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Summary

The mineralocorticoid receptor (MR) acts as a transcription factor, primarily activated by the
adrenal hormone aldosterone (aldo). It is best explored for its physiological role in kidney
epithelial cells, where it regulates electrolyte balance and blood pressure via the renin-
angiotensin-aldosterone system (RAAS). Clinical and experimental studies show that the
MR additionally has an independent role in cardiovascular diseases due to its expression
beyond the kidneys. However, its target genes in disease states, cofactors in transcriptional
regulation, and downstream effects leading to tissue remodeling remain largely unknown.
Consequently, this thesis investigates the impact of activated MRs on cellular function using
an inducible MR overexpression HEK cell model. The aim was to understand how MR leads
to pathophysiological effects and the molecular mechanisms underlying cellular alterations
that cause such effects.

My findings reveal that aldo treatment increases glucose consumption and lactate
production in HEK cells, indicating a shift toward glycolytic ATP production without altering
total ATP levels. We observed that the aldo/MR interaction triggers a classic cellular stress
response pathway, leading to unfolded protein response (UPR), autophagy, and cell death.
My experimental findings indicate that activated MR can induce alterations in cellular
function by triggering the expression of target genes. For example, NGS data analysis
revealed the upregulation of PDK4, a key player in metabolism control.

Interestingly, the response to aldo stimulation was modulated by a peroxynitrite donor SIN-
1. We observed changes in MR cellular localization and quantified MR expression under
varying concentrations of peroxynitrite. Additionally, we assessed MR functionality within a
pathological micromilieu, noting alterations in PDK4 expression and caspase activity.

The observed changes in response to increased aldo/MR activity indicate an adaptive
cellular response, particularly relevant in aging where elevated aldo and MR activity have
been detected. Our study on MR expression revealed a complex relationship between SIN-
1 concentration and MR expression levels, functionality, and receptor distribution,
emphasizing the importance of the micromilieu in modulating MR activity and its potential

impact on cellular function and disease progression.

Gadasheva, Yekaterina: Regulation of Cellular Function by Mineralocorticoid Receptors,
Halle, Univ., Med. Fak., Diss., Pages — 79, Figures — 34, Tables — 16, 2024.



Referat

Mineralokortikoidrezeptoren (MR) wirken als Transkriptionsfaktoren und werden
hauptsachlich durch das Nebennierenrindenhormon Aldosteron (Aldo) aktiviert. Am besten
ist ihre physiologische Funktion in Nierenepithelzellen erforscht, in denen sie den
Elektrolythaushalt und den Blutdruck Uber das Renin-Angiotensin-Aldosteron-System
RAAS regulieren. Unabhangig von ihrer Nierenfunktion spielen MRs eine Rolle bei Herz-
Kreislauf-Erkrankungen. Die zugrunde liegenden molekularen Mechanismen, Zielgene,
Cofaktoren und zellularen Effekte, die zu Gewebsveranderungen flihren, sind jedoch
groftenteils unbekannt.

Folglich untersucht diese Arbeit die Auswirkung aktivierter Mineralokortikoidrezeptoren auf
die Zellfunktion unter Verwendung eines induzierbaren HEK-Zellmodells mit
Uberexpression des MRs. Ziel war es, zu verstehen, wie MR zu pathophysiologischen
Effekten fihrt und welche molekularen Mechanismen den zelluldren Veranderungen
zugrunde liegen.

Meine Ergebnisse zeigen, dass die Aldo-Behandlung den Glukoseverbrauch und die
Laktatproduktion erhdhen, was durch eine Verschiebung der ATP-Gewinnung von der
oxidativen Phosphorylierung hin zur Glykolyse verursacht wurde, ohne den Gesamt-ATP-
Spiegel zu verandern. Wir konnten beobachten, dass die Aldo/MR-Interaktion einen
klassischen zelluldren Stressreaktionsweg auslost und zu Unfolded Protein Response
(UPR), Autophagie und Zelltod fiihrt. Meine experimentellen Ergebnisse zeigen, dass
aktivierter MR Veranderungen der Zellfunktion hervorrufen kann, indem er die Expression
von Zielgenen ausldst. So egab die NGS-Datenanalyse z.B. eine gesteigerte Expression
von PDK4, einem wichtigen Regulator des Energiemetabolismus.

Interessanterweise konnte die Wirkung des MRs durch den Peroxynitrit-Donor Sin-1
moduliert werden. Wir beobachteten Veranderungen in der zelluldren Lokalisierung und
Expression des MRs sowie in der PDK4-Expression und Caspase-Aktivitat unter
verschiedenen Peroxynitrit-Konzentrationen.

Die Reaktion auf erhohte Aldo-/MR-Aktivitat konnte im Alter relevant sein, wo eine erhohte
Aldo/MR-Aktivitat festgestellt wurde. Die komplexe Beziehung zwischen SIN-1-
Konzentration, MR-Lokalisation, MR-Expression und —Aktivitat betont die Bedeutung des
Mikromilieus bei der Modulation der MR-Aktivitat und dessen potenzielle Auswirkung auf
die Zellfunktion und die Pathogenese von Erkrankungen.

Gadasheva, Yekaterina: Regulation der Zellfunktion durch Mineralocorticoid-Rezeptoren,
Halle, Univ., Med. Fak., Diss., Seiten — 79, Abbildungen — 34, Tabellen — 16, 2024.
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1. Introduction
1.1.  Molecular Architecture of the Mineralocorticoid Receptors

The MR, a ligand-activated transcription factor, stands out among steroid receptors as a
crucial receptor for two hormone classes: mineralocorticoids, including aldo and
deoxycorticosterone (DOC), and glucocorticoids, such as cortisol, in humans. The MR is
part of the nuclear receptor subfamily 3 (NR3), alongside the glucocorticoid receptor (GR),
progesterone receptor (PR), estrogen receptor (ER), and androgen receptor (AR). The MR
was cloned as the last of this subfamily 37 years ago (Arriza et al., 1987). The human MR
gene on chromosome 4 in the q31.1—g31.2 region spans approximately 450 kilobases and
consists of 10 exons (Morrison et al., 1990). Eight exons encode the 984 amino acid MR
protein. Exon 1a and exon 13 form alternative promoters and allow the generation of two
distinct MR transcripts, hMRa and hMRf, with the same translation product (Zennaro,
1997).

The MR follows a protein structure akin to other nuclear receptor superfamily members,
comprising three key domains (Figure 1): the amino-terminal domain (NTD), the central
DNA-binding domain (DBD), the hinge region, and the C-terminal ligand-binding domain
(LBD) (Green and Chambon, 1987). Exon 2 encodes the NTD, housing activation function-
1 (AF-1) (Fuller et al., 2017). Exons 3 and 4 encode the DBD, containing zinc fingers
interacting with hormone response elements. The last five exons encode the LBD, which
includes a ligand binding pocket and activation function-2 (AF-2) (Viengchareun et al.,
2007).

NTD DBD  H LBD
1 603 670 732 984aa
hMR | A/B [c]D E/F ]
AF-1a 167 ID 447 AF-1b 602 AF-2

Figure 1. Domain structure of the human MR (hMR). hMR consists of 984 amino acids.
The N-terminal domain (NTD) is comprised of two activatory domains (AF1a and AF1b) and
the inhibitory domain (ID). Subsequently, there is the DNA binding domain (DBD) and the
ligand binding domain (LBD) featuring activation function 2 (AF-2). Created in BioRender.
Gadasheva, Y. (2024) https://BioRender.com/t26w626.




1.1.1. N-terminal Domain (NTD)

The NTD of the MR is the least conserved domain among nuclear receptors (NRs) (Fischer
et al., 2010). Despite its distinctiveness compared to other steroid receptors, the MR NTD
exhibits significant conservation across mammalian species, demonstrating approximately
85 % amino acid homology (Agarwal and Mirshahi, 1999). The NTD comprises two distinct
domains, AF1 (a and b) and an inhibitory domain. The MR recruits co-activator or co-
repressor complexes through its functional domains (AFs or ID) (Vlassi et al., 2013). The
ID, when fused to either of the trans-activating domains, is sufficient to limit the activity of
the NTD, further highlighting the intricacy of the MR's function. The AF-1 is responsible for
modulating the selectivity of the MR for ligand and cofactor interactions, as well as
intramolecular interactions with the ligand-binding domain (LBD). AF-1 is constitutively
active but is suppressed by the C-terminal E/F domain (LBD domain) without a ligand
(Jausonsloffreda et al., 1994). The MR-NTD can undergo posttranslational modification,

including phosphorylation and sumoylation (SUMO).

1.1.2. The DNA-Binding Domain (DBD)

The MR binds to hormone response elements (HRE) as a transcription factor through its
DBD (Lombeés et al., 1994). The DBD features two zinc ions, each tetrahedrally coordinating
four cysteine residues, forming stable ' two zinc fingers ' crucial for DNA recognition,
binding, and receptor homo- and hetero-dimerization (Fuller et al., 2017; Luisi et al., 1991).
Specifically, the zinc finger in proximity to the N-terminal domain is pivotal in mediating the
interaction between the MR and DNA. This zinc finger contains a P-box, facilitating its
engagement with half-sites of a glucocorticoid response element (GRE) through
intercalation into the major groove of the DNA. A specific selective HRE for MR among
family receptor members has not yet been described, and it is known that the MR interacts
with diverse glucocorticoid response elements, given that the MR DBD shares ~94 %
identity with the GR (Arriza et al., 1987; Funder, 1993; Lombeés et al., 1992).

The hinge region is a segment that connects the DBD and the LBD. It features a proline
stretch facilitating a twist in the DNA-binding domain. This twist is instrumental in
appropriately orienting the receptor for contact with the general transcription machinery
(Pascual-Le Tallec and Lombes, 2005). In the case of MR, the hinge region likely contributes

to the flexibility and adaptability of the receptor. This flexibility is crucial for the receptor to



undergo structural changes in response to ligand binding, allowing it to effectively regulate

gene transcription (Tsai and O’Malley, 1994).
1.1.3. The Ligand-Binding Domain (LBD)

The LBD of the MR is a multifunctional domain sharing approximately 55 % homology with
the androgen receptor, progesterone receptor, and glucocorticoid receptor and around 85
% homology across different species (Sturm et al., 2005). The LBD's structure comprises
12 a-helices and one [B-sheet, forming three antiparallel layers (Pascual-Le Tallec and
Lombés, 2005). Without a ligand, the LBD establishes multiple contact sites with chaperone
proteins, such as HSP90, 70, and various immunophilins (Rogerson et al., 2004). The LBD
can bind both agonist and antagonist ligands. Upon aldo binding, the MR undergoes a
conformational change, stabilizing helix 12 (Fuller et al., 2021). The LBD also contains sites
for phosphorylation and sumoylation, playing a crucial role in regulating the interaction of

the MR with co-regulators in a context- and promoter-dependent manner.

1.2. Mechanisms of MR Signaling and Physiological Function

The preferential occupation of MR by aldo in classical kidney epithelial target tissues is
maintained by the enzymatic process facilitated by the expression of 11B-hydroxysteroid
dehydrogenase type 2 (11BHSD2). This enzyme metabolizes cortisol or corticosterone into
inactive forms that cannot bind to MR in MR-containing epithelia (Edwards et al., 1988).

MRs have been identified in diverse cell types, including classically in epithelial tissues like
kidney, colon, and salivary glands but also in non-epithelial cells like immune cells,
cardiomyocytes, vascular cells, and adipocytes (Funder, 2005a; Lombés et al., 1992; Prager
et al.,, 2010). Within living cells, the unstimulated MR is predominantly situated in the
cytoplasm in the kidney epithelium and many other cells, and hormone activation results in
its accumulation in the nucleus (Figure 2) (Fejes-Téth et al., 1998; Tanaka et al., 2005;
Hernandez-Diaz et al., 2010).

The MR associates with chaperones in the cytoplasmic compartment, including HSP9O,
HSP70, p23, and various immunophilins like FKBP51, rendering it transcriptionally inactive
(Galigniana et al., 2010). Engaging with its chaperones, the MR maintains a conformation
suitable for aldo binding and is shielded from rapid degradation (Binart et al., 1995;

Caamano et al., 1993).



’.I..lllll-'l'
Rusnnnnnnnnd

%c:;::/

Kctivator

Figure 2 depicts a schematic representation of MR signaling. MR is associated with its
chaperones in the cytosol, which aid in the receptor's translocation from the cytosol to the
nucleus and facilitate its binding to the hormone response element of target genes. Upon
binding to the physiological ligand aldo, MR undergoes conformational changes, and a
repositioning of chaperones is initiated. To initiate the transcription of target genes, MR must
assemble the transcriptional machinery along with cofactors. Created in BioRender.
Gadasheva, Y. (2024) https://BioRender.com/c95c522.

Recent research challenges previous assumptions, suggesting that ligand binding doesn't
lead to immediate dissociation of MR from HSP90. Instead, there is a shift in associated
proteins from FKBP51 to FKBP52 (Grossmann et al., 2012). Moreover, HSP90 supports
DNA binding of the MR, affects transactivation activity, and may influence the degradation
of receptors (Galigniana et al., 2010; Grossmann et al., 2012; Hernandez-Diaz et al., 2010;
Stavreva et al., 2004).

Traditionally, NRs homodimerize and bind to DNA to initiate gene expression, but higher
oligomeric structures like tetramers have been reported (Hudson et al., 2014; Watson et al.,
2013). HSP90 is crucial for MR dimerization, with its dissociation necessary for
homodimerization (Savory et al., 2001). Furthermore, the formation of MR-GR heterodimers

has been confirmed through co-immunoprecipitation assays, occurring in both ligand and



non-ligand states and influenced by the cellular environment, chaperones, and post-

translational modifications (Kiilerich et al., 2015; Trapp et al., 1994).

In classical epithelial cells like renal principal cells of the collecting duct, MR is known for
increasing sodium and water reabsorption as well as potassium and proton secretion by
inducing the expression of different channels and transporters like ENac, ROMK, and
Na*K*ATPase (Grossmann et al., 2012). Upon activation, the MR regulates the ENaC
through multiple mechanisms, primarily by modulating the Ser/Thr kinase SGK1 and the
ubiquitin ligase NEDD4-2. One of MR's essential functions is to ensure the stability of ENaC
at the plasma membrane. Additionally, aldo-induced proteins such as Glucocorticoid-
induced leucine-zipper protein 1 (GILZ1) and the connector enhancer of kinase suppressor
of Ras isoform 3 (CNKSR3), which are MR target genes, form a multiprotein complex that
also regulates ENaC stability (Shibata, 2017).

Sodium reabsorbed via ENaC is transported to the extracellular fluid by Na*/K*-ATPase,
which comprises q, B, and y subunits. Aldo increases Na*/K*-ATPase activity in principal

cells through direct and indirect effects (Taylor et al., 2003).

Inhibition of renal salt reabsorption is counterbalanced by increased salt appetite and vice
versa, highlighting the advantage of targeting both pathways. Current pharmacological
interventions to manage salt retention and appetite include MR antagonists (Barrera-Chimal
etal., 2019).

1.2.1. Pathophysiological Function of the MR during Aging and Disease

The MR plays a crucial role in the RAAS, particularly in the context of physiological water-
electrolyte homeostasis, but also independent of the effects on blood pressure in
cardiovascular disease (CVD) (Hirono et al., 2007). The RAAS signaling system constitutes
a well-established hormonal cascade, where, physiologically, the activation of MR by aldo
represents the final step of this cascade (Figure 3) (Ibrahim et al., 1997). The MR is involved
in numerous diseases beyond its traditional role in kidney function. It significantly influences

cardiovascular, renal, immune, metabolic, and neurological disorders (Table 1).

MR activation in nontraditional tissues, including endothelial and smooth muscle cells,
inflammatory cells, podocytes, and fibroblasts, can harm kidney structure and function,

contributing to the development and progression of chronic kidney disease. The MR also



assumes a central role in tissue remodeling processes, which is evident, for example, in the

context of CVDs, but likewise evident during aging (Figure 3) (Fiebeler and Haller, 2003).

Table 1. MR implication in various diseases.

Health disorders Diseases with MR References
involvement
Cardiovascular and Valve disease Zendaoui et al., 2012)
renal pathology Heart failure Cezar et al., 2015)

Myocardial infarction
Atherosclerosis

Wang et al., 2004)
Sakurabayashi-Kitade et al., 2009)

~ o~~~

Hypertension
Chronic kidney disease (Barrera-Chimal et al., 2019)
Metabolic disorders Obesity (Parasiliti-Caprino et al., 2022)
Diabetes (Igbekele et al., 2022)
Metabolic syndrome (Feraco et al., 2020)
Immune system Autoimmune (Alvarez Quintero et al., 2024)
disorders Encephalomyelitis
Neurological and Hypertension (Kellner and Wiedemann, 2008)
psychiatric

The mechanisms behind these pathophysiological changes have yet to be well understood.
The effects of MR in cardiovascular tissue are highly versatile and context-dependent,
suggesting additional regulatory mechanisms beyond direct gene expression.

Several molecular mechanisms explain aldo/MR's contribution to aging and disease:
telomere attrition, inflammation, fibrosis, cardiovascular dysfunction and oxidative stress,
and mitochondrial dysfunction.

Telomere shortening, associated with oxidative stress and inflammation, is shorter in CVD
patients, linking aldo to these conditions (Benetos et al., 2005).

MR's reaction to aldo-activated ERK1/2 in older arteries is linked to increased EGFR
production, angiotensin Il levels, and inflammation-associated gene activation (Krug et al.,
2010). In endothelial cells, MR activation promotes cardiac inflammation and remodeling via
VCAM1 (Lother et al., 2016) and regulates leukocyte adhesion to coronary artery endothelial
cells through ICAM-1 overexpression (Marzolla et al., 2017).

RNA-seq data from aging VSMCs show a pro-fibrotic gene profile induced by MR, including
CTGF, MMPs, BMP4, and TGF-(3, contributing to vascular stiffness (Kim et al., 2018). Many
MR target genes remain unidentified, though some are induced through MR-responsive
elements in gene promoters and interactions with transcription factors like NFKkB and AP-1
(Fiebeler et al., 2001).
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Figure 3. The physiological and pathophysiological roles of the RAAS system, with a
focus on the MR. The RAAS cascade begins with stimuli like low blood pressure, reduced
sodium levels, or sympathetic nervous system activation, triggering renin release from
kidney juxtaglomerular cells. Renin cleaves liver-produced angiotensinogen (AGT) into
angiotensin | (AT I). Angiotensin-converting enzyme (ACE), primarily in the lungs, converts
AT | to angiotensin Il (AT Il). This potent vasoconstrictor raises blood pressure and
stimulates aldo release from the adrenal glands. Aldo activates MR in the kidneys,
promoting sodium and water reabsorption and increasing blood volume and pressure.
However, aldo also enhances AT Il secretion, overactivating the RAAS system. MR
activation in vascular smooth muscle cells triggers profibrotic gene transcription (MMP,
collagen, CTGF, TGFR), leading to inflammation, oxidative stress, stiffness, and fibrosis,
contributing to age-related vascular changes. Created in BioRender. Gadasheva, Y. (2024)
https://BioRender.com/y01j756.

