high K* diet alone (148.3+0.7 vs 141.2+0.6 and
147.9+0.3 vs 141.2+0.3 mmol/L, p<0.0001). To gain more insights, we measured urinary
parameters associated with high blood pressure. The urinary potassium excretion was
significantly higher in the Ang II infused mice fed high K or high K*/high Na* diet
compared to high Na'-fed animals. As predicted, the same mice excreted more aldosterone
compared to high Na'-fed mice (116.5+26.8 vs 25.7+6.3 and 74.4+11.4 vs 25.7+6.3 ng/24h,
p<0.001). Total urinary aldosterone excretion of high K'/high Na" treated mice after Ang II
was significantly higher compared to pre-Ang II infusion (74.4£11.3 vs 39.20+7.6 ng/24h,
p<0.02). Notably, mice fed a high K'/high Na" diet excreted higher amount of sodium
compared to high K* or high Na' treated mice, indicating a potential natriuretic role of

potassium (42.7£9.9 vs 2.96+0.6 and 42.7£9.9 vs 10.8£2.5 mg/24h, p<0.002).
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Figure 15
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Fig. 15: (A) Ang IT infused mice fed a high K*/high Na* (n=6) and high Na" (n=7) diet exhibited higher plasma
sodium concentration compared to mice fed a high K* (n=6) diet (148.3+£0.7 vs 141.2+0.6 and 147.9+0.3 vs
141.240.3 mmol/L, **** P<0.0001). (B) No differences in plasma potassium were detected. (C) 4 weeks after
Ang II infusion, urinary potassium excretion rates were significantly higher in mice fed a high K* (n=5) and
high K*/high Na* diet (n=8) compared to high Na* diet (n=8) (54.7+9.7 vs 8.3+0.8 and 50.3+11.3 vs 8.3£0.8
mg/24h, **P <0.002). (D) High K* (n=5) increased significantly the urinary aldosterone excretion rate before
Ang II, compared to high Na* (n=8) or high K*/high Na* (n=9) diet in mice (84.7+23.7 vs 34.3+6.9 and
84.7423.7 vs 39.2+7.6 ng/24h, *P<0.02). During Ang II infusion, urinary aldosterone excretion was
significantly elevated in mice fed a high K* and high K*/high Na* diet compared to high Na* diet (116.5+26.8
vs 25.7+6.3 and 74.4+11.4 vs 25.7+6.3 ng/24h, **P<0.0013). (E) Urinary sodium excretion, measured after
Ang II infusion was significantly increased in mice fed a high K*/high Na* diet compared to high K* or high
Na* fed mice (42.7£9.9 vs 2.96+0.6 and 42.7+£9.9 vs 10.8+£2.5 mg/24h. **P<0.002). One-way ANOVA
followed by TUKEY’S multiple comparisons was used as a test per each graph.
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3.5. High potassium/high sodium induces cardiac
hypertrophy

To determine the effect of high Na* diet on cardiac hypertrophy, heart to body weight and
heart weight to tibia length index were evaluated at the time of sacrifice. We observed that
Ang Il-infused Apoe”” mice fed a high K*/high Na* diet developed more cardiac hypertrophy
compared to high K* or high Na*-fed mice. The observation was verified by performing MRI
measurements at the end of the experimental period. The MRI revealed that left ventricular
mass was significantly greater in mice fed high K'/high Na* compared to mice treated with
high Na" (150.9+6.6 vs 123.1+5.1 mg, p<0.005) (Figure 17A). There was no change in total
ventricular mass parameter. High K'/high Na'-fed mice had an increased diastolic wall
thickness (1.1£0.03 vs 0.95+0.03 mm, p<0.01), whereas the systolic wall thickness was
similar among the treatments (Figure 17E, F). No difference was found in end systolic
volume and end diastolic volume in any of the three groups. The ejection fraction was
reduced down to 54% in mice fed a high K'/high Na" diet, although it was not significantly
lower compared to high K™ or high Na'-fed mice (Figure 17H). These observations point to
higher chance of developing heart failure with preserved ejection fraction when supplied

with high potassium and high sodium concomitantly in Ang II infused mice.
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Fig.16: (A, B) Heart to body weight ratio and heart to tibia length ratio was significantly higher in high K*/high
Na* group in comparison to the high K* or high Na* group, respectively (7.6+0.3 vs 6.04+0.2 and 7.6+0.3 vs
6.3+£0.3 mg/g), ***p < 0.0008, n=10-11) (8.5+0.3 vs 7.240.2 and 8.5+0.3 vs 7.2+0.4 mg/mm, ***P<0.0008,
n=10-11). One-way ANOVA followed by SIDAK’S multiple comparisons was used to test the differences.
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Fig.17: (A) LVM is increased in high K*/high Na* fed mice (n=6) compared to high K* (150.9£6.6 vs
131.5£3.9, P=0.06, n=5) and high Na* treated mice (150.9+6.6 vs 123.1+5.1mg, **P<0.0019, n=8). (B, C,
D, E) The following MRI parameters of cardiac function did not differ between the groups of Ang Il infused
mice: (high K*/high Na* vs high K* vs high Na™: TVM, 194.4+10.2 vs 182.4+7.5 vs 168.4+8.5 mg, P=0.13;
EDV, 48.2+5.1 vs 54.8+4.6 vs 49.3+£5.2 ul, P=0.6; ESV, 23.1£5 vs 20.4+£2.4 vs 18.96+3.1 ul, P=0.7; SWT,
1.4+0.07 vs 1.4+0.005 vs 1.4+0.02 mm, P=0.76). (F) DWT was higher in high K*/high Na" fed mice
compared to high Na* (1.1+0.03 vs 0.95+0.03 mm, *P<0.01) and high K* group (1.1£0.03 vs 0.96+0.02
mm, P=0.07). (H) Ejection fraction was reduced in high K*/high Na* relative to high K* or high Na*- fed
mice (54.2+5.9 vs 63.1£3.04 and 54.2+5.9 vs 62.8£3.1 %, P=0.3). One-way ANOVA followed by
SIDAK'’S comparisons was used for all MRI parameters.
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3.6. High potassium/high sodium drives cardiac
fibrosis accompanied by senescence

