
Academic Editor: Yoshihisa Koyama

Received: 10 August 2025

Revised: 6 October 2025

Accepted: 8 October 2025

Published: 16 October 2025

Citation: Peralta-Buendía, K.;

Cuevas-López, B.; García-Arroyo, F.E.;

Díaz-Rojas, M.; León-Contreras, J.C.;

Silva-Palacios, A.; Gonzaga, G.; Tapia,

E.; Saavedra, E.; Hernández-Pando, R.;

et al. Early Administration of

N-Acetylcysteine Provides Renal and

Cardiac Mitochondrial and Redox

Protection, Preventing the

Development of Cardio-Renal

Syndrome Type IV Induced by 5/6NX.

Antioxidants 2025, 14, 1241. https://

doi.org/10.3390/antiox14101241

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Early Administration of N-Acetylcysteine Provides Renal and
Cardiac Mitochondrial and Redox Protection, Preventing the
Development of Cardio-Renal Syndrome Type IV Induced
by 5/6NX
Karen Peralta-Buendía 1, Belén Cuevas-López 1 , Fernando E. García-Arroyo 1, Miriam Díaz-Rojas 2 ,
Juan Carlos León-Contreras 3 , Alejandro Silva-Palacios 4 , Guillermo Gonzaga 1, Edilia Tapia 1, Emma Saavedra 5,
Rogelio Hernández-Pando 3 , José Pedraza-Chaverri 6 , Laura Gabriela Sánchez-Lozada 1

and Omar Emiliano Aparicio-Trejo 1,*

1 Department of Cardio-Renal Physiopathology, National Institute of Cardiology Ignacio Chávez,
Mexico City 14080, Mexico; 317061851@quimica.unam.mx (K.P.-B.); bcuevasl1400@alumno.ipn.mx (B.C.-L.);
enrique.garcia@cardiologia.org.mx (F.E.G.-A.); jose.gonzaga@cardiologia.org.mx (G.G.);
edilia.tapia@cardiologia.org.mx (E.T.); laura.sanchez@cardiologia.org.mx (L.G.S.-L.)

2 Division of Medicinal Chemistry and Phytochemistry, College of Pharmacy, The Ohio State University,
Columbus, OH 43210, USA; diaz.530@osu.edu

3 Experimental Pathology Section, National Institute of Medical Sciences and Nutrition “Salvador Zubirán”,
Mexico City 14000, Mexico; carlos.leonc@incmnsz.mx (J.C.L.-C.); rogelio.hernandezp@incmnsz.mx (R.H.-P.)

4 Department of Cardiovascular Biomedicine, National Institute of Cardiology Ignacio Chávez,
Mexico City 14080, Mexico; alejandro.silva@cardiologia.org.mx

5 Departamento de Bioquímica, Instituto Nacional de Cardiologia Ignacio Chávez, Mexico City 14080, Mexico;
emma.saavedra@cardiologia.org.mx

6 Laboratorio F-315, Departamento de Biología, Facultad de Química, Universidad Nacional Autónoma de
México, Mexico City 04510, Mexico; pedraza@unam.mx

* Correspondence: omar.aparicio@cardiologia.org.mx or emilianoaparicio91@gmail.com

Abstract

Chronic kidney disease (CKD) cardiac impairment is manifested as cardio-renal syndrome
type 4 (CRS-IV). The kidneys and heart are highly dependent on mitochondria; thus, bioen-
ergetics and redox and biogenesis alterations are critical in CKD and heart damage. Most
previous studies have focused on the advanced stage of CRS-IV, but mitochondrial impair-
ment onset in the early stages and its pathological pathways are poorly understood. In this
work, we characterized mitochondrial bioenergetics, biogenesis and redox impairment in
both tissues in the early stages after CKD and analyzed their relationship with CRS-IV in a
CKD model with 5/6 nephrectomy (NX). We found the first cardiac mitochondrial alter-
ations 10 days after surgery, together with an increase in plasma cardio-renal connectors,
derived from renal mitochondrial damage. Oxidative phosphorylation capacity decreased
and uncoupling led to oxidative stress, inflammation, cardiac hypertrophy and ejection
fraction reduction, triggering CRS-IV. N-acetylcysteine (NAC) administration prevented
mitochondrial alterations in both organs and heart damage. Interestingly, the protective
effects of NAC correlated with SIRT1/3-PGC-1α pathway overactivation. These results
suggest that mitochondrial biogenesis induction and redox regulation protection in the
early stages after renal damage serve as a strategy to prevent bioenergetic alterations in the
kidneys and heart, preventing inflammation and CRS-IV development.