MR overexpression mediates T-type calcium channel remodeling, contributing to
myocardial electrical dysfunction and cardiac arrhythmias (Tsai et al., 2010). MR expression
in the vascular wall increases with age, affecting blood pressure regulation and myocardial
function (DuPont et al., 2016; Krug et al., 2013). In aged humans, serum miR-155 governs
SMC contractile function, with MR-antagonist therapy affecting its expression (Armstrong
and Editor, n.d.). Increased MR expression suppresses miR-155, targeting LTCC (DuPont
et al., 2016). By acting through the MR, aldo has been shown to reduce the expression and
activity of G6PD. This reduction leads to increased oxidative stress and decreased NO
levels, a pattern similar to what is observed in G6PD-deficient endothelial cells. The
compromised vascular function fails to protect against reactive radicals and maintain
bioavailable NO (Leopold et al., 2007).



Aldo also contributes to mitochondrial dysfunction, impacting mitochondrial dynamics and
adipocyte regeneration, leading to accelerated aging in visceral fat tissue (Lefranc et al.,
2021). MR-dependent suppression of UCP1 expression in brown adipocytes has been
observed (Kuhn et al., 2019).

Additionally, aldo/MR induction mediates cellular senescence in the kidney, influencing the
ROS/SIRT1/p53/p21 pathway, with increased p53 expression and reduced mitochondrial

renewal observed in aging rat hearts (Hu et al., 2020).

Combined, these mechanisms profoundly impact aging and age-related diseases,

highlighting the importance of understanding aldo/MR's role in cellular function and aging.

1.3. Evolution of MRs Antagonists (MRAs)

Evidence supports the role of aldo/MR interplay in cardiac remodeling, highlighted by the
effectiveness of MR antagonists (MRAs) in treating heart failure with reduced ejection
fraction, particularly in older adults (Pitt, 2012; Pitt et al., 2014; Zannad et al., 2011). The
RALES trial showed that adding spironolactone to standard therapy significantly improved
mortality and morbidity in patients with advanced heart failure (NYHA class llI-1V) (Pitt et al.,
1999). The EPHESUS trial found that when added to optimal therapy, eplerenone reduced
mortality and heart failure hospitalizations in post-MI patients (Pitt et al., 2003). The
EMPHASIS-HF trial further demonstrated that eplerenone reduced mortality and

hospitalizations in patients with NYHA class Il heart failure (Zannad et al., 2011).

Despite its benefits, eplerenone has a lower affinity for MRs than spironolactone, increasing
the risk of hyperkalemia (Parfianowicz et al., 2022; Zannad et al., 2012). To address this,
finerenone, a non-steroidal selective MRA, has shown comparable efficacy with improved
safety, reducing hyperkalemia risk (Filippatos et al., 2016). The ARTS-HF trial confirmed
finerenone’s tolerability and ability to lower NT-proBNP levels similarly to eplerenone in
heart failure patients with reduced ejection fraction, diabetes, and chronic kidney disease
(Filippatos et al., 2016). Finerenone inhibits MR signaling and the recruitment of

transcription cofactors linked to hypertrophy, inflammation, and fibrosis (Xue et al., 2023).

MRAs also counter oxidative stress, reducing myocardial oxidative stress, fibrosis, and
inflammation. Eplerenone has shown efficacy in preventing heart failure progression in a
pressure-overload mice model and reversing BH4 oxidation, thereby preventing eNOS
uncoupling induced by MR activation (Chen et al., 2016; Johar et al., 2006; Virdis et al.,
2002).



1.4. Alternative Mechanisms and Micromilieu Influences on MR

In RALES and EPHESUS, it was noted that participants' aldo plasma levels were not
elevated, suggesting an alternative molecular mechanism for pathologic MR activity in
CVDs (Funder, 2005b). Eplerenone effectively reduced left ventricular mass in patients with
left ventricular hypertrophy and hypertension, even with normal aldo levels (Bakris et al.,
2020; Pitt et al., 2003).

Since aldo is not the only MR agonist in humans, there is a hypothesis that glucocorticoid
overstimulation of MR causes excessive MR activity without elevated aldo levels (Chapman
et al., 2013), especially since 113-HSD2 expression is low in non-epithelial tissues. Thus,

MR should be constantly bound by GCs in cardiomyocytes (Yang et al., 2022).

Genes induced by MR with cortisol activation in cardiomyocytes differ from those with aldo
activation, with CTGF and TGF-f3 being "aldo-specific genes" (Messaoudi et al., 2013). MR
does not significantly contribute to cortisol-induced cardiac remodeling (Rossier et al.,
2010). Despite normal aldo levels, glucocorticoid activation of MR does not fully explain
pathologic MR activity. Evidence shows that aldo's susceptibility in spontaneously
hypertensive rats is partially mediated by higher MR expression in vascular cells (Rossier
et al., 2010). Cardiac MR expression increases with age in rats (Hu et al., 2020), promoting
ion channel remodeling and potentially cardiac arrhythmias associated with heart failure
(Tsai et al., 2010).

Preclinical and clinical studies indicate micromilieu changes are relevant in MR-induced
pathologies (Griesler et al., 2022). The cellular redox status significantly influences MR
signaling pathways, with ROS acting as modulators. Aged endothelial cells, a source of
ROS, contribute to changes in endothelial eNOS activity. eNOS synthesizes NO, a
vasodilator, and BH4 influences its activity. BH4 depletion in aged endothelial cells
uncouples eNOS, increases ROS/RNS production, and lowers NO generation (Férstermann
and Muinzel, 2006). Aldo and MR interaction inhibits eNOS function by oxidizing BH4 and
activating protein phosphatase 2A (PP2A), dephosphorylating p-eNOS Ser 1177 (Nagata
et al., 2006). In HUVEC cells, aldo reduced eNOS phosphorylation and NO production in
response to vascular endothelial growth factor. In patients with primary aldosteronism, BH4

depletion and oxidative stress impair endothelial healing after injury (Chen et al., 2016).



2. Aims of the Study

The MR, primarily acknowledged for its critical role in maintaining sodium balance within
renal epithelial cells, remains incompletely elucidated regarding its pathophysiological
functions in non-epithelial cells (Buonafine et al., 2018). Upon activation in endothelial and
smooth muscle cells, MR can mediate vascular diseases by inducing oxidative stress,
inflammation, and acceleration of vascular remodeling and calcification (Artunc and Lang,
2014). Aldo and MR are significantly upregulated and activated with advancing age
(Bauersachs et al., 2015). Consequently, there is a need to investigate the influence of MR
on fundamental cellular processes to better understand its unique physiological and
pathophysiological contributions. Therefore, we aimed to explore metabolic changes, cell
death, ER stress, and mitochondrial function in cells treated with aldo and MR. Because of
the instability and low expression of the MR, an inducible MR-overexpression HEK cell clone
was utilized. Previous research has indicated that the micromilieu significantly influences
the transition of MR action from physiological to pathophysiological states. Consequently,
we evaluated the impact of the micromilieu factor peroxynitrite on MR localization,

expression, and function.
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3. Material and Methods
3.1. Cell Culture

T-Rex ™ 293 cells (Life Technologie #R71007) were stably transfected with the MR
expression plasmid pcDNA4-TO-hMR to create the tetracycline-inducible MR
overexpressing clone HEK-TO-MR.

EA.hy926 cells are a cell line established by fusing primary human umbilical vein cells with
a thioguanine-resistant A549 clone using polyethylene glycol (PEG). This line expresses
endogenous MR. The cell culture was conducted under a sterile workbench (Herasafe,
Thermo Fisher Scientific). The cells were split once weekly at 90 % confluency at a 1:20
ratio. The protocol involved several steps: aspirating the old medium, washing with EDTA
buffer (Table 13), applying 0.1 % trypsin (Sigma-Aldrich) to detach cells, neutralizing with
DMEM+FCS medium (Sigma-Aldrich), and reseeding. HEK-TO-MR cells were cultured in
DMEM/Ham's F-12 medium with 25 mM glucose, 10 % fetal bovine serum FCS (Sigma-
Aldrich), 5 ug/mL blasticidin S (Life Technologies), 200 ug/mL zeocin (Invitrogen), and 2 g/L
NaHCOs; at 37°C, 5 % CO2 and 95 % humidity. For experiments, HEK-TO-MR cells were
starved in serum-free media with 5.5 mM glucose for at least 4 hours, then treated with 0.25
pg/ml tetracycline (tet) (Invitrogen) for 24 hours to induce MR expression. Concurrent
treatments included DMSO (vehicle control), 10 nM aldo (Sigma-Aldrich), 10 uM eplerenone
(Sigma-Aldrich), Sin-1 hydrochloride (200-800 uM, Merck), 40 uM ebselen, and 10 mg/ml
lysosomal inhibitors pepstatin A and aloxistatin. EA.hy926 cells were cultured at 37°C, 5 %
CO,, and 95 % humidity in DMEM with 5.5 mM glucose and underwent the same starvation
conditions as HEK-TO-MR cells.

3.2. Quantification of Cell Number

Cell counting was performed using the CASY cell counter (OMNI Life Science GmbH). The

viable cells per mL were calculated to determine the number of cells for experiments.
3.3. Protein Isolation and Western Blot

Cells were scraped and collected into ice-cold PBS buffer (Table 14) with proteinase
inhibitor cocktail 1 and 3 (Sigma-Aldrich) and centrifuged. The pellet was dissolved in RIPA
buffer (Table 14) with benzonase (Merck) to prepare cell lysates. The ultrasound sonication
(UP100H; Hielscher) was the next step for the lysates. After centrifugation, protein
concentrations were determined using bicinchoninic acid (BCA assay, Thermo Fisher
Scientific). As protein standards, concentrations of 100 mg/l, 300 mg/l, 500 mg/l, 700 mg/I,
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and 1000 mg/I of BSA were used. A complex is formed between Cu* and two molecules of
bicinchoninic acid, resulting in the distinctive purple coloration that can be measured

spectrophotometrically at 562 nm (Smith et al., 1985).

Fresh cell lysates were incubated at 37°C for 30 minutes with 6x Red-Mix. Equivalent
protein amounts (30 or 50 ug) were loaded on 12 % or 15 % SDS-PAGE minigels. The
separation protocol was 0.36 hours at 22 mA/gel and 1.10 hours at 44 mA/gel. The
nitrocellulose membrane and filter papers were immersed in a Petri dish containing 1x
transfer buffer before initiating protein transfer onto the membrane in the blotting chamber
of the Trans-Blot Turbo Transfer System (Bio-Rad).

The membrane was incubated overnight at 4°C with a 1:2000 primary antibody dilution
(Table 2) in 1x TBS + 0.1 % Tween-20 + 5 % BSA (Capricorn Scientific). The next day, it
was washed three times (5 minutes each) with 1x TBS-Tween, then incubated with
secondary antibodies (Table 3) in 5 % non-fat dry milk in TBS-Tween for 2 hours. All buffers
for the western blot are represented in Table 4.

Table 2. Primary antibody.

Antibodies name Species Distributor

rMR 1-18 1D5 anti-mouse Developmental Studies Hybridoma Bank
LC3B anti-rabbit  Cell Signaling 2775

PDK4 anti-rabbit  Boster PB9773

PDHA total (9H9AF5) anti-mouse Abcam ab110330
PDHA1 (phospho S293)  anti-rabbit  Abcam ab 92696

HSP90 anti-rabbit  Cell Signalling 4874
IRE1a (14C10) anti-rabbit  Cell Signaling 3294
IRE1a [p SER724] anti-rabbit  Novus-bio NB100-2323
elF2a anti-rabbit  Cell Signaling 9722

elF2a (Ser51), Phospho- anti-mouse Cell Signaling 53085

Table 3. Secondary antibody. LI-COR antibodies were diluted at a ratio of 1:20.000, while
HRP was employed at a dilution of 1:3.000.

Antibodies name Species Distributor
HRP-linked Antibody anti-mouse IgG Cell Signalling 7076S
HRP-linked Antibody anti-rabbit IgG Cell Signalling 7074S
IRDye 680RD anti-mouse LI-COR 926-68070
IRDye 800CW anti-mouse LI-COR 926-32210
IRDye 680RD anti-rabbit LI-COR 926-68071
IRDye 800CW anti-rabbit LI-COR 926-32211
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Table 4. Western blot buffers.

Buffers name Buffers content

1x TBS-Tween pH 7.4 20 mM Tris base, 150 mM NacCl, 0.05 % Tween-20
0.5 M Tris-HCI pH 6.8 0.5 M Tris base, pH 6.8 (30 % HCI, ca. 30 ml)

1.5 M Tris-HCI pH 8.8 1.5 M Tris base, pH 8.8 (30 % HCI, ca. 16 ml)

1x Trans-Blot Turbo Transfer Buffer 20 % 5x Trans-Blot Turbo Buffer, 20 % Ethanol
(96 %), 60 % water

10x Running buffer 250 mM Tris base, 1 % SDS, 1.92 M Glycine

Redmix 0.5 M TRIS pH 6.8, 10 % SDS, 10 % Glycerol
Bromophenol Blue 4.8 mg / 40 ml, Mercaptoethanol
2.4 ml/40 ml

Protein bands were detected and quantified using the LI-COR Odyssey Imaging System
(LI-COR Biosciences) and ImageQuant System (GE Healthcare). For horseradish
peroxidase-coupled secondary antibodies, chemiluminescence was detected with ECL
reagent (BioRad) using the ChemiDoc XRS (BioRad). Densitometric measurements were
performed with Image Studio Lite (BioRad).

3.4. RNA Isolation

After the cell incubation period, the culture medium was aspirated from 6 cm Petri dishes,
and cells were washed once with 1x PBS at 4°C. Next, 1 ml BlueZol reagent (Serva) was
added to the Petri dishes. Cells were detached with a cell scraper, collected, and transferred
to a 2.0 ml Eppendorf tube. The mixture was left for 5 minutes at room temperature. Then,
200 pl chloroform (Sigma-Aldrich) per 1 ml BlueZol was added, shaken for 15 seconds, and
incubated for 3 minutes at room temperature. Samples were centrifuged at 12,000 g and
4°C for 15 minutes, resulting in three phases. The colorless aqueous phase containing RNA

was transferred to a new tube.

500 ul isopropanol per 1 ml BlueZol was added and mixed. Tubes were incubated overnight
at -20°C for RNA precipitation. The next day, samples were centrifuged for 10 minutes at
12,000 g and 4°C, and the supernatant was removed. The RNA pellet was washed three
times with 1 ml 75 % ethanol, vortexed, and centrifuged each time for 10 minutes at 12,000
g and 4°C, discarding the supernatant after each wash. The RNA pellet was dried at 55°C
for 10 minutes.
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Finally, the RNA was dissolved in 50 ul RNAse-free water, incubated at 55°C for 5 minutes,
and placed on ice for 30 minutes. RNA was quantified using NanoVue (GE Healthcare) and
stored at -80°C.

3.5. RNA integrity measurement for NGS

For DNase digestion of RNA, we used the Turbo DNA-free Kit (Thermo Fisher Scientific).
RNA was diluted to 8 ug in steril RNAse-free water. Next, diluted RNA was mixed with 6.5
pl of a master mix, consisting of 5 pl 10x buffer and 1.5 pl Turbo-DNAse, to make a 50 pl
solution, which was incubated for 30 minutes at 37°C. Next, 1.5 pl of 2 U/ul Turbo-DNase
was added, mixed thoroughly, and incubated for 30 minutes at 37°C. The reaction was
stopped with 5 pl of 10x DNase inactivation buffer, incubated for 5 minutes at room
temperature with intermittent vortexing, and centrifuged at 10,000 g for 1.5 minutes. The
DNA-free RNA supernatant was transferred to a new tube and adjusted to 180 ul with

RNase-free water.

To this, 18 ul of 3 M sodium acetate and 0.5 pg/ul glycogen were added. After vortexing,
600 pl ice-cold 100 % ethanol was added, and the RNA was precipitated overnight at -20°C.
The mixture was centrifuged at 10,000 g for 30 minutes at 4°C. The pellet was washed twice
with 900 pl 70 % ethanol, centrifuging at 13,000 g for 5 minutes at 4°C. The pellet was dried

at room temperature and dissolved in 50 pyl RNase-free water.

RNA integrity and concentration were evaluated using the Agilent 2100 Bioanalyzer with the
RNA 6000 Nano Kit (Agilent Technologies). For NGS analysis, RNA requirements were a
minimum of 2 ug, a concentration of at least 50 ng/ul, and an RNA Integrity Number (RIN)
of 6.8 or higher.

3.6. cDNA Synthesis for gPCR

First, genomic DNA contaminations were removed by DNAse digestion. 1 ug of RNA was
used for digestion with 2 DNAse (NEB) units in 1x reaction buffer. The digestion was
performed in a thermocycler (Biometra), incubating for 10 minutes at 37°C, followed by 10
minutes at 75°C for DNAse inactivation. Next, the RNA was reverse transcribed in a
thermocycler using the master mix described in Table 5 with an initial step at 25°C for 5
minutes, followed by 42°C for 30 minutes, and 95°C for 5 minutes.
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Table 5. Master mix components for reverse transcription.

Reaction mix Initial (+) RT (-) RT
concentration for 1x pl for 1x pl

H>0 15.47 7.33
First-strand buffer Thermo Fisher 5% 5.71 2.29
DTT Thermo Fisher 100 mM 0.36 0.14
dNTPs Peqlab 10 mM 1.43 0.57
RnaseOut Thermo Fisher 40 U/pl 0.71 0.29
RandomPrimer Thermo Fisher 0.3 ug/ul 0.96 0.38
Reverse Transcriptase Thermo Fisher 200 U/pl 0.36 -
Template (digested 1 ug RNA) 10 4
Total volume in the reaction tube 35 15

3.7. Real-Time quantitative reverse transcription PCR (RT-qPCR)

The master mix was prepared following table 6. Quantitative PCR was conducted with
primers listed in Table 8 utilizing the SsoAdvanced Universal SYBR Green Supermix from
BioRad and the Applied Biosystems 7900HT Fast Real-Time PCR System, according to the
protocol in Table 7. Quantification was performed using the AAct method, with 18S RNA as
the reference molecule.