One of the main causes for hypertension-mediated cardiac damage is fibrosis. Thus, we
subsequently assessed fibrosis in the hearts of Ang IT infused mice. High K'/high Na" diet
increased significantly the cardiac collagen production in Ang II infused mice compared to
high Na" diet (1.5+0.3 vs 0.4+0.1 %, p<0.02) (Figure 18). To validate the THC results,
relative mRNA expression of markers characterizing fibrosis was measured in the cardiac
tissue of hypertensive Apoe” mice. The mRNA of collagenl and fibronectin was
significantly higher in high K*/high Na" fed mice compared to high K" or high Na" treated
mice. For illustrative purposes (Figure 20), cardiac histologic sections of one mouse per
treatment, were stained for cardiomyocytes-red, WGA - green and fibroblasts-blue.
Hypertensive Apoe” mice fed with high K" diet showed no fibrosis (figure 20 A). High Na*
murine heart displays a perivascular fibrotic phenotype (figure 20 E). Whereas the mouse
fed with high K'/high Na" developed extensive fibrosis in multiple cardiac regions. Fibrosis
has been associated with cellular senescence, and persistent cardiac fibroblast senescence
has shown to be deleterious (Osorio et al. 2023. Molecular Basis of Disease). Therefore, the
same histologic sections of the heart were co-stained for Senescence-Associated-f3-
galactosidase (SA-B-gal) activity. The IHC illustrated that the same fibrotic regions of the
high K*/high Na* myocardium are accompanied with SA-B-gal (figure 20 L). Likewise, high
Na' induces perivascular fibrosis accompanied with senescence in the murine heart (figure
20 H). Additionally, senescence mediators including pl6 and p21 genes were evaluated.
High K*/high Na" treated hearts are shown to have higher expression of mRNA p16 and p21
in comparison to high K™ or high Na" treated ones (figure 19 C, D). Overall, an exaggerated
fibrotic effect of the combination of the diet in Ang II infused mice resulted in premature

cellular senescence.
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Fig.18: (A & B) Representative pictures of Sirius
red/Fast green stained cardiac tissue. Quantification
of collagen content to non-collagen area revealed that
high K*/high Na* -fed mice have more collagen
compared to high Na* fed mice (1.5+0.3 vs 0.4+0.1
%, *P<0.04 n=7) by one-way ANOVA followed by
SIDAK’S multiple comparisons test.
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Fig.19: (A, B) High K*/high Na* diet significantly increased the Collagen 1 expression relative to high K*

or high Na* diet in Ang Il ApoE”" mice (5.5+1.8 vs 0.5+0.1 and 5.5+1.8 vs 1.3+0.2 mRNA, **P<0.008,

n=4-6). Fibronectin mRNA expression was significantly higher in high K*/high Na'-fed mice (n=4)

compared to high K*(n=4) or high Na* (n=6) fed mice (7.7+3.1 vs 0.6+0.2 and 7.7+3.1 vs 1.7£0.4 mRNA,

*P<0.01). (C, D) Cardiac p16 and p21 mRNA expression was significantly increased in mice fed a high

K*/high Na" (n=7) diet compared to mice fed a high K™ (n=5) or high Na™ (n=8) diet (6.6+2 vs 1.6+0.7 and
6.6%2 vs 0.7£0.2 mRNA, **P<0.007) (28.8+12.7 vs 2.3+0.2 and 28.8+12.7 vs 1.5+0.4 mRNA, *P<0.04).
One-way ANOVA followed by SIDAK’S multiple comparison test.
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Figure 20

High K*

Fig.20: (A, B, C, D) Representative pictures of cardiac histologic section of high K*-fed mouse. (E, F, G, H)
Representative pictures of cardiac histologic section of high Na*-fed mouse. (I, J, K, L) Representative pictures
of cardiac histologic section of high K*/high Na* fed mouse. cTnT-cardiomyocytes, WGA-Wheat Germ
Agglutinin, CD140a-fibroblasts.
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3.7. High potassium/high sodium accelerates cardiac
inflammation

Given that inflammation is one of the main triggers of cardiac fibrosis and senescent cells
are known to express high levels of pro-inflammatory factors, we analyzed the relative
expression of different inflammatory cytokines. Mice fed a high potassium diet or high
K*/high Na* had an increased expression of MCP1 compared to high Na*. The relative
expression of the pro-inflammatory cytokines and profibrotic and endothelial stress factors-
TNFa, IL-6, IL-1B, TGFp and iNOS was significantly higher in the hearts of high K'/high
Na' treated group compared to the high K* or high Na" treated group (Figure 21). Moreover,
we found a positive correlation between senescence marker p21 and the inflammatory
cytokine IL-6 (R=0, P=0.007) in the high K'/high Na" treated group (Figure 22), an indicator
of SASP.

Figure 21
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Fig.21: (A,B,C,D) Ang II Apoe” mice fed a high K*/high Na* diet had higher relative expression of pro-
inflammatory, fibrotic and endothelial stress factors compared to high K* or high Na* fed mice: (TNFa,
5.04+0.9 vs 1.6+0.7 and 5.04+0.9 vs 1.9+0.6 mRNA, **P<0.009, n=7-8; TGFp, 3.9+0.6 vs 1.1+0.7 and
3.940.6 vs 1.30.4 mRNA, ***P<0.0003, n=7-8; IL6, 9.5+3.1 vs 1+0.4 and 9.54+3.1 vs 1.1+0.3 mRNA,
**P<0.003, n=5-7; iNOS, 2.6+0.5 vs 1.3+0.4 and 2.6+0.5 vs 0.9+0.3, *P<0.03, n=7-8). (E) IL1p relative
expression was higher in mice fed high K/high Na* compared to mice fed a high Na* diet (15.5+4.3 vs
2.6+0.8 mRNA, P=0.06). (F) MCP1 relative expression was significantly increased in mice fed a high K*
or high K*/high Na* diet compared to high Na* fed mice (0.4+0.1 vs 2.4+0.5 and 0.4+0.1 vs 2.3+0.6
mRNA, **P<0.003, n=7-8). One -way ANOVA followed by SIDAK’S multiple comparisons test.
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Figure 22
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3.8. High potassium/high sodium induces
mitochondrial ROS in specific cardiac cell types

Senescence is associated not only with p21 expression and SASP markers but also with
mitochondrial ROS production. We wanted to acquire a clearer appreciation of which
cardiac cell type contributes to mitochondrial ROS, therefore we co-stained cell suspensions
of the heart for fibroblasts (CD140a+), cardiomyocytes (cTnT+), endothelial cells (CD31)
and measured mitochondrial ROS in correlation with mitochondrial mass
(MitoSox/MitoTracker). We evaluated the ratio of Mitochondrial ROS/Total ROS to gauge
the produced amount of ROS from different cardiac cells (Figure 24). The samples were
normalized to the MT/MS signal in lean mice of 12 weeks without diet in each baseline
experiment. Flow cytometry analysis revealed that fibroblasts (CD140a+) of high K'/high
Na' treated hearts produce significantly higher mitochondrial ROS amount relative to high
K" or high Na" (181+£9.7 vs 131+8.5 and 181£9.7 vs 136.6+10.7, **p<0.05).
Cardiomyocytes (cTnT+) of high K/high Na* fed mice have significantly higher rates of
ROS compared to high K" fed mice (182.1+15.8 vs 130.3+9.9, p<0.04). High Na" treatment
elevated the endothelial cells ROS levels compared to high K'/high Na* or high K" alone,
although not significantly. This suggests that the senescence is mediated mainly by

mitochondrial ROS of fibroblasts in mice fed a high potassium and high salt diet.
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Figure 23
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Fig.23: (A) Cardiac fibroblasts of high K*/high Na* fed mice stained for mitochondrial ROS exhibited an
increased MS/MT ratio compared to cardiac fibroblasts of mice fed a high K* or high Na* diet (181£9.7 vs
1314+8.5 and 181+9.7 vs 136.6+10.7, **P<0.05). (B) MS/MT ratio per cardiomyocytes was higher in high
K*/high Na* -fed mice compared to high K* or high Na* fed mice (182.1£15.8 vs 130.3+9.9 and 182.1+15.8
vs 156.9+10.5, *P<0.04). (C) MS/MT ratio per endothelial cells did not differ among the three groups: (high
K*/high Na* vs high K" and high K*/high Na* vs high Na*; 115.3+£9.2 vs 129.245 and 115.3£9.2 vs 131.2+8.3,
P=0.4). High K*/high Na" Apoe” Ang Il n=7, High K" Apoe”- Ang Il n=4, High Na* 4poe ** Ang Il n=6. One-
way ANOVA followed by SIDAK’S multiple comparisons test.
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Fig.24: Representative Histograms of MitoSox and MitoTracker signal per each cardiac cell. CD31-
endothelial cells, CD140a-fibroblasts, cTNT- cardiomyocytes.
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3.9. Is potassium-induced aldosterone secretion in
the setting of high sodium the main trigger for
cardiovascular damage?

To investigate whether potassium-induced aldosterone secretion in the setting of high
sodium is the main trigger of cardiac damage, we blocked the mineralocorticoid receptor
(MR) to inhibit the actions of aldosterone. High potassium/high sodium fed mice were
treated with spironolactone for 6 weeks (figure 25). To validate the MR blockade; urinary
aldosterone excretion was measured at the end of the experimental period. High K+/high
Na' fed mice treated with spironolactone had higher aldosterone excretion compared to non-

treated spironolactone high K*/high Na* fed mice (Figure 25B).

Figure 25

Ang Il (500 ng/Kg/min)
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High K*/high Na* + + ng/24h). P=0.1, one-tailed t test.
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3.10. Spironolactone attenuates cardiac function in
Apoe 7~ mice fed a high potassium/high sodium diet

MR blockade markedly attenuated cardiac fibrosis in high K*/high Na*-fed mice. Relative
expression of collagen 1 and fibronectin was significantly reduced compared to non-
spironolactone treated animals (0.4+0.06 vs 1£0.2 mRNA, p<0.008; 0.5+£0.07 vs 1+0.2
mRNA, p<0.005). A significantly lower ANP mRNA expression was observed in
spironolactone treated compared to non-treated mice (0.2+0.8 vs 1+£0.3 mRNA, p<0.02).

However, MR blockade did not affect the relative expression of cardiac BNP.

Spironolactone treatment resulted in a lower ventricular mass (122.6+5.3 vs 148.4+6.5 mg,
p<0.006) compared to non-administered high K*/high Na" mice. There was no difference in
total ventricular mass. Although end-diastolic and systolic volume were similar between two
groups, a slight increase of ejection fraction was observed in spironolactone treated mice.
High K'/high Na'-fed mice receiving spironolactone had a noticeable improvement in
diastolic wall thickness relative to non-spironolactone (1+0.05 vs 1.1+0.04 mg, p<0.08).
Overall, MR antagonism in Ang II infused mice fed a high K'/high Na" diet has beneficial

effects on cardiac function.