Table 6. Master mix for RT-qPCR.

Reagents Volume (pl)
2x Supermix 6.25
Wasser 3.225
ROX 0.025
Primer sense 10 pmol/ul 0.5
Primer antisense 10 pmol/ul 0.5
cDNA sample 2
Total volume in the tube 12.5

Table 7. RT-gPCR amplification protocol. XPBs primer annealing temperature is 64°C.

Temperature Time
40x cycles 95°C 15 minutes
95°C 30 seconds
60°C 15 seconds
72°C 30 seconds

dissociation 95°C 1 minute

curve 60°C 15 seconds
95°C 30 seconds

15



Table 8. Designed primers. Below is a list of the RT-gPCR primers.

Gene Forward sequence Reverse sequence
(human)
18S CTCAACACGGGAAACCTCAC CGGACATCTAAGGGCATCAC
MR TCTGGGCAGAGCTGGCAGAGGTT AGCATTGCGGGGAACTCTACCTT
PDK4 TCAAGGAGATCTGAATCTCTACTC GCTCATCTGATAATGTTTGAAGGC

PRKAB2  GTTTGTATCATGGCAGCAGGAT GAACTTGTATTGGTGCTCTCCC
MAP3K6  GTGAGAGCTTCAGCATGACCA GAATGGTCTCCCGGAAATAGCC

SGK1 GAGCGGAATGTTCTGTTGAAGA CTGGAGAGGCTTGTTCAGAAT
XBPs CTGAGTCCGAATCAGGTGCAG ATCCATGGGGAGATGTTCTGG
FOSL2 AACTTTGACACCTCGTCCCG GATGAATGCACTGCCTGAGC
MMP15 GCGGGGAGATGTTCGTGTT CGAAAGAGCCAGTAGCGGT
SKIDA1 CTTGTACCATCTGGCCTCCG TCTCAGCGAAACAACTCCCC

3.8. Glucose Measurement Assay

Glucose concentrations in cell culture media were determined using a photometric assay
based on the hexokinase method (Dickson et al., 2019). Media samples were collected and
centrifuged at 200 g and 4°C for 5 minutes. Glucose standards (0, 1, 3, 5, 6, 12, 25 mM)
were prepared (Sigma-Aldrich). The reaction buffer consisted of TEA buffer (Table 14)
supplemented with 2.5 mM MgSOQ., 250 mM triethanolamine hydrochloride, 1.81 mM ATP,
0.65 mM NADP sodium salt hydrate, and 33.04 mU/ml hexokinase + glucose-6-phosphate
dehydrogenase (Sigma-Aldrich). Each 5 ul sample or standard was mixed with 100 pl
reaction buffer and incubated for 15 minutes at room temperature. Absorbance was
measured at 340 nm, and the glucose concentration was proportional to the generated
NADPH.

3.9. Lactate Measurement

Lactate measurement follows an enzymatic reaction where lactate dehydrogenase (LDH)
oxidizes L-lactate to pyruvate, generating NADH (Smutok et al., 2013). Pyruvate reacts with
hydrazine in the buffer, forming pyruvate hydrazine (Bergmeyer, 2012), which reduces free
pyruvate concentrations, promoting lactate oxidation. The reaction mix included hydrazine-
glycine buffer (pH 9.0, hydrazine hydrate 0.4 M), glycine (0.5 M), LDH (68.5 pg/ml, Roche),
and NAD* (4.384 mM, Roche). Standards (0, 1, 2, 4, 10 mM) were prepared using the
sodium salt of lactic acid (Sigma-Aldrich). A 200 pl reaction mix was combined with 10 pl of
samples or standards and incubated at 37°C for 30 minutes. NADH absorption was

measured at 340 nm.
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3.10. Caspase-3 Activity Assay

Caspase-3 activity was measured using the following protocol (Schwerdt et al., 2007). Cells
were lysed with MOPS buffer (Table 14) for 15 minutes, then centrifuged at 10,000 g for 10
minutes at 4°C. Activated caspase-3 cleaves the fluorogenic substrate DEVD-AFC, with
fluorescence directly proportional to caspase-3 activity. The reaction buffer (Table 14) was
prepared by mixing 400 ul of 5% reaction buffer, 10 yl of 1M DTT, and 590 pl distilled water.
In a 96-well plate, 60 ul of cell lysate, 60 ul of 1x reaction buffer, and 5 ul of 40 yM DEVD-
AFC (Biomol ABD) in DMSO were added per well. As blank, 60 pl lysis buffer, 60 pl 1x
reaction buffer, and 5 yul DEVD-AFC were used. A calibration curve was established (Table
9), and 125 pl of each calibration probe was pipetted into corresponding wells. Fluorescence
(400 nm excitation, 505 nm emission) was measured using a Tecan™, and caspase-3

activity was calculated from the calibration curve using known AFC concentrations.

Table 9. Calibration probes pipetting scheme for caspase-3 activity.

Concentration Calibration probes dilutions
AFC (uM) 0 1 2 4 8
80uM AFC (ul) 0 25 5 10 20
1x Reaction buffer + Lysis buffer (pl) 200 197.5 195 190 180

3.11. LDH measurement

Plasma membrane permeabilization is a crucial indicator of necrotic cells. Necrosis in tissue
culture can be quantified by measuring and comparing lactate dehydrogenase (LDH) activity
in cell media and lysates by determining the declining NADH concentrations (Decker and
Lohmann-Matthes, 1988). For LDH activity measurement in media, 40 ul of fresh media was
pipetted into a 96-well plate, followed by 160 ul of warm LDH buffer (15 ml Hepes-Ringer
(Table 14), 0.2 mM NAD hydrate, 1 mM pyruvate). For cell lysate measurements, cells were
lysed with MOPS/Triton (pH 7.4), scraped, and centrifuged at 10,000 g for 5 minutes at 4°C.
A multi-channel pipette was used for quicker pipetting speed, and 195 ul of preheated (37°C)
LDH buffer was fast added to 5 yl of lysate. Measurements were taken on a Tecan Infinite
at 37°C, with readings at 334 nm for 30 minutes. LDH activity was calculated using the Beer-
Lambert law:

E = cde
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Where (d) is the path length, (c) is the concentration of LDH activity, and (€) is the molar
extinction coefficient for NADH (6.11 cm?pumol). (E) was obtained from the slope of

absorbance vs. time for media and lysate samples.

LDH activity was calculated using:

(E =V well)

LDH activity = ="

The activity was reported as nmol/min/mL (milliunits/mL).

3.12. Oxygen Consumption Rate and Extracellular Acidification Rate

Measurements were performed using the Agilent Seahorse XFe96 Analyzer (Seahorse
Bioscience). HEK-TO-MR cells (8,000-10,000 cells/well) were plated overnight in 96-well
Seahorse analyzer plates under specified growth conditions. The next day, cells were
stimulated with 10 nM aldo for 24 hours, including tet for MR expression. On the
measurement day, cells were washed and incubated for 1 hour with stimulants (aldo, tet) in
Seahorse XF DMEM medium (pH 7.4, 1 mM pyruvate, 2 mM glutamine, 10 mM glucose,
and 5 mM HEPES) without COs.

The sensor cartridge was incubated with XF Calibrant overnight in a 37°C non-CO:
incubator. The next day, it was extracted, set up with 200 uL sterile water per well, and
incubated at 37°C non-CO, for 1 hour. Assay parameters for mitochondrial function, ATP
production rate, and glycolytic rate were derived by injecting specific inhibitors (Table 10,
Figure 4) and using mathematical algorithms for calculation, according to the
manufacturer’s suggestions. Reagents were added to the corresponding ports, and the
utility plate with the sensor cartridge was placed into the Seahorse machine. Each well had
three rate measurements. The injection of inhibitors order is shown in Figures 5 and 6. Data
was collected from three readings after compound injection and represented as

pMoles/min/well or mpH/min/well (y-axis) versus time (x-axis).

Table 10. Stock concentration of inhibitors.

Reagent name Media Stock concentration
Oligomycin 630 uM 100 uM

Rot/AA 540 uM 50 uM

FCCP 720 uM 100 uM

2-DG 3000 pM 500 mM

18



We determined the concentration of inhibitors in optimization experiments and pipetted them

according to the scheme in Tables 11 and 12.
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Figure 4. Explanation of Seahorse inhibitors function. Cells generate ATP via glycolysis
and oxidative phosphorylation. Seahorse inhibitors disrupt these processes to measure
metabolic activity. 2-DG inhibits glycolysis by blocking glucose-6-phosphate formation.
Rotenone and antimycin A inhibit mitochondrial complexes | and lll, respectively, while
oligomycin blocks complex V. FCCP uncouples oxidative phosphorylation by permeabilizing
the mitochondrial membrane to protons. The Seahorse assay measures oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) to assess cellular
respiration and glycolysis. Created in BioRender. Gadasheva, Y. (2024)
https://BioRender.com/x09e346.

Table 11. Final concentrations for each port in the sensor cartridge. Each reagent was
added to its designated port for a final volume of 200 ul, with Hoechst added to the same
port as Rot/AA.

Reagents Final Stock Media pL  10xPort Port volume
(uM) solution pL (HM) (uL)

Port A Oligomycin 2 600 2400 20 20

Port B FCCP 1 300 2700 10 22

Port D Rot/AA 0,5 300 2700 5 25

Hoechst (cells dye) 4 6 3000 40 25

Table 12. Reagents preparation for Glycolytic Rate Assay.

Reagents Final Stock Media pL 10xPort Port volume
(HM) solution pL (HM) (uL)

Port A Rot/AA 0,5 300 2700 5 25

Port B 2-DG 50 3000 0 500 20

Hoechst 4 6 3000 40 25
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3.13. Assay Parameters for Mitochondrial Function

Mathematical calculations were applied to derive the measurements (Figure 5). Basal
respiration represents the oxygen consumption rate without inhibitors. The rate of ATP
production is assessed by introducing oligomycin, which inhibits ATP synthase and ATP-
linked respiration. Proton leak, indicating the remaining basal respiration is not coupled to
ATP production, is also measured. Maximal respiration represents the maximum oxygen
consumption rate achieved by adding the uncoupler FCCP. Spare respiratory capacity
indicates the cell's potential to increase energy demand and is calculated as a percentage
of maximal respiration relative to basal respiration (Figure 5). Non-mitochondrial respiration
refers to oxygen consumption that persists due to specific cellular enzymes continuing to
utilize oxygen even after the introduction of rotenone and antimycin A. This aspect is crucial
for obtaining precise mitochondrial respiration measurements and is calculated by taking

the minimum rate measurement observed after introducing Rot/AA.

oligomycin  FCCP rotenone+antimycin

spare
capacity

-l

OCR pmol/min
maximal respiration

ATP
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: proton leak .

non mitochondrial respiration
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Figure 5. The Agilent Seahorse XF Cell Mito Stress Measurement. Baseline OCR was
measured without pharmacological agents. Injection 1 (Oligomycin, 2 uM) inhibited ATP
synthase to measure ATP production and proton leak. Injection 2 (FCCP, 1 yM) uncoupled
oxidative phosphorylation to assess maximum mitochondrial respiratory capacity. Injection
3 (Rot/AA, 0.5 pM) blocked mitochondrial electron transport. Created in BioRender.
Gadasheva, Y. (2024) https://BioRender.com/i90f527.

3.14. Glycolytic Rate Assay Parameters

Agilent Technology derived the total Proton Efflux Rate (PER in pmol of H*/min) from the

ECAR measurement (in mpH/min) based on pH range, buffer capacity (BF), chamber
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volume (Vol), and a volume scaling factor (Kvol) from lactate production measurements.
Glycolysis-based Proton Efflux Rate (glycoPER) was calculated by subtracting
mitochondrial PER (mitoPER) from the total PER (basal PER, last total PER measurement
before Rot/AA injection). Mito PER was calculated by determining mitoOCR multiplied by a
CO: contribution factor (CCF). Where mitoOCR is basal OCR subtracted OCR after
introducing Rot/AA to suppress mitochondrial acidification. Agilent's calculations provided
the following parameters. Compensatory PER is a maximum glycoPER measurement after
Rot/AA injection. Post-2-DG PER is a minimum glycoPER measurement after 2-DG
injection (Figure 6). Since one glucose molecule yields two molecules of lactate and ATP,
glycoPER equals glycoATP production rate. Mitochondrial ATP (mitoATP) was calculated
using OCRatp, and post-oligomycin injection was determined. It requires additional
parameters: multiplied by two and the P/O ratio (derived by Agilent using various
substrates), corresponding to the reduced number of ATP molecules per oxygen atom.

rotenone+antimycin 2-DG

ECAR (pmH/min)

compensatory PER

basal PER

non glycolytic PER

Figure 6. Glycolytic Rate assay. Rot/AA at a concentration of 0.5 yM was introduced to
inhibit the mitochondrial source of acidification, thereby triggering compensatory glycolysis.
2-DG at 50 uyM, a hexokinase inhibitor, was used to halt glycolysis. This enabled the
assessment of non-mitochondrial and non-glycolytic origins of acidification or proton
production. Created in BioRender. Gadasheva, Y. (2024) https://BioRender.com/a88y153.

3.15. Autophagic Flux

For autophagosome formation evaluation, cells were treated with lysosomal degradation
inhibitors, aloxistatin (10 mg/ml, Selleckchem), and pepstatin A (10 mg/ml, Sigma) for 24

hours during the stimulation phase. These inhibitors prevent autophagosome-lysosome
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fusion, allowing the measurement of LC3B-Il protein levels. The difference in LC3-1l levels
between treated and untreated cells indicates autophagic flux. An elevated flux shows
increased LC3-1l in the presence of inhibitors (Klionsky, 2020). Quantification of LC3-1l was
performed using Western blotting with dilution 1:2000 anti-rabbit LC3B-Il antibodies (Table
2), incubated overnight at 4°C. The appropriate secondary antibody was used following the

standard Western blot protocol.
3.16. Measurement of ATP Content in Cells

The ATP Bioluminescence Assay Kit HS Il (Roche) was used according to the
manufacturer’s instructions. For measurements, cells were lysed with 50 yL MOPS buffer.
MOPS buffer without samples served as control. A dilution buffer from the kit (50 pL) was
used as a blank. For analysis, diluted samples (50 uL) or ATP standards were added to a
white 96-well plate. Luciferase activity was measured with the Berthold Tristar LB 941
illuminometer and Mikrowin 2000 software, with a 1-second delay and 5-second integration

period.

3.17. Immunofluorescence

Multitest slides (6 mm diameter, Dunn Labortechnik GmbH) were coated with preheated
poly-L-lysine (0.1 mg/ml). After 5-10 minutes, excess poly-L-lysine (Sigma-Aldrich) was
aspirated, and the slides were washed with media. Cells were incubated for 5 hours at 37°C,
and 10 nM aldo and 200 uM SIN-1 were added for 1 hour at 37°C after MR expression
activation. Cells were fixed with 40 pl of 4 % formaldehyde (Fischer Scientific) for 15 minutes

at room temperature (Table 13).

Table 13. Prepared reagent solutions for immunofluorescence.

Solutions Composition

4 % paraformaldehyde 10 g paraformaldehyde in 250 ml 1x PBS, pH 7.4,
heated to 65°C, and added NaOH until fully dissolved

Glycine solution 100 mM in 1x PBS, pH 7.4

Blocking solution 10 % goat serum, 10 % donkey serum, 1 % BSA in 1x
PBS
DAPI 1 ug/mi diluted 1 pl DAPI (10 mg/ml) stock solution in 10 ml PBS

Cells were washed three times for 5 minutes each with 1x PBS, permeabilized with 1 %
TritonX-100/PBS for 30 minutes, and washed again with PBS/1 % SDS/100 mM glycine
followed by PBS/100 mM glycine (Serva). Blocking was done with PBS/10 % goat serum/1
% BSA for 30 minutes. The primary antibody, anti-Myc-Tag (monoclonal mouse 2276,
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1:1000, Cell Signaling) in PBS/1 % goat serum/1 % BSA, was applied (40 pl per well) and
incubated overnight at 4°C. The next day, three 5-minute washes with 1x PBS were
performed. The secondary antibody, Oregon Green 488 BAPTA-2 (06809, Molecular
Probes), was applied at 1:1000 dilution for 45 minutes at room temperature in the dark.
Washing steps were repeated. Cells were stained with DAPI (3 ug/ml, Sigma-Aldrich) and
washed with 1x PBS. Dako fluorescence mounting medium (Agilent) and coverslips were
applied. Background fluorescence was assessed using samples treated only with secondary
antibodies. Immunofluorescence analysis was conducted using the BioZero BZ-8100
fluorescence microscope (Keyence).

3.18. NGS Data Analysis

After DNA digestion and RNA integrity confirmation via Bioanalyzer, our samples were
sequenced at Novogen. Our NGS data analysis team used EdgeR and DESeq2 for
differential expression analysis. We continued selecting genes with more than 5 FPM
(Fragments per Million mapped). EdgeR and DESeq?2 calculated Log fold change and FDR
(false discovery rate). Differential expression (DE) categories were defined as -1 (down-
regulation), O (no regulation), and 1 (up-regulation), with an FDR cut-off of lower than 0.05.
We used an overlapping column (applies both EgeR and Dseqg2) indicating whether a gene
was found in DESeq2 and EdgeR results (1) or not (0).

3.19. Statistical Analysis

Data are presented as mean +/- standard error of the mean. Students' t-test, One Way
ANOVA, or signed rank test were used as applicable according to pre-test data analysis by
SigmaPlot 14. T-tests were unpaired and two-tailed unless stated otherwise in the text.
Grubbs tests were performed to identify outliers. A p-value < 0.05 was considered

statistically significant.
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3.20. Buffers

All buffers used in the experiments above are represented in Table 14.

Table 14. Buffer's content.