Figure 26
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Fig.26: (A) Relative collagen and fibronectin mRNA expression of spironolactone treated (n=5) animals
was significantly lower compared to non-spironolactone treated animals, respectively (0.4+0.06 vs 1+0.2
mRNA, **P<(0.008; 0.5+£0.07 vs 1£0.2 mRNA, **P<0.005). (B) Relative mRNA expression of
spironolactone and non-treated spironolactone mice: ANP, 0.2+0.8 vs 1£0.3 mRNA, P<0.02; BNP, 0.8+0.3
vs 0.5+0.3 mRNA, P=0.2. One-tailed t test was used for comparisons.
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Figure 27
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Fig.27: LVM was significantly lower in spironolactone treated mice compared to non-treated mice at the
end of the experimental period (122.6+5.3 vs 148.446.5 mg, p<0.006). Cardiac MRI parameters, measured
before sacrifice, did not differ between spironolactone (n=6) and non-spironolactone (n=7) treated mice:
EF (55.843 vs 49.14+4.3 %, P=0.1), TVM (174+£8.6 vs 190.6+8.8 mg, P=0.2), EDV (56.2+4.6 vs 66.8+14.3
ul, P=0.5), ESV (26+2 vs 25.743.9 ul, P=0.5), SWT (1.4+0.2 vs 1.5+0.06 mm, P=0.1) and DWT (1+0.04
vs 1.140.1 mm, P=0.08). One-tailed t test used.
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3.11. Spironolactone reduces cardiac inflammation in
Apoe 7~ mice fed a high potassium/high sodium diet

We sought to determine whether MR antagonism decreases the inflammation in high
K'/high Na" fed mice. Therefore, we measured the relative expression of inflammatory
cytokines in spironolactone and non-spironolactone treated mice. IL-6 secretion was
significantly decreased under spironolactone intervention (0.1£0.04 vs 1£0.5 mRNA,
p<0.02). MR blockade significantly lowered the expression of pro-inflammatory markers
such as TNFa, IL-1B and MCP1 in the hearts of spironolactone treated mice. Whereas

profibrotic marker TGFP and iNOS were expressed similarly in both groups.
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Fig.28: MR blockade with spironolactone significantly decreased the relative expression of the following
inflammatory markers compared to non-treated mice: IL-6 (0.1+£0.04 vs 1+0.5 mRNA, *P<0.02); TNFa
(0.7£0.2 vs 1£0.04 mRNA, *P<0.04); IL-1p (0.3+0.1 vs1+0.04, *P<0.04). The relative expression of
TGEFB, iNOS and MCP1 was similar between the two groups, respectively (0.4+0.2 vs 1+0.4 mRNA, P=0.2;
0.740.3 vs 1+£0.2 mRNA, P=0.3; 0.5+0.5 vs 1+£0.4 mRNA, P=0.1). One-tailed t test was used for the

comparisons.
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3.12. Mitochondrial function and quality
assessment as a marker for senescence mediated
mitochondrial ROS

As mentioned above, senescent cells contain dysfunctional mitochondria. The mitochondrial
phenotype is characterized by several changes in terms of function, structure, and dynamics.
First, we measured the abundance of COX4 protein, a mitochondrial content marker, and we
found no significant difference among the groups (figure 29 A). Next, mitochondrial
dynamics analysis displayed that high K'/high Na“ fed mice have more fragmented
mitochondria relative to high K" or high Na" fed mice, due to the imbalance of S-OPA1/L-
OPA1 protein (figure 29 B). Remarkably, treatment with spironolactone effectively lowered
the S-OPA1 expression (0.95+0.1 vs 1.5+£0.1 protein expression, p<0.001). Dysfunctional
mitochondria are normally eliminated by mitophagy. The conversion from LC3BI to LC3B
IT reflects the cell’s ability for clearance. Therefore, we quantified the ratio of LC3BI to
LC3BII. High K*/high Na* diet decreased significantly the mitophagy compared to high K*
or high Na* fed mice. The MR blockade strikingly recuperated the clearance rate of the
cardiac cells (1.2+0.2 vs 0.7+0.1 protein expression, p <0.02). High K*/high Na" fed mice
had lower ATP5A1 protein expression in comparison to high K* or high Na'-fed mice. The
spironolactone treatment enhanced the ATP production significantly in high K*/high Na*
treated hearts (1.3+0.1 vs 0.5+0.1 protein expression, p<0.0001).
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Fig.29: Mitochondrial function and quality assessment. (A) Relative expression of COX4 protein for high
K™ (n=5), high Na* (n=8), high K*/high Na* (n=8) and spironolactone + high K*/high Na* (n=5) treated
animals (1£0.04 vs 1+0.05 vs 0.9£0.04 vs 0.9+0.1 relative expression, P =2.2). (B) The OPA1- S/L ratio
was significantly higher in mice fed a high K*/high Na* (n=6) diet compared to high K™ (n=4) or high Na*
(n=6) fed mice (1.5£0.1 vs 1.24+0.1 and 1.5+0.1 vs 1+0.1 relative expression, P<0.001). (C) The LC3B- II/I
ratio of high K*/high Na* diet (n=9) group was decreased in comparison with high K* (n=4) or high Na*
(n=5) group (0.7£0.1 vs 1.2+0.2 and 0.7+0.05 vs 1.3£0.2 relative expression, P <0.01). (D) Relative
expression of ATP5A1 protein was significantly lower in mice fed a high K*/high Na* (n=6) compared to
mice fed a high K* (n=5) or high Na* (n=7) diet (0.5+0.1 vs 0.8+0.01 and 0.5£0.1 vs 1+0.04 relative
expression, P<0.04 and P<0.0002). One-way ANOVA followed by SIDAK’S multiple comparisons test.
Bottom: Representative original blots. 7PS total protein staining; a.u absolute units; kDa kilodalton; M

marker.
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4. Discussion

This preclinical study allowed us to make several novel observations: (1) chronic high K*
diet does not provide cardiovascular protection in mice with Ang II-dependent hypertension;
(2) high potassium mediated aldosterone secretion does not influence cardiovascular health;
(3) the increase of K" and Na' diet concomitantly has a detrimental effect in cardiac damage
of hypertensive mice; and (4) it contributes to mitochondrial dysfunction mediated
senescence; lastly (5) the potassium mediated aldosterone secretion under high sodium
conditions leads to cardiac damage. Our findings indicate that chronic high K" intake does
not affect SBP and has non-beneficial effects when accompanied by high Na" in mice with

Ang II-dependent hypertension.

4.1. The impact of high potassium diet on
cardiovascular system

Dietary studies in humans and animals show that high K" intake reduces blood pressure
(Ndanuko et al. 2021. Adv Nutr). Since the BP-lowering effect of potassium was
predominantly evident in the hypertensive subjects by increasing natriuresis (Filippini et al.
2017. Int J Cardio; Dreier et al. 2020. Nephrol Dial Transplant), our initial approach was to
monitor SBP in Ang II-dependent hypertension mice fed a high K* diet. The Ang IT infusion
model of experimental hypertension has been widely used in animal studies because it
exhibits similarities with human hypertension, including cardiac hypertrophy or target organ
damage (Lerman et al. 2019. Hypertension). Considering that the experimental period for
most potassium dietary interventions in human studies has been greater than 2 weeks, the
mice were maintained on a diet for six weeks in total. 2 weeks before Ang II, no significant
difference was noted in SBP between 0.55 % K" (normal) and 5% K" (high)-fed mice. In
the following 4 weeks, SBP was raised by about 50 mmHg in Ang II infused mice of both

treatments. Surprisingly, normal and high K fed mice exhibited similar SBP values.

On the other hand, increased plasma potassium also stimulates the secretion of the blood

pressure-raising hormone aldosterone produced in the zona glomerulosa of the adrenal gland

(Williams et al. 2005. Heart Fail Rev; Bandulik et al. 2015. Pflugers Arch). Our data showed
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that potassium supplementation significantly increased plasma potassium after 6 weeks of
high K" diet. Since plasma aldosterone levels are well represented in urinary excretion, we
assessed the aldosterone excretion before and after Ang II infusion. The data showed that
high K" diet elevated the urinary aldosterone excretion before and after Ang II significantly
compared to the control diet. Our finding that high K" intake increased aldosterone secretion
did not lead to higher Ang II-stimulated SBP rise is in agreement with the literature. Drier
et al. conducted a randomized placebo-controlled double-blind crossover study in 25 healthy
normotensive men, where 4 weeks of treatment with a potassium supplement (90 mmol/day)
was compared with placebo. After 4 weeks, they performed an Ang II infusion experiment
and the aldosterone and SBP were measured. They found that potassium-stimulated
aldosterone excretion does not affect Ang [I-dependent blood pressure (Dreier et al. 2021. J

Am Heart Assoc).

In the aforementioned studies, increased potassium intake lowers BP in patients with
hypertension (Kienker et al. 2017. Hypertension; Neal et al. 2017. Am Heart J; Bernabe-
Oritz. 2020. Nat Med). The BP-lowering property of potassium has been attributed to its
diuretic (thiazide-like) effect (Gritter et al. 2019. Hypertension; Aihua et al. 2023. Kidney
Int Rep; Little et al. 2023. Hypertension). However, our finding demonstrates that a high K
diet does not alter SBP in hypertensive mice. One important aspect to be considered is the
length of the studies. In short-term studies, high K" feeding for 4 days reduces BP in mice
(Little et al. 2023. JCI Insight). Another study in humans demonstrated that an acute load of
100 mmol of K* led to an increase not only in aldosterone production but also in urinary
excretion of potassium and sodium, highlighting the correlation of lower SBP with high
sodium excretion (Buren et al. 1992. Clin Sci). In contrast, the medium/long-term studies
reported that the increased K intake led to high plasma aldosterone and renin, whereas there
was no change in sodium/potassium excretion and BP consequently (Graham et al. 2014. J
Hum Hyperten). Based on the literature, the increased plasma potassium concentration
inhibits directly NCC, which increases the sodium excretion resulting in lower blood
pressure. The increase in plasma potassium also stimulates the aldosterone secretion, which
is known to elevate blood pressure. Our data showed that high-dietary K* does not affect
blood pressure in hypertensive mice. One interpretation is that adaptive mechanisms are
activated to balance potassium-induced sodium and water loss by activating the RAAS

components. The unchanged systolic blood pressure could be due to the fact that the
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potassium-mediated natriuretic effect is counteracted by a compensatory increase in

aldosterone in order to compensate for the sodium loss in the long term.

In addition to the blood pressure, we measured other cardiovascular parameters and no
difference was found between high and normal K* diet fed animals. The cardiac MRI
parameters such as ejection fraction, left ventricular mass, systolic and diastolic wall
thickness were similar after 6-week diet and non-significant changes in the cardiac
extracellular matrix of hypertensive mice were observed among the two groups. Our data
agree with a recent meta-analysis by Tang et al, which found that an increased potassium
dose from 40 to 150 mmol/day did not improve pulse wave velocity and endothelial function
(Tang et al. 2017. Int J Cardiol). Finally, an ex vivo study performed on subcutaneous
resistance arteries demonstrated that higher K* intake did not affect endothelial function and

vascular smooth muscle cell reactivity (Dreier et al. 2020. Nephrol Dial Transplant).