Buffers name

Buffers content

MOPS-Triton pH 7.4

20 mM MOPS, 0.01 % Triton X-100

RIPA

150 mM NaCl, 10 mM Tris base (pH 7.4), 1 % NP-40, 0.1 % SDS,
1 % Na-deoxycholate, 0.1 % Triton X-100, 1 mM EDTA, 1 mM
Na-Orthovanadate, 1:500 Protease-Inhibitor-Cocktail

HEPES buffer pH 7.4

24 mM NaHCO3;, 0.8 mM NazHPO4sx 2H.0, 0.2 mM NazHPO,
x2H,0, 86.5 mM NaCl, 5.4 mM KCI, 1.2 mM CaCl.x 2H.0, 0.8
mM MgCl,, 20 mM Hepes, 11 mM Glucose

TEApPH7.5

2.5 mM MgSO.x 7H,0, 250 mM triethanolamine

10x PBS pH 7.4

137 mM NaCl, 2.7 mM KCI, 8.1 mM NaxHPO4x 2H,0, 1.5 mM
KH2PO4

5% Caspase reaction
buffer pH 7.4

50 mM PIPES, 10 mM EDTA, 0.5 % CHAPS

EDTA pH 7.1-7.3

0.4 g EDTA-Titriplex Ill, 16 g NaCl, 0.4 KCl g, 2.3 g NazHPO»
x2H,0, 0.4 g KHoPO4

3.21. Software/Programs

The study employed the following software tools for result analysis. Additionally, internet

information platforms and programs were utilized in the research (Table 15).

Table 15. Software/Web Tools

Software name

Distributor

BioRad ImageLab Sofware 6.1

Casy software 2021

Win Image Studio Lite 5.2.5

Mikrowin 2000
SigmaPlot 14

BioRad

OMNI life science
LI-COR Biosciences
Berthold Technologies
Systat Software

Seahorse Wave Desktop V2.6
Agilent 2100 Expert BioAnalyser
7900 SDS v2.4.1 software
Primer-Blast

NCBI

Nucleotide- Blast

BioRender

Agilent Technologies

Agilent Technologies

Applied Biosystems

Primer Blast

database

Nucleotide-Blast

Created in_https://BioRender.com
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3.22. Devices

Table 16 lists all the machines and devices used in the laboratory.

Table 16. Device/Equipment.

Device name

Distributor

Safety cabinet Herasafe 2025
Thermoshaker TS-100C

Incubator Heracell

CASYworX 1.2 TT-2BA-1000
NanoVue spectrophotometer

Tecan Sunrise Microplate reader
Tecan Infinite Microplate reader
Ultrasound sonicator

Gel electrophoresis chambers
Trans-Blot-Turbo-Transfersystem
ChemiDoc XRS

ChemiDoc Imaging System

Vortex Mixer (GENIE2)

Thermocycler PCR Module 96 070-911
7900HT RT PCR System 384-Well Block
Bioanalyzer 2100

Biofluorescense Bertold Tristar LB 941
UV-Transilluminator M-26V
Multipipette

Fluorescence microscope BioZero 8100
Centrifuge Heraeus Fresco 21
AirflowControl MC6

Optical microscope

Vacuum pump

Water bath Alpha

Thermo Fischer Scientific
Biosan

Thermo Fischer Scientific
OMN!I Life Science GmbH
GE Healthcare

Tecan

Tecan

UP100H Hielscher
Biometra

BioRad

BioRad

BioRad

Scientific Industries
Biometra

Applied Biosystems
Agilent

Berthold Technologies
UVP BioDoc-It

Integra Bioscience
Keyence

Thermo Fischer Scientific
Waldner

Ernst Leitz Wetzlar

KNF Laborport

Lauda




4. Results
4.1. Metabolic Shifts in HEK Cells Under Aldo/MR stimulation

New studies have shed light on the potential influence of MR in regulating glucose and
energy metabolism (Jia et al., 2021; Wei et al., 2020). In our pursuit of unraveling
fundamental metabolic parameters, a series of experiments focused on measuring glucose

consumption was conducted (Figure 7).
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Figure 7. Metabolic profiling of HEK cells overexpressing MR. The manipulation of MR
presence in these cells involved a 10 nM aldo stimulus, and their metabolic responses were
contrasted with those of a control group (0.1 % dimethyl sulfoxide (DMSO-vehicle)). The
cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 5.5 mM
glucose. Glucose measurement followed with time points (6 h (A), 24 h (B), and 48 h (C)).
Additionally, the same time points for lactate measurement were used (6 h (D), 24 h (E),
and 48 h (F)). Additionally, ATP was measured (G) after 24 h; N=4, n=12, *p<0.05 indicates
a comparison between the control group (DMSO) vs. treatment group (10 nM aldo).
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The hexokinase assay disclosed increased glucose consumption (A glucose) of MR-
overexpressing HEK cells when exposed to 10 nM aldo, compared to the control group
treated with DMSO. This effect was consistently observed at various time points, precisely
at 6 hours (Figure 7 A), 24 hours (Figure 7 B), and 48 hours (Figure 7 C) post-stimulation.

Moreover, we continued with quantifying lactate production. An elevation in lactate
production was observed in MR-overexpressing HEK cells following 10 nM aldo stimulation

at the time points mentioned above (Figure 7 D, 7 E, and 7 F).

Importantly, cells lacking MR expression displayed no significant differences in glucose
consumption and lactate production between the control group and the aldo-stimulated

cells.

In addition to these results, luciferase activity assays were employed to assess total ATP
production in MR-overexpressing HEK cells. These measurements indicated no biologically
significant increase or decrease in ATP production in cells stimulated with 10 nM aldo
(Figure 7 G) compared to control HEK cells subjected to DMSO stimulation and MR
overexpression. Notably, ATP levels remained consistent with cells lacking MR expression
in the aldo-stimulated and DMSO-stimulated groups.

4.1.1. Mitochondrial Function Assessment, Experimental Parameters

In cells subjected to 10 nM aldo stimulation for 24 h in the presence of MR, a lower baseline
oxygen consumption rate was observed compared to control cells treated with vehicle only
(Figure 8 A, B). The baseline of oxygen consumption was adjusted by subtracting the
oxygen consumed by processes not involving mitochondria (non-mito O, Figure 8 A). The
level of non-mito O2 was slightly decreased, indicating a shift in overall oxygen consumption
in the cells under the aldo treatment. Notably, cells lacking MR but exposed to aldo and
DMSO-treated control cells showed no significant alterations in mitochondrial measured
parameters (Figure 8 B, D), except non-mitochondrial O, consumption, where aldo had an
influence per se without MR. Aligning with baseline oxygen consumption rate findings, cells
treated with 10 nM aldo exhibited increased spare respiratory capacity. At the same time,
maximum respiration (max) remained unchanged when comparing aldo-stimulated cells
without MR and control cells (Figure 8 A, B). Additionally, the spare capacity of cells without
aldo and MR remained unchanged (Figure 8 B). The measurement of ATP production,
specifically the ATP produced by mitochondria, decreased in aldo-stimulated cells,

suggesting a shift between metabolic pathways. However, the proton leak, representing
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protons migrating into the mitochondrial matrix without contributing to ATP production, did

not increase in any treated groups (Figure 8 C, D).
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Figure 8. Mitochondria functionality in MR. 10 nM aldo stimulation for 24 hours
decreased basal respiration and mitochondrial ATP production (A, C) while increasing spare
respiratory capacity (A), indicating a shift in oxygen consumption in MR-expressing cells.
Maximal respiration and proton leak remained unchanged (A, C). In MR-lacking cells (B, D)
and MR-expressing cells stimulated with DMSO as the control (A, C), there were no changes
except for a decrease in non-mitochondrial oxygen consumption (non-mito O) (C, D). N=5,
n=57-63, *p < 0.05.

4.1.2. Proton Efflux Rate in MR-Overexpressing HEK Cells

Our focus shifted to evaluating the extracellular acidification rate (ECAR), a metric reflecting
changes in the glycolytic pathway (Figure 9). Notably, before the detection phase, the cells
underwent a one-hour incubation in Seahorse XF DMEM medium to stabilize
measurements and minimize pH fluctuations. In MR-expressing cells, the basal Proton
Efflux Rate (PER) increased in the presence of aldo, indicating heightened acidification

(Figure 9 A). This was due to an increase in the glycolytic rate. Conversely, cells treated
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with DMSO exhibited lower glycolytic rates and total PER. This method enabled us to
evaluate the specific contributions of glycolysis and mitochondria to the overall PER. The
results indicated that in aldo-treated samples, glycolytic PER (glycoPER) increased, while
mitochondrial PER (mitoPER) decreased. Upon halting mitochondrial function, a
compensatory glycolysis (compen. gly) process led to a more significant proton efflux in
aldo-stimulated cells (Figure 9 B). Following the introduction of 2-DG and Rot/AA, post-
acidification resulting from other cellular sources was measured (Figure 9 A, 2-DG). No
noticeable difference was observed between aldo and DMSO-treated cells after employing
2-DG. This analysis indicated an increased production of protons stemming from the

glycolytic pathway in aldo/MR-expressing cells.

A + MR 24 h B + MR 24 h
e B o 20 .
o * o
2E 0118 SE
[T} é E © 015
c £ % c £
s$8 5 ss
(@) ‘ (@)
5 =58 =&
0 S 8L 0 10 compen. gly
IR —

Figure 9. The proton efflux rate from the glycolytic pathway. Applying 10 nM aldo had
notable effects on overexpressed MR HEK cells, increasing total (basal) PER, glycoPER,
and compensatory glycolysis (A). Rot/AA was used to quantify PER from glycolysis,
revealing heightened acidification due to increased proton generation in the glycolytic
pathway (B). By inhibiting both mitochondrial and glycolytic acidification sources, the
contribution of other potential sources was evaluated using 2-DG. No significant differences
were observed between aldo-treated and DMSO-treated cells in post-2-DG (A); N=3, n=25-
23, *p < 0.05.

4.1.3. Distinguishing Between ATP Production Pathways

Our goal was to evaluate the shift in ATP production between two fundamental pathways,
oxidative phosphorylation (OXPHOS) and glycolysis. To this end, we sequentially
introduced two inhibitors (oligomycin and Rot/AA) during real-time Seahorse measurements
(Figure 5). This step allowed us to account for acidification associated with mitochondria
and, when combined with the PER data, facilitated the calculation of the glycoATP
Production Rate. While the total ATP production remained unchanged, a shift towards the
glycolytic pathway was observed, indicated by the lowered mito ATP production (Figure 10

A). At the same time, glycolysis also increased ATP production (Figure 10 A). These
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observed changes were explicitly associated with cells stimulated with 10 nM aldo in the
presence of MR. No such alterations were observed in the control groups, including DMSO-
stimulated cells with MR (Figure 10 B) and cells without MR exposed to DMSO and 10 nM
aldo. Importantly, it was emphasized that the effect was not mediated by aldo alone but

rather was facilitated by MR.
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Figure 10. Measurement of pathways contributing to ATP production. Notably, there
were no significant changes in overall ATP production (A). However, there was a shift
towards the glycolytic pathway, reducing mitoATP production (A). These observed changes
are linked explicitly to cells stimulated with 10 nM aldo in the presence of the MR. In contrast,
control groups, including DMSO-stimulated cells with MR (A) and those lacking MR for both
DMSO and 10 nM aldo (B), showed no alterations; N=4, n=38-39; *p < 0.05.

4.2. Aldo/MR Target Genes

We conducted an NGS analysis followed by gPCR experiments to identify MR target genes
in our tetracycline-inducible MR-overexpressing HEK cells. MR induction was confirmed by
comparing two control groups: one with 0.25 pg/ml tetracycline, where MR expression
increased approximately tenfold after tetracycline incubation, and the other without
tetracycline, where no expression was detected (Figure 11 A, B). Subsequently, MR protein
expression was validated. A clear band was observed in samples treated with DMSO and
0.25 pg/ml tetracycline, indicating MR protein expression. Conversely, distinct bands of MR
protein were visible in the sample groups treated with DMSO and subjected to tetracycline
incubation. MR expression confirmation also extended to aldo-stimulated samples, where
the band appeared as a smear, suggesting the characteristic posttranslational modifications

associated with MR protein under aldo stimulation (Figure 11 C).
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Furthermore, NGS data analysis using EdgeR and DESeq2 to compare 10 nM aldo/MR-
regulated samples against DMSO-treated samples revealed differential expression of 1440
protein-coding genes, as well as the genes of non-coding RNA and pseudogenes with FDR
analysis for the significance (Figure 12). Notably, several kinases were highly regulated
among these genes, including PDK4 (Pyruvate Dehydrogenase Kinase 4), a critical
regulator of cellular energy metabolism. Its expression significantly increased following

stimulation with 10 nM aldo compared to the control condition.
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Figure 11. Validation of the T-Rex system efficiency. We compared DMSO samples with
and without tetracycline to induce MR expression. In our 0.25 ug/ml tetracycline-inducible
MR HEK cells, MR gene expression increased ~10-fold (A), confirmed by gPCR (B); N=6,
n=12, *p < 0.05. Western blot showed no band in cells not stimulated with tetracycline (no
MR DMSO), while tetracycline-treated DMSO samples displayed a distinct band. A smear
band appeared after 10 nM aldo stimulation (C); N=3, n=6, *p < 0.05.
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Figure 12. False discovery analysis of genes from NGS data. We utilized EdgeR and
DESeq2 statistical tools to assess the significance of protein-coding genes in samples
DMSO vs. aldo (FDR < 0.05), N=6, n=12.

Additionally, MAP3K6 (Mitogen-Activated Protein Kinase Kinase Kinase 6), PRKAB2 (AMP-
Activated Protein Kinase Beta 2 Non-Catalytic Subunit), and SGK1 (Serum/Glucocorticoid
Regulated Kinase 1) were among the highly regulated genes related to metabolism
regulation in HEK cells. The induction of metabolic kinases by aldo/MR was further
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confirmed through gPCR. Additionally, we validated the regulation of the known MR target
gene, TSC22D3 (Figure 13 A-E). A more in-depth analysis of the RNA-seq data revealed
that the isoforms PDK1, PDK2, and PDK3 were not regulated by 10 nM aldo (Figure 14).
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Figure 13. Detection of metabolic genes expression in MR-overexpressing HEK cells.
Notably, genes such as MAP3K6, PRKAB2, SGK1, and PDK4 emerged as candidates
influenced by the induction of the MR during 24 h tetracycline incubation and 6 h incubation
period with 10 nM aldo. The target gene GILZ (TSC22D3) expression was used as an
internal control for the MR-overexpressing system; N=6, n=12, *p< 0.05.
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Figure 14. Regulation PDK isoforms. Expanding the inquiry into glucose metabolism
regulation, an in-depth analysis of RNA-seq data excluded the regulation of PDK1, PDK2,
and PDK3 isoforms by 10 nM aldo in HEK cells after a 6 h incubation, thus emphasizing the
regulation of PDK4 under aldo/MR (A-D); N=6, n=12, *p< 0.05.
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Only PDK4 expression was upregulated in aldo-treated samples in the presence of MR

activation, confirming its regulation by the aldo/MR signaling pathway.

4.3. PDK4 Protein Upregulation by aldo/MR

We observed an increase in the protein expression of PDK4 in HEK cells under 10 nM
aldo/MR stimulation after 24 hours, where PDK4 protein expression responded to aldo
stimulation (Figure 15 A, D). In samples without MR activation, the levels of PDK4 protein
expression corresponded to control levels (DMSO), indicating the absence of any regulation
(Figure 15 A, D).
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Figure 15. PDK4 upregulation confirmation. PDK4 protein expression increased after 24
hours of incubation with 10 nM aldo in the presence of MR in HEK cells but not in cells
lacking MR (A, D; N=3, n=8-12, *p<0.05). In EA.hy926 cells with endogenous MR (E), 10
nM aldo altered PDK4 expression (B, F; N=3, n=4-7, *p<0.05). Administering 2 pM
Eplerenone (Epl) one hour before aldo reduced PDK4 expression, confirming its
dependence on MR activity (B, F; aldo vs. aldo+epl #p<0.05). Additionally, p(S293)-PDHA1
expression increased in aldo-stimulated cells, indicating a metabolic shift from the TCA
cycle to anaerobic glycolysis (C, G); N=9, n=18, *p<0.05.

Furthermore, we examined the expression of PDK4 protein levels in endothelial-like cells
(Ea.hy926). We evaluated the endogenous expression of MR in these cells without adding
any stimulants (as illustrated in Figure 15 E), revealing a robust presence of MR protein.
Western blot analysis demonstrated elevated protein levels of PDK4 in Ea.hy926 cells
(Figure 15 B, E). To emphasize the specificity of MR regulation on PDK4 protein levels in
EA.hy926 cells, we introduced an MR antagonist, 2 uM eplerenone. Upon comparing two

sample groups—10 nM aldo-stimulated cells and 10 nM aldo-stimulated cells with a 1-hour
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pre-treatment of 2 uM eplerenone, we observed a reduction in the aldo/MR effect in the

presence of eplerenone stimulation (Figure 15 B, E).

To assess PDK4 activity, we analyzed the phosphorylation of the downstream PDK4 target,
PDHA1 (Pyruvate dehydrogenase E1 component subunit alpha), which leads to a metabolic
shift of glucose metabolism from the tricarboxylic acid (TCA) cycle to anaerobic glycolysis.
The p-(S293)-PDHA1 expression was increased in aldo-stimulated cells (Figure 15 C, F).

These findings collectively suggested that the activated MR acts as an upstream regulator

of PDK4 and may modulate energy metabolism.

4.4. Additional Analyses of NGS Data

Furthermore, our Next-Generation Sequencing (NGS) data examined genes implicated in
glucose metabolism. In aldo/MR stimulated cells, we observed the presence of genes
associated with heightened glucose uptake. Specifically, we detected increased expression
of GLUT 3 (Solute Carrier Family 2, Facilitated Glucose Transporter, SLC2A3) and
SWEET1 (Solute Carrier Family 50, Member 1, SLC50A1) (Figure 16 A, B). Additionally,
the interaction between aldo and MR suppressed the expression of PDP1, a gene
responsible for the dephosphorylation of the PDHA1 complex (Figure 16 C). We also
examined gene regulation associated with autophagy and apoptosis (Figure 17) in relation
to the MR.
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Figure 16. Genes involved in glucose metabolism. Samples stimulated with 10 nM
aldo/MR for 6 hours exhibited elevated levels of GLUT 3 and SWEET1 (A, B), alongside
downregulation of PDP1(C) compared to control samples treated with DMSO; N=6, n=12,
*p < 0.05.
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Figure 17. Genes involved in autophagy and apoptosis. The genes ATG12 (autophagy-
related 12), NBR1 (autophagy cargo receptor), UVRAG (UV radiation resistance-associated
gene protein), ULK1 (Unc-51-like kinase 1) BCL2 (from B-cell ymphoma 2, anti-apoptotic),
and SMAD 4 (SMAD family members) were upregulated following a 6-hour incubation with
10 nM aldo; N=6, n=12, *p < 0.05.