4.2. High potassium/high sodium induces cardiac
damage in hypertensive mice

Aldosterone-induced organ damage occurs through aldosterone-MR activation in the heart,
vasculature and kidney. Activation of MR in endothelial cells, fibroblasts, smooth muscle
cells, podocytes and mesangial cells leads to oxidative stress, cardiac inflammation,
interstitial fibrosis and renal damage. Robust scientific evidence demonstrates that
aldosterone-induced hypertension and hypertensive end-organ damage is dependent on
sodium (Chen et al. 2023. Hormone and Metabolic Research). This paradigm was supported
by a study of the New Guinea hill tribes, who eat a very low sodium diet (2-3 mEq/day) and
consequently have very high aldosterone concentrations due to RAAS activation, yet they
are characterized by low blood pressure and no cardiovascular damage (Vadiya et al.2018.
Endocr. Rev). The precise mechanism of how dietary sodium potentiates mineralocorticoid
pathology remains unclear. However, prior studies have shown that serum and
glucocorticoid-regulated kinase 1 (SGK-1) mediates mineralocorticoid/Na'-induced damage
(Sierra-Ramos et al. 2021. Am J Physiol; Beusecum et al. 2019. Hypertension). SGK-1
knockout mice when treated with excess aldosterone and high sodium show no progression
of hypertension (Scaife et al. 2017. Placenta). SGK1 is an important intracellular sensor of
sodium and its expression is enhanced by mineralocorticoids and glucocorticoids. In addition

to regulating the expression of epithelial sodium channels, SGK1 has been found to mediate
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sodium-induced T cell activation and production of IL-17A resulting in endothelial

dysfunction and raised SBP (Wu t al. 2013. Nature; Norlander et al. 2017. JCI Insight).

To study the effect of mineralocorticoid excess in high sodium concentrations, several setups
have been established. One of the most studied rodent models is the DOCA pellet plus high
Na' 1 % (Basting et al. 2017. Curr Hypertens Rep) which we mimicked to uncover the effect
of high aldosterone production. Therefore, we supplemented the high K*-fed mice with high
Na" (1% in drinking water).

Our data show that animals fed a high Na* diet containing normal (0.55% K*) or high
potassium (5% K") have higher SBP after 4 weeks of Ang II infusion compared to mice fed
a high K" diet containing normal Na'. This implies that the increase in BP is driven by
sodium presence. This finding conflicts with the current theory that a high K" intake has a
beneficial effect on BP in human subjects with a high Na* intake, i.e.>4 g/day (Aburto et al.
2013. BMJ). However, our finding replicates the study reported by (Vitzhum et al. 2014. J
Physiol), where an increase in BP was observed in mice consuming a high K* (5%)- high
Na' (3%) diet. One explanation could be that high Na" intake reduced RAAS activity in
order to maximize urinary sodium excretion and in this case K intake has no inhibitory
effect in NCC, whereas at the same time potassium-induced aldosterone stimulates sodium

retention leading to high blood pressure (Poulsen et al. 2019. J Physiol).

To examine a potential involvement of the kidney in the observed SBP, we measured
sodium, potassium and aldosterone excretion. The high K* and the combined diet increased
potassium excretion significantly compared to the high Na' diet. In line with the
abovementioned results, high K intake increased aldosterone production before and after
Ang II similarly. As expected, high Na“-fed mice had lower aldosterone amounts. High K*
intake enhanced Ang Il-induced aldosterone secretion in the presence of sodium, as
evidenced by a 2-fold increase in aldosterone excretion of high K'/high Na'-fed mice.
Additionally, the combined diet caused a greater natriuresis than the high K™ or high Na*
diet alone at the end of the experimental period, pointing out indirectly the natriuretic effects
of potassium. However, the SBP was high in mice fed with combined diets, which is
attributed to sodium presence since the blood pressure values were similar with the high Na*
fed mice. This finding agrees with a recent study that demonstrated that after switching the
aldosterone-infused rats from a low to high Na" diet, the blood pressure rose and remained

elevated (Kurtz et al. 2023. Hypertension).
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We then sought to understand whether potassium-induced aldosterone secretion plays a role
in cardiac function in the context of sodium excess. The cardiac hypertrophy parameters
heart/body weight and heart weight/tibia length index were significantly higher in mice
maintained on high K*/high Na" compared to high K* or high Na* alone. The cardiac MRI
analysis revealed that mice fed with high K'/high Na" had high left ventricular mass (mean
= 150.9 mg) and increased diastolic wall thickness, confirming the cardiac hypertrophy
finding. Our data suggest that potassium-mediated aldosterone secretion in combination with
high sodium induces cardiac hypertrophy without altering SBP in hypertensive mice. From
previous reports, it is controversial if aldosterone affects cardiac function through its sodium-
retaining properties that alters BP or also in different ways by increasing the cardiomyocyte
hypertrophy, cardiac myofibroblasts proliferation or fibroblast collagen synthesis. When rats
on a low Na" diet were administered with aldosterone, no elevation in blood pressure was
noticed. After switching to a high Na’ diet, they became severely hypertensive and
developed left ventricular hypertrophy (Brilla et al. 1992. J Lab Clin Med). Conversely, an
animal study showed that aldosterone plus sodium (1%) failed to induce blood pressure
modifications. Yet, it induced left ventricular hypertrophy (LVH) after 3 weeks of treatment
in rats (Lopez-Andres et al. 2011. Am J Physiol). The preclinical studies corroborate these
findings from human studies. Thus, it was reported by (Ohno et al. 2020. Hypertension) that
aldosterone production leads to hypertrophied cardiomyocytes through its direct effect on
the heart. Combination of aldosterone and high sodium increases myocardiocyte
hypertrophy through reactive oxygen species-mediated mechanism, plasminogen activator
inhibitor (PAI-1) and through cardiotrophin-1 mediated effect (Lopez-Andrés et al. 2011.
Am J Physiol Heart Circ Physiol; Park et al. 2004. Biochem Biophys Res Commun;
Oestreicher et al.2003. Circulation). So, based on previous reports and our results,
aldosterone with excessive sodium induces cardiac hypertrophy by exhibiting direct

deleterious effects on the hearts of hypertensive mice.

We also observed a trend of lower ejection fraction in mice fed with high K™ and high Na*
diet, although not significant. This was observed particularly in mice with impaired aortic
valve. These observations point to higher chance of developing heart failure with preserved
ejection fraction (HFpEF) in hypertensive mice fed a high K*/high Na* diet. Animal models
of HFpEF are largely characterized by hypertension, left ventricular hypertrophy and
diastolic dysfunction (Mishra et al. 2021. Nat Rev Cardiol). Ang II and aldosterone are
among the molecular contributors to HFpEF (Nakamura et al. 2018. Nat Rev Cardiol).
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Patients with HFpEF are reported to be responsive to mineralocorticoid receptor antagonism
therapy (Cohen. 2020. JACC Heart Fail). Although we did not assess the diastolic function
of the hypertensive mice fed a high K*/high Na* diet, high left ventricular mass and diastolic
wall thickness are key features of HFpEF pathophysiology.