4.5. Aldo/MR Interaction Initiates ER-stress Signaling Pathway

The investigation broadened its scope to examine the possible induction of the Unfolded
Protein Response (UPR) due to Endoplasmic Reticulum (ER) stress, subsequently leading
to the activation of apoptosis and autophagy. This process could be attributed to the
upregulation of PDK4 expression. The examination conducted in HEK-TO-MR cells aimed
to assess the expression of ER stress markers. The UPR, consisting of three primary
pathways regulated by upstream effectors, encompasses Inositol-Requiring Enzyme a
(IREa), Protein Kinase R-like ER Kinase (PERK), and Activating Transcription Factor 6
(ATF6). NGS data analysis unveiled the upregulation of ATF6 in response to the interaction
with 10 nM aldo/MR after a 6-hour treatment, indicating the activation of a pathway
associated with ER stress response (Figure 18 A). Another conservatively regulated
pathway in response to 10 nM aldo within 6 hours was the gene ERN1, which encodes the
protein IREa (Figure 18 B). Similarly, our NGS data revealed that aldo/MR regulates IP3R1,
which is localized in the membrane of the endoplasmic reticulum (Figure 18 C). Given the
association of ER stress with an enhanced translational response, protein expression was

further evaluated through Western blot in HEK cells expressing MR. The results indicated
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that the presence of 10 nM aldo/MR within 24 hours increased the expression of the IREa
protein. In contrast, samples lacking MR induction did not show alterations in the expression

of the target protein (Figure 19 A, C).
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Figure 18. Contribution of MR/Aldo interplay to ER-stress. In NGS data, we observed
an elevation in the ER-stress markers after 10 nM aldo-stimulated HEK cells 6 h, such as
ATF6 and ERN1 (IREa) (A, B). The IP3R1, an endoplasmic reticulum protein responsible
for calcium regulation, exhibited upregulation compared to cells stimulated with DMSO (C);
N=6, n=12, *p < 0.05.

Subsequently, within the IREa pathway, the next step involves auto-phosphorylation of the
IREa protein itself. Measurements demonstrated that in cells stimulated with 10 nM aldo,
there was an increase in the auto-phosphorylated form of the IREa protein after 24 hours of
incubation (Figure 19 B, D).

Additionally, the investigation into the downstream target of the IREa pathway, XBP1,
revealed an elevation in spliced XBP1 (XBPs) mRNA levels in 24 hours of exposure to 10

nM aldo, while the control samples exhibited no significant changes (Figure 20).
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Figure 19. Aldo/MR interplay activates the IREa pathway. Western blot confirmed
increased IREa expression (A, C) and moderate autophosphorylation (B, D) in HEK-TO-MR
cells after 10 nM aldo vs. DMSO. No changes in MR-lacking samples; N=3, n=12, *p < 0.05.
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Figure 20. The downstream target of the IREa. Activation of the IREa pathway after 24 h
was observed by identifying the downstream target, the spliced form of the XBP1. In cells
stimulated with 10 nM aldo, where active IREa was detected, an elevation in the spliced
form of XBP1 was also observed. Conversely, in HEK cells with no MR and MR-expressing
cells with DMSO, there was no discernible increase in the spliced form of XBP1s; N=4, n=8;
*p < 0.05.

No changes were detected when the PERK pathway was assessed by measuring the
downstream target elF2a after 1 hour and 24 hours of treatment (Figure 21). This
observation suggests that the aldo/MR relationship specifically regulates specific ER-stress
pathways, emphasizing the selectivity of the cellular response to aldo-induced ER stress
(Figure 21 A-D).

A 1h B 24 h C 1h +MR no MR
300 300
P-€IF20 ™ s s
8 3 1h
N 200 & 9
S < 520 elF2a
3 3 X
~ H AN ~— . e D 24 h —
% 100 % 100 ' p-elF2q 7 T 0 s
. . ' 24 h :
0 0 elF2a —
IR AR o
A W RN\ DRIRN é a é 8
—= DMSO <
=—— ALDO a o <

Figure 21. The downstream target of the PERK. PERK downstream target elF2alpha did
not display an increase in expression that could be attributed to aldo/MR within the 24-hour
(B, D) time frame and during a shorter incubation period like 1h (A, C); N=3, n=12; *p < 0.05.

4.6. Activated MR by Aldo Triggered Autophagic Flux Increase

To assess the potential induction of autophagy stemming from the interaction between aldo
and the MR, autophagic flux was examined using lysosomal inhibitors, precisely 10 pg/ml
each of pepstatin and aloxistatin. These inhibitors were utilized to monitor LC3B Il turnover
from LC3B |, preserving autophagosomes labeled with the LC3B Il marker by preventing
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lysosomal degradation. It quantifies accumulated autophagosomes and autophagic flux by
subtracting samples without inhibitors from samples with inhibitors and estimating
autophagosome formation following 10 nM aldo stimulation over 24 hours. Upon 24 hours
of 10 nM aldo/MR stimulation, a noticeable increase in autophagy flux was observed, while

samples lacking MR did not exhibit enhanced autophagy (Figure 22 A).
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Figure 22. Autophagy triggered by aldo/MR. This experiment illustrates the investigation
of autophagy by 10 nM aldo and MR. Upon 24 hours of 10 nM aldo/MR stimulation (A), a
noticeable increase in autophagy flux was observed, while samples lacking MR did not
exhibit enhanced autophagy (B); N=3, n=7-8, *p < 0.05. As an alternative method to
evaluate the impact of MR, MR antagonist, 10 uM eplerenone (Epl) was employed with a 1-
hour incubation period before aldo addition (C); N=3 n=5-9, *p < 0.05. The bands from
samples treated with DMSO and inhibitors (DMSO+Inh) were compared to those treated
with aldo and inhibitors (aldo+Inh) to compare autophagic flux visually. For visual estimation
of bands with the MR antagonist, eplerenone (Epl), the band of cells treated with aldo+Inh
was compared with the band of cells treated with aldo, eplerenone, and inhibitor
(aldo+Epl+Inh).

To verify the specificity of the rise in autophagy attributed to the aldo/MR interaction,
samples from HEK-TO-MR without MR induction were examined. In this scenario, 10 nM
aldo failed to induce autophagy (Figure 22 B). Additionally, the MR antagonist eplerenone
attenuated MR activation, resulting in a decrease in autophagic flux. Eplerenone
demonstrated its ability to inhibit autophagic flux, displaying observable effects in cells
lacking MR induction (Figure 22 C). These investigations suggest that the heightened
autophagic flux results from altered cellular behavior induced by the aldo/MR interaction,

where aldo/MR might serve as an upstream regulator in modulating autophagy dynamics.
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4.7. Increased Cell Death Marker Expression via aldo-Induced MR Signaling

Cell death markers were evaluated to explore the implications of aldo/MR stimulation,
focusing primarily on apoptosis and necrosis. The investigation unveiled a significant rise in
the apoptosis marker, particularly an elevation in caspase-3 activity, in HEK cells
overexpressing MR and exposed to aldo. After 24 hours of exposure to 10 nM aldo, a
noticeable increase in caspase-3 activity was observed (Figure 23 A). This effect was even
more evident during the subsequent 48-hour treatment (Figure 23 B), indicating a time-
dependent escalation in the apoptotic response to aldo/MR stimulation. In contrast, control
conditions involving HEK cells treated with DMSO/MR and HEK cells lacking MR did not
show any elevation in caspase-3 levels, highlighting the specificity of the observed apoptotic
response to aldo/MR (Figure 23 A, B). Significantly, the assessment of necrosis markers,
particularly lactate dehydrogenase (LDH), did not reveal changes similar to caspase activity
in aldo/MR -stimulated cells after 24 and 48 hours (Figure 24 A, B). The measurement
covered fresh samples, where LDH activity was measured in the media of HEK cells (media
LDH activity) from the respective cell groups and normalized to the total LDH activity in both
media and lysates. Aldo treatment without MR expression did not induce LDH activity after
24 or 48 hours. These results highlight the specificity of the aldo/MR response in HEK-TO-

MR cells, leading to increased apoptosis without inducing necrosis.
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Figure 23. Caspase activity under aldo/MR stimulation. We measured fluorescence
increase in MR-overexpressing HEK cells, specifically detecting caspase-3 activity, a
recognized marker of apoptosis, within 24 h (A), with a more pronounced effect seen at 48
h (B). Cells stimulated with DMSO in the presence of MR showed no caspase-3 activity,
similar to the control group of HEK cells without MR expression (A, B); N=4, n=6-8, *p <
0.05.
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Figure 24. LDH activity under aldo/MR stimulation. Necrosis marker, LDH, after 24 and
48-hour incubation, showed no discernible rise in LDH activity in HEK overexpressing MR
cells treated with 10 nM aldo. The control cell groups, including those treated with DMSO in
the presence of MR and cells without MR induction, did not exhibit any elevation in LDH
activity; N=4, n=6-8, *p < 0.05.

4.8. Influence of Micromilieu on MR

As previously discussed, numerous preclinical and clinical studies indicate that alterations
in the micromilieu are crucial in the development of MR-induced pathologies. Furthermore,
these changes are associated with aging, as elevated oxidative stress (nitrosative stress)
levels and increased MR expression and activity are observed in the vascular walls of older
individuals. The objective was to elucidate MR signaling and function and MR expression

under nitrosative stress conditions induced by the peroxynitrite donor SIN-1.
4.8.1. Translocation Ability of MR Without Aldo Activation in HEK TO MR Cells

We conducted immunofluorescence analysis to investigate whether MR can undergo
translocation independent of classic ligands. Our cells were treated with a final
concentration of 200 uM SIN-1 for one hour, omitting the addition of aldo while ensuring
well-expressed MR in the cell model. The control group consisted of cells treated with
DMSO, and the classic ligand activation involved treatment with 10 nM aldo for one hour
(Figure 25 A, B, E). In cells treated with SIN-1, MR was located in the cytosol and the
nucleus (Figure 25 C, E). In contrast, MR was observed mainly in the cytoplasm of cells in
the negative control group. In cells treated with 10 nM aldo, MR was concentrated in the
nucleus following classic ligand activation (Figure 25 B, D, E). Simultaneous stimulation with

aldo and SIN-1 also initiated the translocation of MR from the cytosol to the nucleus.
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Figure 25. MR translocation under nitrosative stress. The influence of nitrosative stress
on MR translocation was studied by exposing cells to 10 nM aldo (B), 200 uM SIN-1 (C),
and aldo+SIN-1 (A+S) (D) for 1 hour. In the control group (A, DMSO), MR was mainly in the
cytosol. Aldo treatment caused MR to move entirely to the nucleus. SIN-1 induced partial
nuclear translocation, but complete translocation was not achieved after 1 hour in A+S
samples. Thus, more MR was transitioning from cytoplasm to nucleus (E), with a reduced
cytoplasmic MR fraction in the presence of SIN-1. N=4; n=150 per condition, *p < 0.05 vs
cytosol DMSO.

4.8.2. Genes regulation by SIN-1/MR

NGS data analysis of 200 uM SIN-1/MR-treated samples identified only 35 differentially
regulated protein-coding genes (Figure 26). Interestingly, in cells stimulated with 200 yM
SIN for 6 h, we observed the regulation of genes associated with the onset of CVDs. The
gene SKIDA1 (SKI/DACH Domain-Containing 1) was found to be downregulated by both
aldo and SIN-1, acting through the MR, compared to control conditions. However, the
combined effect of aldo and SIN-1 did not surpass the individual effects of either compound
alone (Figure 27 A).
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Figure 26. NGS data analysis with 200uM SIN-1. We utilized EdgeR and DESeq2,
identifying genes regulated by 200 uM SIN-1 to the vehicle DMSO. (FDR < 0.05), N=6,
n=12.
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Figure 27. The activation of genes by SIN-1 acts through the mineralocorticoid
receptors. SKIDA1 shows regulation by 10 nM aldo/MR and 200 uyM SIN-1/MR following 6
hours of treatment with the stimulants, preceded by 18 hours of MR expression (A, D).
FOSL2 demonstrates an additive effect when treated with a combination of aldo and SIN-1
compared to cells treated with aldo or SIN-1 alone. MMP15 exhibits robust regulation by
aldo and a slightly lesser effect by SIN-1. Control experiments without MR expression reveal
no regulation of these genes; N=6, n=12, *p < 0.05 vs. control; #p <0.05 vs. aldo.

For the gene FOSL2 (FOS like 2, AP-1 Transcription Factor Subunit), both aldo/MR and

SIN-1/MR stimulation enhanced expression, although SIN-1 alone showed slightly lower
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activity. Notably, when aldo and SIN-1 were combined, there was an increase in FOSL2

expression compared to either compound alone (Figure 27 B).

Regarding MMP15 (Matrix Metalloproteinase 15), aldo demonstrated significant regulation,
confirming its status as an MR-regulated gene. However, the expression activation induced
by SIN-1/MR was slightly less pronounced compared to aldo/MR. Additionally, the
combination of aldo and peroxynitrite did not elicit greater regulation than aldo alone (Figure
27 C).

Furthermore, when MR expression was absent, no effect was observed on these three
genes despite the same stimulating agents (Figure 27 D-F).

These findings indicate that 200 uM SIN may activate MR-driven transcriptional activity.
Aldo’s regulation of these genes further supports their status as MR-regulated genes, as

evidenced by the absence of aldo regulation in negative control experiments.
4.8.3. Effect of Nitrosative Stress on MR/PDK4 Interaction

To assess the expression of the MR target gene PDK4, we first examined its regulation
under 200 uM SIN treatment. After 6 hours, no additional modulation of PDK4 expression
was observed in the samples treated with aldo and 200 uM SIN compared to the aldo
control. In the control samples lacking the MR, we detected a slightly higher PDK4
expression than the control without MR (Figure 28).
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Figure 28. Under 200 uM SIN treatment, PDK4 expression in NGS was assessed. In
the context of nitrosative stress, the sample treated with aldo and 200 uM SIN-1 showed no
significant changes in PDK4 expression compared aldo alone, indicating that the effect of
aldo is maintained in the aldo/200 uM SIN-1 condition. In the sample treated with 200 uM
SIN-1 alone, no PDK4 gene expression was observed after 6 hours. In samples lacking MR,
aldo, and aldo combined with SIN-1 induced a slight upregulation of PDK4. However, in the
presence of MR, this upregulation was significantly enhanced. N=6, n=12, with *p < 0.05 vs.
control.

The next step involved evaluating the effects of higher concentrations of SIN-1 on PDK4
expression. HEK-TO-MR cells were exposed to higher concentrations of SIN-1, namely 600
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MM and 800 uM, for 24 hours (Figure 29). Additionally, cells were stimulated with 10 nM
aldo. The control included DMSO-treated cells with MR overexpression but no activation
and HEK cells lacking MR overexpression but subjected to other stimulants, such as 10 nM
aldo, 600 uM, and 800 uM SIN-1, to examine the effect of MR.

Our findings demonstrated a notable reduction in PDK4 MR-dependent mRNA expression

under aldo+SIN-1 stimulation compared to aldo (Figure 29 A, B).
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Figure 29. mRNA expression of PDK4 under SIN-1/MR regulation. In the presence of
nitrosative stress, aldo/MR induced less increase in PDK4-mRNA after 24 hours, particularly
evident with high concentrations of SIN-1 such as 600 uM and 800 uM (A, B). There was a
tendency for SIN-1 to attenuate the regulatory effect of aldo, especially in samples where
both aldo and SIN-1 were administered simultaneously (A, B). A notable inhibition of the
aldo effect by SIN-1 was observed after 24 hours. We verified the effect of SIN-1 using
ebselen, which restored the effect of aldo. In contrast, samples lacking MR did not show
any regulation in PDK4 expression (C); N=6, n=12, *p < 0.05 vs. control; # p <0.05 vs. aldo;
$p <0.05 vs. sin+aldo.

Additionally, in the cells without MR expression, no significant alterations in PDK4
expression were observed in the presence of 600/800 uM SIN-1 and 10 nM aldo after 24
hours of incubation. To explore whether the decrease in PDK4 levels was attributable to
SIN-1 we utilized ebselen, a specific peroxynitrite scavenger, at a final concentration of 40
MM. Remarkably, ebselen restored PDK4 protein levels nearly to those observed in the
group treated with 10 nM aldo (Figure 29 A, B). In samples treated with both SIN-1 and
ebselen concurrently, no changes in PDK4 regulation were observed without aldo. These
findings suggested that PDK4 expression in our HEK cells is contingent upon MR activation

and expression, highlighting the diverse effects of MR depending on the specific ligand.
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4.8.4. Protein Expression of PDK4

We investigated the protein expression of PDK4 in response to SIN-1/MR stimulation.
Specifically, we treated cells with 600 uM and 800 uM SIN-1 for 24 hours. Control cells were
stimulated with DMSO, while cells with 10 nM aldo were our reference for activated MR.
The results for PDK4 protein expression mirrored those observed for PDK4 mRNA
expression. Cells treated with aldo and SIN-1 exhibited decreased protein expression
compared to aldo alone. However, upon treatment with ebselen, a peroxynitrite scavenger,

the effect of aldo + Sin-1 was restored to nearly the same levels as aldo (Figure 30 A-D).
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Figure 30. PDK4 protein expression under SIN-1/MR interplay. Samples treated with 10
nM aldo and SIN-1 at concentrations of 600 uM (A, C) and 800 pM (B, D) exhibited a
reduction in PDK4 protein levels. However, the introduction of 40 uM ebselen, a peroxynitrite
scavenger, effectively reinstated the impact of aldo, bringing it back to levels comparable to
aldo treatment alone; N=3 n=12, *p < 0.05 vs. control; *p <0.05 vs. aldo; ®p <0.05 vs.
sin+aldo.

4.8.5. Influence of the Nitrosative Stress on Aldo/MR Function (Cell Death)

Stimulation with SIN-1 has been found to induce changes in downstream processes, such
as apoptosis. Previous observations revealed an increased caspase activity in MR-
expressing cells stimulated with 10 nM aldo, indicating that the interaction between 10 nM

aldo and MR initiates apoptosis.

In subsequent experiments, tests were conducted at 24 hours, during which cells were
additionally stimulated with various concentrations of SIN-1 ranging from 200 uM to 800 uM.
Results at the 24-hour time showed no significant effect on caspase activity in samples with
activated MR when stimulated with SIN-1 alone (Figure 31 A) compared to control DMSO-
treated cells. When comparing samples stimulated with 10 nM aldo and SIN-1 to DMSO,
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elevated caspase activity was observed after 24 hours for samples stimulated with 200 uM
and 400 uM of SIN-1 (Figure 31 B). This increased activity was maintained due to the effect
of aldo. However, for higher concentrations of 600 uM and 800 uM, the observed increase
in caspase activity was lost compared to the DMSO control, indicating that the effect of aldo
was suppressed by nitrosative stress at 24 hours. In samples treated with both 10 nM aldo
and SIN-1, caspase activity gradually returned to control levels in a dose-dependent manner
compared to aldo alone. HEK cells without tetracycline addition were used as a negative
control to maintain cells without MR expression. No increase in caspase activity was

observed after 24 hours in samples treated with 10 nM aldo and SIN-1 in cells lacking the
MR (Figure 31 C, D).
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Figure 31. Caspase activity after aldo, SIN-1 and SIN-1/aldo stimulation. Caspase
activity remained unaltered when cells were exposed to 200 uM, 400 uM, and 600 uM SIN-
1 alone for 24 hours (A). 10 nM aldo led to an increase in caspase-3 activity. However,
samples treated with both aldo and SIN-1 after 24 hours tended to reduce caspase activity
compared to the effect of aldo alone (B). Additionally, samples without MR stimulated with
SIN-1 after 24 hours did not exhibit any significant effect (C, D); N=4, n=8, *p < 0.05 vs.
control; #p <0.05 vs. aldo.
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Overall, our results confirm that aldo and MR together trigger apoptosis. However, SIN-1
alone is not capable of increasing caspase activity. Meanwhile, high concentrations of SIN-

1 suppress aldo's impact in the presence of MR.

4.8.6. MR Expression Under Nitrosative Stress

We examined the mRNA expression of the MR under nitrosative stress conditions.
Following a 6-hour incubation with 200 uM and 400 uM SIN-1, no significant changes in MR
mRNA expression were observed. However, at higher concentrations of SIN-1, beginning
at 600 uM, a dose-dependent decrease in MR mRNA expression was detected (Figure 32).
For our investigation of MR protein expression, we focused on 24-hour stimulation using
varying concentrations of SIN-1 (200 uM, 400 uM, 600 pM, 800 pM). We found that
stimulation with 200 uM and 400 uM SIN-1 did not affect MR protein expression (Figure 33
A, B, C, D). At higher SIN-1 concentrations (600 uM and 800 uM), we observed a decrease
in MR protein expression. This trend was consistent for samples stimulated with SIN-1 alone

and those co-stimulated with aldo and SIN-1.
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Figure 32. MR mRNA expression under SIN-1. No changes were observed at 200 yM
SIN-1 (A) on MR mRNA expression. Similarly, a concentration of 400 uM SIN-1 (B) did not
affect MR mRNA expression. However, increasing the concentration to 600 uM and 800 uM
decreased MR mRNA expression after a 6-hour incubation period; N=6, n= 12, *p < 0.05.
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Figure 33. MR protein expression under SIN-1 stimulation for 24 hours. Samples with
600 uM and 800 uM SIN-1 showed a decrease in MR protein levels. In contrast, no
significant change was observed for 200 uM and 400 pM SIN-1 treatments (A-D); N=3, n=6,
*p < 0.05.

4.8.7. Effect of SIN-1 on Protein Expression of Glucocorticoid Receptor

The GR, structurally and functionally similar to MR, was studied to assess nitrosative stress

effects. A comprehensive understanding of the distinctions between these two receptors is
vital for developing more specific and targeted medications. We found no impact on GR
protein expression in samples treated with 200-800 yM SIN-1 alone or in combination with
100 nM dexamethasone (Figure 34 A, B).
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Figure 34. GR protein expression under SIN-1 stimulation 24 hours. At high

concentrations (600 uM and 800 pM), GR protein levels remain unchanged after 24 hours
of SIN-1 stimulation, both with SIN-1 alone and in combination with 100 nM dexamethasone
(A-D); N=3, n=6, *p < 0.05.
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5. Discussion

This study explores MR's multifaceted roles in cellular homeostasis, particularly in metabolic
regulation, ER stress, apoptosis, and autophagy. Traditionally recognized for its involvement
in sodium homeostasis within renal epithelial cells, our experiments investigated the impact
of MR in broader pathophysiologically relevant cellular processes. Focusing on glucose and
energy metabolism, we found alterations in metabolic pathways in MR-overexpressing HEK
cells exposed to aldo. We hypothesize that genes involved in the regulation of metabolic
processes in MR-overexpressing HEK cells may be responsible for observed cellular
alterations such as ER stress, apoptosis, and autophagy, each examined in this study. Our
objective was to investigate the impact of the MR in the cellular environment, utilizing a
tetracycline-inducible overexpression system to facilitate the controlled modulation of MR

expression in a switch on and off mode, underlining MR effects (Urlinger et al., 2000).

5.1.1. Energy Metabolism Involves MR Regulation in HEK Cells

The experiments revealed an overlooked role of MR in metabolic regulation. Our study on
glucose and energy metabolism showed a consistent increase in glucose consumption in
MR-overexpressing HEK cells following aldo exposure. Additionally, increased lactate
production in these cells suggests a potential effect on glycolytic pathways. In contrast, cells
lacking MR expression showed no differences in glucose consumption and lactate
production between control and aldo-stimulated conditions, highlighting MR's specific

influence.

The augmentation of glucose consumption and concurrent lactate production induced by
elevated MR activity may represent an adaptive cellular response. This phenomenon could
be particularly relevant in scenarios such as aging, where reports indicate increased aldo

and MR activity and expression levels (Bauersachs et al., 2015; Ibarrola et al., 2023).

Switching to lactate production in MR overexpressing cells can be analyzed using
established knowledge. This switch may be attributed to an endeavor to mitigate oxidative
stress (Lin et al., 2022). Anaerobic glycolysis plays a crucial role in this process by
redirecting glucose away from pathways that engender oxidative stress, a hallmark of aging
(Maldonado et al., 2023). Through the production of lactate, instead of proceeding through
the tricarboxylic acid (TCA) cycle and oxidative phosphorylation, cells aim to minimize ROS
generation (Handy and Loscalzo, 2012; Rashmi et al., 2018). It is widely recognized that
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heightened aldo and mineralocorticoid concentrations can elevate reactive oxygen species
(ROS) production (Edwards, 2020; lwashima et al., 2008; Queisser et al., 2011).

To bolster evidence of MR's influence on the glycolytic pathway, we used a Seahorse XF
analyzer to systematically measure the ECAR, utilizing various reagents to dissect the
contributions of different pathways to proton production. Aldo application to MR-HEK cells
increased basal proton efflux rate (PER), basal glycolysis, and compensatory glycolysis.
Using Rot/AA, we quantified the PER derived from glycolysis, revealing heightened
acidification due to increased proton generation within the glycolytic pathway. These results
provided a more precise understanding of the glycolytic contribution to proton efflux. Our
results demonstrated an elevated proton efflux rate in cells stimulated with aldo/MR,
quantitatively measuring the glycolytic contribution to acidification. Upon suppressing both
mitochondrial (Rot/AA inhibition) and glycolytic acidification sources, the introduction of 2-
Deoxy-D-glucose showed no significant differences between aldo-treated and DMSO-
treated cells regarding other potential acidification sources.

The assessment of oxygen consumption rate (OCR) corroborated our ECAR findings,
indicating diminished oxygen utilization in aldo-stimulated cells within the mitochondria.
Consequently, compared to control cells, basal respiration was reduced under aldo/MR
stimulation. Spare respiratory capacity (SRC) exhibited elevation among mitochondrial
respiratory parameters in aldo/MR HEK cells. Non-mitochondrial oxygen consumption
decreased in aldo samples with MR presence.

We examined alterations in ATP production pathways to delve deeper into the transition
between the glycolytic pathway and oxidative phosphorylation (OXPHOS). Employing a
sequential introduction of two inhibitors (oligomycin and Rot/AA) during Seahorse
measurements, we observed a shift of ATP production towards the glycolytic pathway,
accompanied by a reduction in mitochondrial ATP production. Interestingly, despite the lack
of significant changes in overall ATP production, a shift between pathways was observed,

particularly towards the glycolytic pathway.

Seahorse experiments clarified our previous observations of elevated lactate production. In
these experiments, cells were incubated without CO; to ensure sufficient oxygen supply for
one hour before measurements. The addition of rotenone and antimycin A (Rot/AA) inhibited
mitochondrial CO> production, pinpointing glycolysis as the source of increased proton

production, aligning with the observed rise in lactate production. The reduction in basal
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respiration (OCR) is associated with cardiovascular disorders, where heightened glycolysis
compensates for decreased mitochondrial function (Ait-Aissa et al., 2019; Bhullar and
Dhalla, 2023). Additionally, we observed a decrease in oxidative phosphorylation
(OXPHOS) ATP production due to aldo/MR activity, possibly as an effort to mitigate reactive
oxygen species (ROS) production. This metabolic switch might also be linked to ER stress,
where abnormal calcium release from the ER lumen impairs mitochondrial ATP production

via increased inositol trisphosphate receptor (IP3R) activity (Mekahli et al., 2011).

SRC represents the mitochondrial capacity to meet additional energy demands beyond the
basal level, mitigating the risk of an ATP crisis during acute cellular stress or a substantial
workload (Nicholls, 2009). The heightened spare capacity suggests mitochondrial stress,
necessitating an adaptive response, such as modulating ATP production pathways
(Marchetti et al., 2020). However, in aldo-stimulated cells, elevated SRC, with lower basal
respiration, likely reflects a relative increase rather than an absolute enhancement of
mitochondrial capacity. When basal respiration decreases, the gap between basal and
maximal respiration (spare capacity) can appear more prominent as a percentage or relative

value, even though the mitochondria may not have a more functional reserve.

Although mitochondria consume most oxygen in any cell, enzymatic reactions and
oxygenases outside mitochondria also somewhat consume oxygen. Non-mitochondrial
oxygen consumption, a parameter measured by Seahorse, showed slight changes between
aldo-treated and control samples, indicating the cells' ability to maintain metabolic demands.

Overall, the observed effects are primarily associated with alterations in glycolysis induced
by the aldo/MR interplay, leading to a shift to lactate production. Consequently,
mitochondrial ATP production was reduced, and glycolytic ATP production increased. This
ATP production shift indicated a metabolic adaptation in response to the high concentration

of aldo stimulation in the presence of the overexpressing MR.

The MR has a diverse impact on glucose metabolism in various tissues. Specifically, in the
liver, studies demonstrate MR involvement in regulating genes responsible for hepatic
glucose production, notably through the modulation of glucose-6-phosphatase (G6Pase)
expression. Antagonizing MR activity or employing shRNA to inhibit MR expression reduces
G6Pase expression, whereas aldo increases it (Liu et al., 2006). Conversely, in the retina,
MR activation may potentially exacerbate diabetic complications (Ohashi et al., 2022).

However, in skeletal muscle, MR's impact on glucose metabolism appears neutral (Feraco
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et al., 2023). Notably, in cardiomyocytes, elevated glucose levels amplify the hypertrophic
effect of aldo via MR, suggesting a link between MR activation and glucose-related cellular
processes (Sato and Funder, 1996). Moreover, overactivation of MR is implicated in the
pathophysiology of metabolic syndrome, including glucose intolerance (Thuzar and
Stowasser, 2021). However, studies on low doses of the MR antagonist eplerenone in
healthy adult males show no significant alterations in glucose and lipid metabolism (Krug et
al., 2013). Other investigations employing MRAs have been linked to decreased progression
of diabetic kidney disease and cardiovascular events in diabetic patients, indicating a
beneficial impact on metabolic comorbidities associated with glucose metabolism (Dey et
al., n.d.). In cardiometabolic diseases, MR antagonists benefit energy and substrate
homeostasis (Thuzar and Stowasser, 2021).

While direct evidence regarding ATP production controlled by MR is limited, research
implies a link between MR and cellular energetics, with aldo/MR potentially influencing
cellular metabolism and thus affecting ATP production. Studies investigating aldo's impact
on glucose metabolism and insulin sensitivity indirectly implicate MR in ATP synthesis due

to the critical role of glucose metabolism in ATP production (Kuhn and Lombeés, 2013).

Research shows that MR is involved in glucose metabolism, but the mechanisms underlying
its regulation remain poorly understood. Investigating alternative metabolic pathways is
essential for a comprehensive understanding of energy metabolism under the influence of

aldo/MR synergy.
5.1.2. MR Serves as an Upstream Regulator of Genes of Energy Metabolism

As a transcription factor, MR may function as an upstream regulator of genes implicated in
the observed cellular alterations identified through NGS. The NGS data revealed regulation
in the expression of GLUT3, SWEET1 transporters (SLC2A3, SLC50A1), and pyruvate
dehydrogenase phosphatase 1 (PDP1).

The increased expression of GLUT3, a glucose transporter, might be correlated with
changes in glucose transport within particular tissues and could be related to various
diseases or alterations in cellular mechanisms for glucose uptake (Boileau et al., 1995).
Overexpression of GLUT3 is frequently observed in cancerous cells, which enhances their
demand for and uptake of glucose (Meneses et al., 2008). SWEETSs are a newly identified
class of sugar transporters involved in glucose transport, particularly in the intestine and
mammary glands. In goat mammary gland epithelial cells, SWEET1 was shown to decrease
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glucose uptake, while the expression of GLUT1, GLUT4, and GLUT12 increased, potentially
due to glucose efflux. In humans, SWEET1 may also contribute to glucose supply for lactose
production in the mammary glands. However, the exact transport mechanism of SWEETs
remains to be determined. While current evidence supports a role in uniport or facilitated
diffusion, more complex transport mechanisms, including cotransport, have not been ruled
out (Wang et al., 2019).

Additional evidence of the influence of the aldo/MR system on metabolic flexibility is evident
through the downregulation of the PDP1 enzyme. Counteracting the pyruvate
dehydrogenase kinases (PDKs), the PDPs dephosphorylate E1a, thereby restoring
pyruvate dehydrogenase (PDHA) activity, allowing pyruvate to enter the tricarbon acid cycle
(Wang et al., 2021). In humans, two PDP isoforms, PDP1 and PDP2, are identified, each
exhibiting distinct yet partially overlapping tissue expression patterns. PDP1 is prominently
expressed in the brain, heart, skeletal muscle, and testis, while PDP2 is primarily expressed

in the liver and adipose tissue (Gray et al., 2014).

A key finding in our NGS data was the upregulation of the PDK4 enzyme, a central regulator
of metabolic flexibility in mammals (Jeon et al., 2021). Although all four known isoforms of
PDK were detectable, only PDK4 exhibited differential expression in response to aldo/MR.
RNA-Seq results were validated through qRT-PCR and Western blot analyses, with PDK4
activity assessed by analyzing the phosphorylation of the downstream target PDHAA1.
Additionally, we examined PDK4 expression in EA.hy926 cells, having previously
established endogenous MR expression in these cells. Our findings indicated a similar
regulatory influence of MR on PDK4 expression at the protein level. This aldo/MR effect was
further confirmed by applying a specific MR antagonist in EA.hy926 cells, after which PDK4

expression decreased compared to the samples with aldo.

Moreover, NGS analysis and qPCR revealed the modulation of other genes by aldo/MR,
including SGK1, MAP3K6, and PRKAB2, all key players in glucose metabolism regulation
(Gomez-Sanchez and Gomez-Sanchez, 2014; Ho et al., 2004; Mueckler and Thorens,
2013). The activation of SGK1 demonstrated the potential to significantly increase glucose
uptake in cells detached from the extracellular matrix (ECM). Furthermore, the heightened
expression of SGK1 enables ATP synthesis independent of mitochondrial involvement
(Cockfield and Schafer, 2021).
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PDK4 is a tissue-specific enzyme highly expressed in various organs, including the heart,
skeletal muscle, liver, and kidney (Wang et al., 2021). The primary function attributed to
PDK4 is the phosphorylation of the pyruvate dehydrogenase (PDHA) complex, leading to
its inactivation and thereby preventing the entry of pyruvate into the tricarboxylic acid cycle
for oxidative decarboxylation (Jeoung et al., 2006). In conditions such as diabetes and
inflammation, elevated expression of PDK4 contributes to the inactivation of the PDHA
complex (Kuntz and Harris, 2018). Several factors have been identified as regulators of
PDK4 expression, including reduced insulin levels, increased glucocorticoids (GCs), and
free fatty acids, as well as the transcription factors PPARa, FOXO1, and PGC1a (Huang et
al., 2002; Wende et al., 2005). However, limited research has explored the regulation of
PDK4 by the MR. We found one study where PDK4 was previously identified as a potential
MR target (Ziera et al., 2009).

PDK4 plays a pivotal role as an enzyme in influencing cell metabolism through multiple
mechanisms, such as metabolic reprogramming, regulation of autophagy, lipid metabolism,
and control of the cell cycle (Araki and Motojima, 2006; Ma et al., 2020; Takubo et al., 2013).
These diverse roles underscore the potential of PDK4 as a promising therapeutic target for

addressing both metabolic disorders and cancer (Wang et al., 2021).

Our study demonstrated MR-mediated upregulation of PDK4 at the protein level in two
distinct cell types expressing MR. Therefore, we propose that activated MR can enhance
PDK4 expression, inducing functional consequences such as a metabolic shift to lactate
production. The reduced oxidative phosphorylation of glucose could be due to activated
PDK4, which may contribute to mitochondrial stress, subsequently inducing ER stress and
overall cell death (Kim et al., 2023; Lee et al., 2015; Leem and Lee, 2016). These results
suggest that the modulation of PDK4 expression by MR may be one of the causes of
metabolic changes that affect cell homeostasis.

Previously, PDK4's role in driving metabolic reprogramming towards a Warburg effect and
its involvement in VSMC calcification were highlighted (Ma et al., 2020). Recent research
data showed that PDK4 overexpression led to the phosphorylation of non-typical target
proteins (IP3R1-GRP75-VDAC1), promoting excessive Ca?* transport into mitochondria
through mitochondria-associated endoplasmic reticulum membranes (MAM) (Jeon et al.,
2021). Prolonged induction of MAM, however, resulted in mitochondrial dysfunction due to
elevated Ca?* levels and increased ROS production (Janikiewicz et al., 2018). Dysregulated
MAM function can lead to ER stress (Arruda and Hotamisligil, 2015). Additionally, PDK4
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promotes cardiac dysfunction and myocardial apoptosis in immature rats and decreases the

ability of antioxidant enzymes (Yin et al., 2021).
5.1.3. ER Stress Signaling Pathways Regulated by MR

Our NGS data identified upregulation of ER-stress markers, particularly ATF6, ERN1
(IREa), and ITPR1, a protein involved in calcium regulation. Western blot analysis showed
a significant increase in IREa (ERN1) protein expression and phosphorylated form after 24
hours in HEK-TO-MR cells exposed to aldo. Additionally, we observed an elevation in the
spliced form of the XBP1 transcription factor at the mRNA level, indicating activation of the
IREa pathway. Control conditions, including HEK cells with DMSO/MR and cells without MR
in the presence of aldo, showed no increase in ER stress markers, highlighting that the

observed elevation is specific to aldo/MR interaction.