4.3. High potassium/high sodium induces cardiac

fibrosis
Inflammation and fibrosis play important roles in the pathophysiology of aldosterone-

induced cardiac injury. So, we assessed cardiac fibrosis and found that high K'/high Na" diet
increased significantly collagen production compared to high potassium or high salt diet
alone in Ang II infused mice. In response to high high K'/high Na® treatment, mice
myocardium displayed increased profibrotic factors, including TGF-f and tumour necrosis
factor-o and upregulated expression of inflammatory cytokines such as IL-6, MCP1, IL-1p,
and iNOS. Seminal studies have reported that chronic administration of aldosterone in the
setting of high sodium intake causes cardiac fibrosis through perivascular and interstitial
inflammation and direct alterations of extracellular matrix deposition (Lacolley et al. 2002.
Circulation; Gerling et al. 2003. Am J Physiol Heart Circ Physiol; Habibi et el. 2011. Am J
Physiol Heart Circ Physiol). Cell-specific overexpression and deletion of MR experiments
have underlined the aldosterone-MR dependent actions. In an aldosterone-salt mouse model,
overexpression of MR in cardiomyocytes and/or fibroblasts induced ventricular remodelling
and fibrosis, while the deletion of MR attenuated cardiac hypertrophy and fibrosis
(Bauersachs et al. 2014. Hypertens). Various animal studies have shown that aldosterone
increases interstitial oxidative stress through NADPH and NF«B activation, resulting in the
release of inflammatory molecules and infiltration of inflammatory cells (Buffolo et al. 2022.
Hypertension). Sodium intake by itself can also promote inflammation in a manner involving
TH17 cells, so a dual triggering of inflammation is necessary for aldosterone-mediated end

organ damage.

4.4. High potassium/high sodium induces cellular
senescence in cardiac tissues

Fibrosis has been associated with cellular senescence and persistent cardiac fibroblast

senescence has shown to be deleterious (Osorio et al. 2023. Molecular Basis of Disease).
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Therefore, we co-stained one sample per treatment with SA--gal activity and extracellular
matrix (WGA) for visualization. The representative pictures showed that fibrosis was
accompanied by SA-B-gal in several areas of myocardium of high K*/high Na*-fed mice. In
high salt Na" mice, SA-B-gal was detected in the areas of perivascular fibrosis suggesting a
systemic effect dependent. Plausibly, this might reflect the sodium-increase of systolic BP
in hypertensive mice. Whereas no SA B-gal was detected in the high K" treated mice. The
expression of IL-6, MCP1, TGFp, TNFa are evidence of SASP, which is the main negative
feedback loop of cellular senescence on tissue function and homeostasis (Gorini et al. 2019.
Front. Endocrinol). Accompanied by the increase of SASP, high K'/high Na' diet
significantly increased the expression of cell cycle inhibitors (p16 and p21) compared to
high K" or high Na* diet alone. A correlation of p21 with IL6 resulted positive, corroborating
the SASP presence in mice fed with high K*/high Na*. These observations highlight the
critical role of sodium and aldosterone excess in cardiac function during Ang II- dependent
hypertension and the capability of not only inducing cardiac damage but also premature

senescence.

Several studies indicate that cellular senescence is a prevalent phenotype in hypertension-
associated end-organ dysfunction (Chiu et al. 2016. Twin Res Hum Genet; Westhoff et
al.2008. Hypertension). McCarthy group presented a list of investigations that reported
senescence in an established experimental model of hypertension or after exposure to
prohypertensive stimuli (McCarthy et al. 2019. Am J Hypertens). They found a pressure-
dependent association between increased cellular senescence and hypertension, with
angiotensin II being the predominant pro senescence factor. Among the listed investigations,
they showed that aldosterone mostly induces cellular senescence in the kidney and
vasculature as an indicator of end-organ damage, but not in myocardium (Fan et al.
2011.Endocrinology; Min et al.2007. Cardiovasc. Res). To our knowledge, the role of
aldosterone on premature cardiac senescence has not been directly investigated. Although a
study by (Gorini et al. 2019. Front Endocrinol) revealed an association of aldosterone and

cardiac deterioration in the aging setting.

One of the shared links between cardiac cellular senescence and aldosterone mediated
inflammation is mitochondrial reactive oxygen species production, which drives and results
from both processes and contributes to cardiac damage. Senescent cells contain
dysfunctional mitochondria leading to production of excessive ROS (Passo et al. 2012. Mpl
Syst Biol). Mitochondrial ROS has been shown to induce DNA damage and accelerate
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telomere-induced senescence, while interventions in mitochondrial level decelerated
telomere shortening (Martini et al. 2022. FEBS Journal). Regarding aldosterone stimulation
of mitochondrial ROS production, an effect has been studied mostly in renal cells. However,
the TAIPAI study group found that aldosterone infusion for 4 weeks supressed cardiac
mitochondria in mice via MR/MAPK/p38 pathway and ROS production. The MR blockade
in vivo prevented aldosterone-induced cardiac mitochondrial damage (Hung et al. 2022.
Transl Res). Hence, we investigated the mitochondrial ROS production in the myocardium
of Ang II infused mice. Given that senescence phenotype can vary across cardiac cell types,
we assessed the amount of mitochondrial ROS produced by cardiomyocytes, endothelial
cells and fibroblasts per each treatment. We found that mitochondrial ROS (MT/MS) in
cardiac fibroblasts is significantly higher in the high K'/high Na'-fed mice compared to high
K" or high Na'-fed mice. The same trend was observed in cardiomyocyte ROS generation,
where in high K/high Na'- fed mice was higher than in high K" or high Na" treated mice,
although not significant. On the contrary, endothelial cells produced similar amount of
mitochondrial ROS among the treatments. It is in agreement with a study, which showed
that aldosterone-MR activation impairs mitochondrial function in human cardiac fibroblasts
via A-kinase anchor protein (AKAP-12) and this protein was downregulated in aldosterone-
sodium treated rats which contributed to mitochondrial dysfunction and increased cardiac
oxidative stress (Ibarrola et al. 2018. Sci Rep). Controversially, the aforementioned study
from TAIPAI revealed from the in vitro experiment that aldosterone supresses mitochondrial
ROS of cardiomyocytes. Whereas another group reported that treatment with a
mitochondria-targeted antioxidant reduced mitochondrial ROS and attenuated the excess
aldosterone supressed mitochondrial DNA copy numbers in endothelial cells (Hung et al.
2020. Transl Research). However, compared with our in vivo study, their findings are based