The ER is crucial for protein maturation, managing the translocation and modification of
about one-third of cellular proteins, including secretory, luminal, and membrane proteins. In
the ER lumen, these proteins are modified by resident enzymes and chaperones to achieve
their proper structure, relying on precisely regulated calcium, glucose, and ATP
concentrations, as well as an optimal redox environment (Hetz, 2012). Disruption of protein
folding results in ER stress, prompting the activation of the unfolded protein response (UPR)
(Cybulsky, 2013). The UPR is initiated by three transmembrane proteins: IRE1, PERK, and
ATF6. IRE1a, the most evolutionarily conserved ER membrane protein, functions as a
kinase and an endoribonuclease. Upon activation, IRE1a splices X-box binding protein 1
(XBP1) mRNA, producing a spliced form (XBP1s) that acts as a potent transcription factor,
upregulating genes essential for ER-associated degradation (ERAD) and protein folding
(Ron and Hubbard, 2008). These processes help cells adapt to ER stress (Blazanin et al.,
2017). Additionally, IRE1a activation can trigger stress kinases such as c-Jun N-terminal
kinase (JNK) and p38 MAPK, which are involved in processes like apoptosis, inflammation,
and stress responses (Kim et al., 2008). The induction of JNK and p38 MAPK by IRE1a
contributes to the cellular response to ER stress, influencing cell survival or apoptosis
depending on the severity and duration of the stress (Maeyashiki et al., 2020).

Likewise, recent evidence underscores the substantial contribution of ER stress to
cardiovascular and renal diseases (Mohammed et al., 2010; Yuan et al., 2015). Despite the

limited research data on regulating ER stress by aldo/MR, recent studies have shed light on
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the role of aldo/MR receptor-mediated podocyte injury, highlighting the significance of

oxidative stress and ER stress (Yuan et al., 2015).

In our investigations into cellular alterations induced by the aldo/MR and its PDK4
regulation, the significance of MAMs must be considered. MAMs serve as a pivotal signaling
platform for dynamically modulating metabolic pathways (Gao et al., 2020). PDK4 plays a
role in MAM’s formation (Thoudam et al., 2019). It is suggested that increased PDK4
expression could potentially worsen MAM integrity (Kim et al., 2023; Thoudam et al., 2023),
thereby potentially contributing to the triggering of ER stress due to MAM instability (Arruda
and Hotamisligil, 2015). Enhanced interaction between the ER and mitochondria, along with
increased calcium transport, has been observed under ER stress conditions, such as
treatment with tunicamycin (Arruda et al., 2014). Moreover, additional signaling mechanisms
have been elucidated; in addition to heightened ER-mitochondrial connectivity, the
expression of the Ca?* channel IP3R and tethering proteins like PACS-2 were notably
upregulated in MAMs isolated from liver cells in two distinct obesity models, resulting in
augmented oxidative stress and compromised oxidative phosphorylation (Arruda et al.,
2014).

These findings emphasize the role of aldo/MR in activating downstream signaling pathways,
particularly the IREa pathway, contributing to cellular responses associated with
endoplasmic reticulum stress. Emerging data indicates that ER stress may trigger
autophagy (Cheng and Yang, 2011). Notably, previous investigation has revealed that
IRE1a can trigger autophagic processes as one of its stress responses to ER stress, thereby
fostering the survival of SK-N-SH cells during ER stress (Ogata et al., 2006). Recent
research has highlighted the activation of autophagy in hepatic steatosis, triggered by ER
stress through the IRE1a-JNK pathway (Wu et al., 2021).

5.1.4. Autophagy as a Result of Possibly Failed UPR Response

We hypothesized that aldo's potential induction of autophagy in conjunction with the MR
might be a follow-up cellular response to ER stress and/or changes in MAM protein
complexes. Autophagy flux was assessed by employing lysosomal inhibitors (pepstatin and
aloxistatin at 10 pg/ml) to monitor the turnover of LC3B Il from LC3B |. Visual and
quantitative comparison of bands with inhibitors and without inhibitors enabled the
evaluation of LC3B Il flux. After 24 hours of stimulation with aldo, an elevation in autophagy
flux was detected. Conversely, samples without MR did not manifest heightened autophagy,
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underscoring the pivotal role of MR in mediating this response. To further assess the
involvement of MR, we utilized the MR antagonist eplerenone, presenting an alternative
approach to scrutinize the impact of MR on autophagy regulation. The results confirmed the
MR's effect in triggering autophagy in HEK cells.

Autophagy constitutes a multi-step cellular self-degradation process where proteins and
organelles are enclosed within cytosolic double-membrane vesicles, known as
autophagosomes. Subsequently, these autophagosomes are transferred to the lysosome
for modification (He and Klionsky, 2009). Autophagosome initiation is mediated by the ULK1
complex, comprising ULK1, ATG13, FIP200, and ATG101, which translocates to autophagy
initiation sites to recruit the VPS34 complex. The complex includes UVRAG to form a
multiprotein complex with class Il phosphatidylinositol 3-kinase (PI3K), which recruits
additional ATG proteins (including ATG12) to facilitate vesicle elongation and phagophore
nucleation (Vicencio et al., 2009). Cancer research has shown that ULK1 inhibits cancer
cell proliferation and colony formation while promoting caspase-dependent apoptosis.
Several autophagic proteins, including ULK1, have demonstrated dual roles in autophagy
and apoptosis (Mukhopadhyay et al., 2015). For instance, ATG12 has been found to induce
mitochondrial apoptosis by inhibiting the anti-apoptotic proteins BCL-2 and MCL-1 through
its BH3-like motif (Zachari and Ganley, 2017). Studies have demonstrated that autophagy
can selectively target specific cargos (protein aggregates). This selectivity is achieved by
linking cargos to LC3 family proteins through ubiquitin-dependent or independent
mechanisms. Unlike bulk autophagy, where protein ubiquitination modulates the process,
in selective autophagy, ubiquitination marks cargos for recognition and initiates the
autophagy process. Ubiquitinated proteins on cargos recruit specific autophagy adaptor
proteins, such as p62 or NBR1 (Chen et al., 2019). The stimulation of autophagy is a
multifaceted process influenced by various signaling inputs (He and Klionsky, 2009).

One of the possible mechanisms is the involvement of the MAM in the regulation of
autophagy (Hamasaki et al., 2013). As previously noted, PDK4, a target aldo/MR pathway
protein, is closely associated with the MAM complex, specifically the IP3R1-GRP75-VDAC1
complex, suggesting a regulatory role (Jeon et al., 2021). Recent investigations have also
implicated IP3R in autophagy control, although data regarding the interplay between Ca?*
and IP3R in autophagy remain somewhat conflicting (Parys et al., 2012). One plausible
mechanism involves the upregulation of IP3R1 on the ER membrane in conjunction with the
VPS34 complex, a key player in autophagic signaling (Vicencio et al., 2009). The regulatory

57



function of IP3R1 in autophagy is intricate and contingent upon cellular context and stress
stimuli. Thapsigargin, a potent inhibitor of endoplasmic reticulum calcium ATPase, has been
utilized in several studies to induce elevated cytosolic Ca?* levels and subsequent
augmentation of autophagy (Grotemeier et al.,, 2010; Hgyer-Hansen et al., 2007). The
heightened Ca?* flux, integral to the MAM-resident multiprotein complex IP3R1-GRP75-
VDACH1, facilitates calcium transport from the ER to the mitochondria, thereby modulating
autophagy regulation (Thoudam et al., 2019). Additionally, in animal cells, the role of IP3R
in certain instances of apoptosis is well documented (White et al., 2005).

Some recent investigations have illuminated the pivotal role of autophagy, mediated by
aldo/MR interplay, in maintaining podocyte homeostasis under both healthy and
pathological conditions (Yuan et al., 2015). This process is primarily cytoprotective, exerting
beneficial effects in instances of podocyte injury. The MR on myeloid cells regulates
macrophage polarization, a factor that influences autophagy (Usher et al., 2010). Our results
demonstrated that aldo/MR regulates autophagy in MR overexpressing HEK cells. The
outcome of autophagy, whether promoting cell survival or cell death, is contingent upon the
nature of the cellular stress (Klionsky, 2020). We hypothesized that this regulation becomes
relevant as a downstream reaction when the UPR response fails due to prolonged ER

stress, resulting in apoptosis.
5.1.5. Cell Death as a Consequence of Altered Cellular Behavior

As previously noted in the literature review, aldo-induced apoptosis does not consistently
stem from activated MR. In our investigation, we unequivocally established that the effect
of activated caspase-3 relied on aldo-triggered MR activation. Our negative controls support

this assertion, where the absence of aldo or MR prevented increased caspase activity.

A significant increase in caspase-3 activity was observed within 24 hours, with a more
pronounced effect evident after 48 hours. In further exploration of cellular responses, we
scrutinized the marker of necrosis, LDH. There were no alterations in 24 or 48-hour
incubation in aldo-stimulated cells of LDH activity.

Our findings collectively suggest that aldo, combined with MR overexpression, induces
caspase-3 activity indicative of apoptosis with a time-dependent effect. The absence of
caspase-3 activity in the control groups supports the notion that aldo-mediated apoptosis is
MR-dependent and occurs without impacting necrotic processes within the observed time

frame.
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Both GCs and MRs have been implicated in the induction of apoptosis, whereas
glucocorticoids have been shown to elevate apoptosis in osteoblastic cells (Lin et al., 2015).
Aldo has been observed to initiate apoptosis in human renal proximal tubular (HK2) cells in
the presence of MR (Patni et al., 2007). The MR plays a pivotal role in processes such as
inflammation, fibrosis, and vascular stiffness, creating an environment conducive to

apoptosis (Artunc and Lang, 2014; Hayashi et al., 2008).

Furthermore, PDK4 silencing in myocardial ischemia-reperfusion injury coincided with
SMAD protein inactivation (Yin et al., 2021). PDK4 expression and the TGF-B/SMAD
pathway were significantly upregulated in atrial fibrillation patients. Knockdown of PDK4
inhibited the TGF-B/SMAD pathway, enhanced cell viability, and reduced apoptosis (Song
and Zhang, n.d.). In vascular calcification, PDK4 enhanced the osteogenic differentiation of
VSMCs by phosphorylating SMAD1/5/8, leading to mitochondrial dysfunction and apoptosis
(Lee et al., 2015). Interestingly, PDK4 can alter the expression of SMAD genes without
affecting BMP2 expression, an upstream regulator of SMAD genes. Under calcifying
conditions, it was confirmed that PDK4 phosphorylates and activates SMAD1/5/8, resulting
in the translocation of phosphorylated SMADs into the nucleus, where they regulate the
transcription of target genes, thereby enhancing BMP2 signaling pathway activity (Lee et
al., 2015). Various methods were used to show that PDK4 can be transported from the
mitochondria into the cytosol in response to calcifying stimuli (Leem and Lee, 2016).

5.2. Activation of MR under Nitrosative Stress

We additionally investigated MR expression, activation, and signaling under nitrosative
stress. We exposed MR-overexpressing cells to the peroxynitrite donor SIN-1. This
chemical agent generates nitric oxide (NO) and superoxide, commonly used to mimic
cellular oxidative stress (Pérez-Torres et al., 2020). We examined MR translocation,
expression, apoptosis, and PDK4 expression under nitrosative stress. Alternative
mechanisms may activate MR, shifting its function towards pathophysiological effects. Our
hypothesis considers the potential involvement of nitrosative stress and the interplay
between MR and reactive oxygen and nitrogen species.

5.2.1. MR Translocates and Activates Genes Under the Nitrosative Stress

We observed partial translocation of MR when stimulated with 200 uM of SIN-1 for 1 hour.
Under SIN-1 stimulation, a portion of MR moved from the cytoplasm to the nucleus. The

nucleus fraction was significantly smaller in the vehicle control group, where MR
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predominantly remained in the cytoplasm. When stimulated only with SIN-1, the nucleus
exhibited substantially lower MR levels than aldo, where all cytosolic MR translocated to the
nucleus. This effect could be attributed to the relatively low concentration of SIN-1 and the
1-hour exposure time. Nevertheless, the transition of MR under SIN-1 stimulation from the
cytosol indicates the initiation of translocation similar to that observed with typical aldo
stimulation.

Typically, MR exists in cytoplasmic heterocomplexes with the HSP90 chaperone system,
stabilizing the inactive receptor and preventing hormone binding and transcriptional activity.
Upon ligand binding, the receptor undergoes conformational changes, dimerizes,
translocates to the nucleus, and binds to hormone-responsive elements to initiate gene
transcription. Distinct gene expression patterns specific to MR or aldo may result from
variations in the assembly of MR-associated cofactors despite a common HRE shared with
GR (Obradovic et al., 2004). Previous research has shown that the peroxynitrite donor SIN-
1 induces nuclear translocation of the MR, whereas the GR remains unaffected. The nuclear
MR translocation stimulated by peroxynitrite (ONOQO-) and its transactivation activity were
effectively blocked by geldanamycin, a potent HSP9O0 inhibitor. Geldanamycin completely
prevented MR nuclear translocation under ONOO:- stimulation, highlighting the critical role
of HSP90 in facilitating MR activation and transcriptional activity under oxidative stress
induced by ONOO- (Galigniana et al., 1998).

These findings suggest that SIN-1 acts as a partial MR agonist, inducing MR nuclear
localization and transactivation activity without affecting GR localization or activity (Ruhs et
al., 2012). ROS species can hinder MR nuclear translocation in intact kidney cells (Fiebeler
and Luft, 2005).

Upon activation by aldo, MR typically translocates to the nucleus and binds to the promoters
of target genes. We anticipated gene regulation under SIN-1/MR stimulation, given SIN-1’s
ability to partially initiate MR translocation. However, the number of activated genes
observed in the SIN-1/MR sample from our NGS data was relatively small. Despite this,
some activated genes caught our attention, as they are associated with the onset of CVDs.
Interestingly, these genes were regulated by both aldo and SIN-1 in our validation

expirements.

The selected genes, including FOSL2, MMP15, and SKIDA1, exhibited responsiveness to

SIN-1 in the presence of the MR in 6 hours post-treatment. These genes might also be
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classified as MR-target genes, as evidenced by their regulation under aldo/MR. Conversely,
cells lacking MR induction, serving as the negative control, did not display these gene
expressions. Our results suggested an activation of MR under 200 uM SIN-1 6-hour

stimulation.

Studies have shown the enhancement of MR transcriptional activity under oxidative stress
in cultured rat cardiomyocytes (H9c2). In these experiments, oxidative stress induced by
BSO (buthionine sulfoximine) triggers the activation of Rac1. This activation subsequently
led to MR activation, as demonstrated by an increase in MR-driven transcriptional activity
and the nuclear accumulation of MR. These findings suggest a direct link between oxidative
stress-induced Rac1 activation and MR-mediated transcriptional responses in
cardiomyocytes (Nagase et al., 2012). Furthermore, aldo has been demonstrated to elevate
superoxide anion formation in macrophages and the aorta of mice, promoting the
development of atherosclerotic lesions (Keidar et al., 2004). Moreover, MR contributes to
oxidative stress by upregulating NADPH oxidase subunits NOX2 and NOX4 in vascular cells

and cultured neonatal atrial myocytes, thereby modulating its micromilieu (Lu et al., 2019).

Another interpretation of our results concerning translocation and gene activation could be
that MR overexpression may lead to potential autoactivation of the receptor. This intriguing
possibility, while not typical under normal physiological circumstances, opens up a new
avenue of understanding. The receptor's primary mode of action is ligand-dependent, and
abnormal activation often leads to pathological outcomes such as hypertension or kidney
disorders. It was demonstrated for the orphan nuclear receptor OR1 that autoactivation can
also result from overexpression. When OR1 heterodimerizes with retinoid X receptor alpha
(RXRa), it undergoes a conformational change that activates its transcriptional potential,
primarily through its AF-2 domain (Wiebel and Gustafsson, 1997). Another example of
context-driven plasticity of nuclear receptor activation comes from GR through its specific
alterations in conformation. In this sense, the activities of GR reflect its molecular
conformations, which emerge owing to the context-specific microenvironment. In contrast,
the functions of GR are integrated regulatory outcomes of co-regulatory enzyme actions

associated with those various conformations (Weikum et al., 2017).

This data reinforces our hypothesis that micromilieu changes, such as increased oxidative
stress during aging, can activate MR independently of aldo, potentially leading to a shift

from the physiological to the pathophysiological role of MR.
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5.2.2. MR Effects and Expression under Nitrosative Stress

To assess the biological effect of MR under SIN-1 stimulation, we examined PDK4
expression following treatment with 200 uM SIN-1/MR. The addition of SIN-1 did not change
PDK4 expression in samples treated with SIN-1 alone and in those treated with aldo/SIN-1.
Consequently, we increased the SIN-1 concentration to 600 uM and 800 uM and time to 24
hours. Quantitative PCR analysis showed that at 600 uM and 800 yM and in the presence
of aldo, PDK4 mRNA expression was inhibited, a finding corroborated by corresponding
decreases in PDK4 protein levels. We introduced ebselen, a known peroxynitrite scavenger,
to investigate whether peroxynitrite was responsible for this downregulation (Daiber et al.,
2000). Ebselen restored PDK4 expression at both the mRNA and protein levels, nearly
reaching aldo levels. Additionally, we investigated caspase activity under SIN-1/MR
stimulation. In the case of aldo/SIN-1 stimulation with MR, we found inhibited caspase
activity under higher SIN-1 concentrations. We included a 400 uM SIN-1 concentration to
bridge the gap between 200 uM and 600 uM. SIN-1 alone did not affect caspase-3 activity,
but in combination with aldo, a dose-dependent decrease in caspase-3 activity was
observed, suggesting that SIN-1 suppressed aldo’s effect. We hypothesized that this
suppression may depend on altered MR activity or expression, as caspase activity was not

altered in cells lacking MR.

Our findings revealed that MR expression decreased significantly at higher SIN-1
concentrations (600 yM and 800 uM) at the mRNA and protein levels. Similarly, the
expression in samples combined with SIN-1 and aldo reduced MR expression. In contrast,
GR protein expression was unaffected by SIN-1 treatment after 24 hours, suggesting it to

be an MR-specific effect.

Our study observed an inhibited aldo/MR response, as indicated by reduced PDK4
expression and diminished caspase activity. We hypothesize that this inhibition is
associated with decreased MR mRNA expression, potentially resulting from nitrosative
stress (SIN-1 stimulation).

Nitrosative stress is believed to influence various mechanisms at the mRNA level of the MR.
This mechanism includes the regulation of transcription factors binding to the promoter
regions of the MR gene, with their activity modulated by oxidative stress. For example,

oxidative stress can activate transcription factors such as NF-kB and AP-1, which can either
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upregulate or downregulate MR gene expression depending on specific conditions (Kolla
and Litwack, 2000; Korkmaz et al., 2009; Lingappan, 2018). ROS/RNS can induce
epigenetic changes, including DNA methylation, histone modifications, and chromatin
remodeling (Campos et al.,, 2007; Khan et al., 2016). These alterations can affect the
accessibility of the MR gene to the transcriptional machinery. Elevated oxidative stress, for
instance, can lead to hypermethylation of the MR gene promoter, thereby reducing its
expression. Oxidative stress also activates intracellular signaling pathways, such as MAPK,
JNK, and PI3K/Akt (Liu et al., 2022). These pathways can converge on transcriptional
regulators and other proteins involved in gene expression, thereby influencing MR mRNA
synthesis. For example, activating the JNK pathway can increase the phosphorylation of
transcription factors that regulate MR gene transcription (Weston and Davis, 2007).

Oxidation of MR can decrease its biological response by reducing its ability to bind aldo and
DNA. This effect can be reversed by reducing agents. Kidney MR is highly sensitive to
oxidation, mainly due to reactive cysteine residues that respond to sulfhydryl-reducing
agents and metal ions, which can exacerbate H>O»-induced inhibition of aldo and DNA
binding (Galigniana, 1996; Piwien-Pilipuk et al., 2002). One inhibitory mechanism involves
MR oxidation, likely through essential cysteine groups, supported by evidence of reduced
reactive thiols after in vivo glutathione depletion. Prolonged glutathione depletion can also
affect the protein translation system, leading to high carbonylation levels of MR (Piwien-
Pilipuk et al., 2002). Nitrosative stress during aging also impacts MR signaling (Ruhs et al.,
2012). NO can form S-nitrosothiols with sulfhydryl groups, inhibiting GR ligand binding
without affecting MR-HSP90 interaction and reducing MR and GR transactivation activity
upon corticosteroid treatment (Galigniana et al., 1998). It has also been shown that
peroxynitrite can induce ligand-independent MR transactivation through nuclear
translocation while genomic GR activity remains unaffected (Ruhs et al., 2012).

5.3. Conclusion and Suggestions

In conclusion, the intricate interplay between the aldo/MR and its impact on cell metabolism,
particularly in MR-overexpressing HEK cells, is discussed. The observed augmentation of
glucose consumption and lactate production in response to elevated aldo/MR activity
suggests an adaptive cellular response, which may hold significance in conditions such as

aging, where increased aldo and MR activity have been reported.
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Furthermore, our investigation into the metabolic shift towards lactate production under
aldo/MR stimulation aligns with existing knowledge, indicating a potential mechanism to
mitigate oxidative stress. This metabolic adaptation, characterized by heightened glycolysis
and reduced mitochondrial ATP production, may contribute to cellular alterations such as
ER stress and apoptosis.

Moreover, our study elucidates the regulatory role of the MR in the expression of PDK4,
offering insights into its potential involvement in metabolic reprogramming and cellular
homeostasis. The upregulation of PDK4 by activated MR suggests a link between aldo/MR
signaling and metabolic changes, highlighting PDK4 as a potential therapeutic target in

metabolic disorders.

Our investigation into ER stress, autophagy, and apoptosis pathways also elucidates the
cellular responses induced by aldo/MR activation. The specificity of aldo/MR interplay in
inducing ER stress and activating downstream signaling pathways, particularly the
IRE1alpha pathway, uncovers a part of the complex molecular mechanisms involved in

cellular adaptation to stress.

We observed a phenomenon where the MR partially translocated from the cytosol to the
nucleus in response to alterations in the miclomilieu. This partial translocation implies the
involvement of a non-classical ligand activation pathway for MR. We hypothesize that this
nuclear translocation may lead to the activation of MR-target genes, potentially contributing
to pathophysiological processes due to changed micromilieu, such as those involved in
CVDs. We detected the following genes: SKIDA1, FOSL2, and MMP15 regulated by 200
UM SIN-1/MR.

Interestingly, co-stimulation of higher SIN-1 concentrations (600 uM and 800 uM) with aldo
resulted in a downregulatory effect on PDK4. Subsequently, we observed a dose-dependent
decrease in caspase-3 activity in cells co-stimulated with SIN-1 and aldo. Mr protein and
MRNA expression was also found to be reduced. These results suggest that nitrosative
stress generated by SIN-1 may inhibit the MR mRNA synthesis or influence the tetracycline-
inducible system responsible for MR gene expression in our cells. Furthermore, the
observed decrease in MR expression highlights the intricate response of MR to nitrosative

stress.

Our discoveries enhance comprehension of the molecular mechanisms governing aldo/MR
signaling and its impact on cellular metabolism and homeostasis. Further exploration in this
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field is crucial to elucidate the potential pathways influenced by aldo/MR amid numerous
others. Likewise, our study sheds light on the multifaceted role of MR in cellular responses

to nitrosative stress, paving the way for future discoveries in this emerging field.
5.4. Limitations

MR signaling is complex, involving various pathways and interactions with other receptors.
Understanding these interactions is vital for determining the specific roles of MRs in different

cell types, but this is challenging.

Our study utilized 10 nM aldo to activate all expressed MRs. This aldo concentration is
higher than physiological levels but is in the range of pathophysiological expected
concentrations. MR-overexpressing HEK cells were employed to simulate the increased MR
activity and expression observed during aging. We aimed to validate these findings in a
more differentiated or primary cell line. However, we encountered significant challenges,
particularly with MR degradation and low expression in our tested cells. Transfection proved
especially problematic and did not provide a robust cell model. Of the tested lines, only
Ea.hy926 cells exhibited some responsiveness, but transfection attempts were

unsuccessful.

PDK4 regulation is complex and influenced by hormones, nutrients, and energy status,
making it difficult to determine its exact role. Alternative pathways involving glutamate and
fatty acids need exploration. Identifying a suitable PDK4 inhibitor proved challenging, as
dichloroacetate (DCA) is known to affect both autophagy and apoptosis. For instance, this
made it difficult to use DCA in experiments to assess the specific link between PDK4 and
autophagy. Effective antibodies for PDK4 detection were identified, but detecting PDK4

protein levels was complicated by multiple bands.

The Seahorse assay measures the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) across a cell population, but cellular heterogeneity can complicate
result interpretation. Comparing results with other cell types expressing MR is essential for
clarity. Evaluating oxidative stress levels and their origins in cells stimulated by aldo/MR
activation provides insights into metabolic adaptations. It is crucial to determine if increased
glucose consumption is a response to oxidative stress, which can be tested by administering
antioxidants and monitoring glucose consumption and lactate production. Exploring
alternative nutritional substrates for aldo/MR-exposed cells is also necessary.
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Assessing autophagy's role under aldo/MR conditions is crucial; inhibiting autophagy and
observing ROS levels or apoptosis changes can offer insights. The influence of the T-REX
system used alongside SIN-1 stimulation in cell models must be evaluated for potential
cellular toxicity due to high-level transactivator expression. It is essential to investigate the
interplay between SIN-1 and tetracycline. Previous reports suggest a possible impact of
RNS on tetracycline (Colicchia et al., 2022), where tetracycline undergoes chemical
alterations when exposed to RNS. RNS can modify tetracycline through nitration or
nitrosation processes. Nitrosation, for instance, can add a nitroso group (NO) to amines
(Wichitnithad et al., 2023), while nitration can introduce a nitro group (NO_) to aromatic rings,
potentially altering the antibiotic's structure and function (Fukuto et al., 2012). Peroxynitrite,
a potent oxidant, can cause oxidative modifications to a broad range of biological molecules,
including nucleic acids, proteins, lipids, and small molecules like tetracycline. This oxidation
can lead to structural changes that might affect tetracycline's antibiotic properties (Fukuto
et al., 2012; Markley and Wencewicz, 2018). Consequently, these modifications could
prevent tetracycline from binding to the Tet repressor, thereby influencing the expression of
target genes in the tetracycline-inducible system.

Exploring different experimental conditions, such as time points and SIN-1 concentrations,
is necessary to understand their impact on MR expression and translocation. Using
eplerenone, an MR antagonist, against SIN-1 could reveal shared mechanisms with aldo.
Developing a more physiologically relevant system for MR expression under oxidative
stress, particularly with elevated peroxynitrite levels, would be beneficial. Understanding
how SIN-1 impacts cell phenotype compared to aldo activation of MR will provide insights
into the interactions between oxidative stress, MR signaling, and cellular responses.
Controlling SIN-1-induced peroxynitrite generation with a fluorescent probe could aid in this
effort.
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7. Theses

1. Activation of the mineralocorticoid receptor by aldosterone leads to an augmentation in

glucose consumption and an elevation in lactate production.

2. Upon stimulation by aldosterone and mineralocorticoid receptors, mitochondrial ATP
production diminishes while glycolytic ATP production increases in MR-overexpressing HEK

cells.

3. Interaction between aldosterone and the mineralocorticoid receptor triggers endoplasmic

reticulum stress via the IREa pathway, resulting in altered autophagy and apoptosis.

4. Analysis of the genetic profile of MR-overexpressing HEK cells stimulated with
aldosterone revealed upregulation of metabolic regulatory genes such as PDK4, alongside
others including SGK1, MAP3K6, and PRKAB2.

5. Furthermore, aldosterone stimulation of MR-overexpressing HEK cells led to increased
expression of genes associated with glucose uptake, such as GLUT 3 and SWEET1, and
decreased expression of PDP1, consequently shifting metabolism from the tricarboxylic acid
cycle towards lactate production.

6. Stimulation of the mineralocorticoid receptor using peroxynitrite demonstrated MR

activation through translocation, regulating genes such as FOSL2, SKIDA1, and MMP15.

7. Conversely, elevated levels of nitrosative stress inhibited the biological response to
aldosterone, suggesting potential deactivation of the mineralocorticoid receptor on the
mRNA level.
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8. Supplement material
List of manufacturers and distributors

Abcam - Cambridge, UK
Agilent Technologies - Santa Clara, USA
Applichem — Darmstadt, Germany

Applied Biosystems via Life Technologies - Darmstadt, Germany
Berthold Technologies - Bad Wildbad, Germany

BioRad - Munich, Germany
Biometra — Jena, Germany
Biomol — Hamburg, Germany
Biosan — Riga, Latvia
Biotrend — Kéln, Germany
Boster Bio — California, USA

Capricorn Scientific - Ebsdorfergrund, Germany

Carl Roth — Karlsruhe, Germany

Carl Zeiss - Oberkochen, Germany

Cell Signaling Technology - Danvers, USA
Dunn - Asbach, Germany

Fisher Scientific — Schwerte, Germany

GE Healthcare - Berlin, Germany
Hielscher - Teltow, Germany

Honeywell Fluka - Charlotte, North Carolina, USA
Invitrogen via Life Technologies - Darmstadt, Germany

Keyence - Osaka, Japan

LI-COR - Lincoln, Nebraska, USA

Life Technologies - Darmstadt, Germany
Merck - Billerica, Massachusetts, USA
Microsoft - Redmond, Washington, USA
Microsynth Seqlab — Géttingen, Germany
New England Biolabs - Frankfurt, Germany
OMNI Life Science — Bremen, Germany
Roche — Mannheim, Germany

Sigma Aldrich - Munich, Germany

Serva — Heidelberg, Heidelberg
Selleckchem — Miinchen, Germany
Tecan - Mannedorf, Schweiz

Thermo Fisher Scientific - Waltham, Massachusetts, USA
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The supplementary material includes a list of reagents used in the experiments and their

respective manufacturer reference numbers.

Suplementary table 1. Reagents for cell culture and cell stimulation.

Reagent name

Distributor

Dulbecco’s modified Eagle’s (DMEM) medium
D — Glucose

Blastatidin

Zeocin

Instant Foetal Bovine Serum

EDTA solution

Trypsin from porcine pancreas

Poly-L-lysine

Dimethyl Sulfoxide (DMSO)

Aldosterone

Tetracycline

Eplerenone

Pepstatin A

Aloxistatin

SIN-1 (Morpholinosydnonimine, hydrochloride)
Ebselen

Nuclear-free water

Sigma-Aldrich D5523
Sigma-Aldrich G7528

Life technologies R210-01
Invitrogen R25001
Sigma-Aldrich F0685-3G
Merck 1,084,180,100
Sigma-Aldrich T0303
Sigma-Aldrich P-0899
Riedel-de Haén 472301
Sigma-Aldrich A9477-100MG
Invitrogen 550205
Sigma-Aldrich E6657
Sigma-Aldrich P-4265
Selleckchem S7393
Merck/Millipore 567028
Calbiochem 324483
Sigma-Aldrich W4502
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Suplementary table 2. Reagents for protein isolation and measurement.

Reagents name

Distributor

Phosphatase Inhibitor Cocktail 1
Phosphatase Inhibitor Cocktail 3
Bensonaze

BCA Protein Assay Reagent A
BCA Protein Assay Reagent B

Bovine Serum Albumin Standard

Sigma-Aldrich P8340
Sigma-Aldrich P0044

Merck 71205-3

Thermo Fisher Scientific 23222
Thermo Fisher Scientific 23224
Thermo Fisher Scientific 23208

Suplementary table 3. Western blot reagents for gel casting and incubations.

Reagents name Distributor

APS 10% Roth 9592.2

SDS 10% Roth CN30.3

TEMED Sigma-Aldrich T9281
Tween 20 Sigma-Aldrich P1379
BSA Capricorn BSA-FAF-1U

Non-fat dried milk powder

Acrylamide (40%) Solutions

Ponceau S
Trans-Blot-Turbo 5% Transfer buffer

ECL

Hartenstein CM35

Thermo Fisher Scientific
J62480.K2

Sigma-Aldrich P3504
BioRad 10026938
BioRad 170-5061
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Suplementary table 4. RNA isolation reagents.

Reagents name Distributor

Bluezol Serva 003980801
Chloroform Sigma-Aldrich C-2432
Isopropanol Sigma-Aldrich 33539

95% Ethanol

Glycogen

Na-Acetate

RNA 6000 Nano Kit

RNA 6000 Nano Chips
RNA 6000 Ladder
1000UTurbo DNA-free Kit

Merck 24105

Thermo Fisher Scientific R0551
Sigma-Aldrich S-2889

Agilent Technology 5067-1511

Agilent Technology 5067-1512
Agilent Technology 5067-1529
Invitrogen AM2238

Suplementary table 5. Reagents for DNase digestion and reverse transcription.

Reagents name Distributor

Reverse Transcriptase, Random Primer, RnaseOut, Thermo Fisher Scientific
DTT, 5x first strand buffer 18080051

Dnase | (2000 U/ml) und 10x Dnase-Buffer NEB M0570S

dNTPs

Water — Dnase RNase free

Peqlab 732-3155, 732-3161, 732-
3160, 732-3171

Sigma-Aldrich

Suplementary table 6. Reagents used for qPCR.

Reagents name Distributor

Universal SYBR Green Supermix BioRad 1725274

Reference dye ROX Thermo Fisher Scientific 12223012
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Suplementary table 7. Glucose measurement reagents.

Reagents name Distributor
MgSO4 Merk 5886
Triethanolamine hydrochloride Sigma-Aldrich T1502
NAOH Sigma-Aldrich 930-65
ATP Sigma-Aldrich A2383
NADP Sigma-Aldrich N0505

Hexokinase+ Glukose-6-phosphat-Dehydrogenase Sigma-Aldrich H8629

Suplementary table 8. Lactate measurements reagents.

Reagents name Distributors

The sodium salt of lactic acid Sigma-Aldrich 71720
Lactate dehydrogenase Roche 10127876001
NAD Roche 10127973001
Hydrazine Sigma-Aldrich 225819
Glycine Serva 23390.03

Suplementary table 9. Caspase activity measurements reagents.

Reagents name Distributor

1MDTT Sigma-Aldrich D-9779
Caspase-3-Substrat Biotrend BP0012
PIPES Sigma-Aldrich P7643
CHAPS Sigma-Aldrich C-3023
80 uM AFC Biomol ABD-13401

Suplementary table 10. LDH measurement.

Reagents name Distibutors
NADH Sigma-Aldrich N8129
Pyruvate Sigma-Aldrich P-3637
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Suplementary table 11. Agilent Technologies reagents.

Reagents name Distributor

Seahorse XF Mito Stress test Agilent 103015-100
XFp FluxPak (cartridges, mini plates, and calibrant) Agilent 103022-100

Seahorse Glycolytic Rate assay Agilent 103344-100
Hoechst 20 mM Thermo Fisher Scientific 33342
Seahorse XF DMEM medium Agilent 103575-100
Seahorse XF Calibrant Agilent 100840-000
Seahorse XF 1M glucose solution 50 mL Agilent 103577-100

Suplementary table 12. ATP reagents.

Reagents name Distributor

ATP Bioluminescence Assay Kit HS 1l Roche 11699709001
Agilent RNA 6000 Nano Kit NGS Agilent 5067-1511
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Suplementary table 13. Other Chemicals

Reagents name
Tris

NaCl

Triton X-100
NP-40
Na-deoxycholate
Na-Orthovanadate
Bromophenol Blue
Mercaptoethanol
KCI

MgCl2

CaCl

NaH2PO4
KH2PO4

HEPES

Tris-HCI

NaHCO3

Casytone

Distributors
Applichem A1086,1000
Roth 3957.2

Serva 37240

Pierce 20148G

Sigma D6750

Sigma S6508

Serva 15375

Sigma M3148

Serva 26868.02

Sigma M-9272

Merk 1.02382.1000
Fluka 71645

Sigma P-5379

Sigma H3034
Merk1.08219.1000
Sigma S8875

OMNI Life Science GmbH 5651808
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