on in vitro experiments.

4.5. Potassium-induced aldosterone secretion in the
setting of high sodium is the main trigger of cardiac
damage

Overall, we hypothesize that high potassium-mediated aldosterone binds to

mineralocorticoid receptor of cardiac fibroblasts and produces mitochondrial ROS. The later
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drives cardiac hypertrophy, fibrosis and premature cellular senescence on the setting of a

high Na" diet in hypertensive mice.

To verify the hypothesis, we blocked the mineralocorticoid receptor in mice fed with high
K'/high Na" by using a MR antagonist. In the present study we found that spironolactone
attenuated cardiac inflammation and remodelling in high K*/high Na'- fed mice. The left
ventricular mass was reduced down to 122 mg in the spironolactone treated mice, and thus

confirming the aldosterone-MR dependent effect on the heart.

To evaluate the effect of mineralocorticoid receptor antagonist on cellular senescence, we
characterized the mitochondrial phenotype. Significant changes in mitochondrial dynamics,
content and quality control play an important role in cell-cycle arrest and SASP
(Westermann et al. 2010. Nat Rev Mol Cell Biol). Our data that S-OPA 1 protein is highly
expressed in mice fed a high K*/high Na* diet, indicates mitochondrial fragmentation due to
dysfunctional fission. Normally, the damaged mitochondria are cleared out by mitophagy,
but in the mice fed with high K*/high Na* the LC3B II protein expression is significantly
decreased compared to mice fed with high Na* or high K" alone. It implies that unbalanced
S-OPA1 coupled with reduced mitophagy leads to dysfunctional mitochondria in
myocardium of mice fed with high K*/high Na" diet. Further, the cardiac mitochondria of
high K'/high Na® fed mice showed significantly less ATP synthase protein expression
compared to high K" or high Na" alone. Interestingly, the mitochondrial mass determined
by COX IV protein was similar among the treatments. These findings regarding
mitochondrial phenotype in cellular senescence suggest that myocardium of high K'/high
Na' treated mice have more mitochondria, but they are less productive in the case of ATP
synthase amount. A similar investigation, although in different setting, revealed that MR
activation induces adipose tissue senescence and mitochondrial dysfunction in obese mice
(Lefranc et al. 2019. Hypertens). Our data showed that treatment with mineralocorticoid
receptor antagonist attenuated mitochondrial dysfunction significantly in high K*/high Na*
treated mice, suggesting the aldosterone-MR dependent effect on cellular senescence. Our
finding agrees well with previous reports that MRA prevented aldosterone-induced cardiac
mitochondrial damage in vivo by suppressing ROS production (Hung et al. 2020. Transl
Research; Guitart-Mampel et al. 2021 Cells).

Taken together, the data from our study provide strong evidence that potassium mediated

aldosterone combined with sodium causes cardiac damage and premature senescence in
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hypertensive mice. Aldosterone exerts its detrimental effect via MR activation of

mitochondrial ROS pathway.

It is challenging to determine if senescence is the primary driver of pathophysiology or
merely a bystander. It is a focus of our interest, to investigate if the therapeutic approach of
targeting senescence reverses the cardiac damage. Recent studies suggest that certain agents
can prevent activation of specific mechanisms involved in cellular senescence, thus reducing

the pathophysiology incidence (McCarthy et al. 2019. Am J Hypertens).

However, it should be noted that additional work is needed to characterize the role of
aldosterone-MR activation on the mitochondrial dysfunction of fibroblasts. Notwithstanding
to this, we cannot fully disregard the contribution of cardiomyocyte mitochondrial ROS in
cellular senescence, considering that cardiomyocytes are more susceptible to mitochondrial
dysfunction due to high energy requirements. Moreover, we cannot exclude the possibility
that aldosterone and/or MR activation stimulates cytosolic ROS formation by increasing the
NADPH oxidase activity and oxidative stress in the heart, which contributes to left
ventricular remodelling following myocardial infarction (Brown et al. 2013 J Nat Rev

Nephrol).

There is an extensive interest in understanding the mechanism behind the BP-lowering effect
of increased potassium and the possible deleterious effects of elevated plasma aldosterone
on the cardiovascular system. The data from this study provide no evidence that increased
K" intake accompanied with elevated plasma aldosterone affect SBP and cardiovascular
health in hypertensive mice. Furthermore, this study reveals that a high Na® diet is crucial
for potassium-driven aldosterone to exert its deleterious effect on cardiovascular system.
The notion of increasing potassium should be evaluated based on sodium levels because for

our Western diet high in salt, may be more harmful than beneficial.

In summary, the results of the present study show that potassium stimulated aldosterone
combined with excess sodium induce cardiac hypertrophy and fibrosis, as well as premature
aging, in the hearts of hypertensive mice. These effects are reduced by MR blockade using

spironolactone.

In conclusion, this is the first study that reports a direct link between aldosterone-MR

activation, mitochondrial function, and cellular senescence in heart.
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