Keywords: cardio-renal syndrome type 4; nephrectomy; N-acetylcysteine; mitochondria
bioenergetics; mitochondrial redox regulation; mitochondrial biogenesis
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1. Introduction
The heart and kidneys maintain a feedback interaction essential for overall homeosta-

sis. Therefore, alterations in this interaction favor the development of several pathologies
known as cardio-renal syndrome (CRS) [1]. In this sense, CRS type 4 (CRS-IV) is estab-
lished when chronic kidney disease (CKD) results in cardiovascular abnormalities, which
occurs in approximately 50% of patients [2–5]. As a consequence, heart failure represents
the principal cause of mortality in CKD patients [6,7], making this pathology a growing
worldwide health problem.

Mitochondria are currently considered key regulators in cell signaling and metabolic
processes, transcending their function for energy production [8]. Our previous studies in
CRS models demonstrated that mitochondria and cardiac apoptosis are crucial in cardiac
dysfunction development [9,10]. A primary organelle involved in cellular reactive oxygen
species (ROS) balance, mitochondria act as a redox center in metabolic regulation, and
protein turnover is tightly coordinated with mitochondrial redox balance [11]. Therefore,
proteins and regulatory factors of mitochondrial biogenesis and protein turnover, OXPHOS,
β-oxidation, Krebs cycle and sirtuins (SIRT), are sensitive to changes in mitochondrial redox
balance [12]. Thus, disruption of the mitochondrial glutathione /glutathione disulfide ratio
(GSH/GSSG) and NADP+/NADPH ratio plays a key role in CKD progression; therefore,
interventions that normalize this balance are studied as potential treatments for protecting
mitochondria in the heart and kidneys [13]. In particular, metabolic reprogramming and
mitochondrial biogenesis via the sirtuin 1/3 (SIRT1/3)-peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α) pathway must be well researched [1]. On
the other hand, different studies in advanced stages of CKD and in uremic cardiomy-
opathy have shown that uremia and uremic toxins like indoxyl sulfate (IS) induce heart
mitochondrial respiration impairment, inflammation, oxidative stress and cardiomyocytes
apoptosis [14–16]. This mitochondrial impairment is related to the uremic toxins’ capacity
to induce SIRT1/3-PGC-1α axis downregulation [17–20]. However, it must be highlighted
that in CKD models like 5/6 nephrectomy NX5/6 in the early stage of evolution, during
which the uremic toxins have not increased significantly in blood, renal mitochondrial
respiratory impairment and PGC-1α downregulation have been reported [21–23]. Like-
wise, our previous studies suggested that in short-term experimental end-points, cardiac
mitochondrial and redox alteration, may trigger mitochondrial biogenesis reduction and
CRS development [9,10]. However, in the early stage of CKD evolution, the molecular
connections between SIRT1/3-PGC-1α dysregulation, redox imbalance and inflammatory
alterations in the heart and kidneys in CRS-IV have not been deeply explored [1].

N-acetylcysteine (NAC) administration has been reported to replenish intracellular
redox metabolites [24], preventing redox imbalance and mitochondrial impairment in renal,
cardiac and cardio-renal diseases [13,25,26]. However, current understanding of NAC’s
role in modulating mitochondrial redox balance, mainly its role in SIRT1/3 modulation,
in the context of CRS-4 is still poor. Thus, this work aims to determine the role of cardiac
mitochondrial bioenergetics and SIRT1/3-PGC-1α pathway alterations in renal and heart
tissues during CRS-IV development in the early stages in the NX5/6 rat model. In addition,
we aim to determine whether the possible prevention of these alterations by NAC is
related to its capacity to regulate redox signaling and restore mitochondrial biogenesis in
both tissues.

2. Materials and Methods
2.1. Reagents

Reagents adenosine 5′-diphosphate sodium (ADP), antimycin A from Streptomyces,
bovine serum albumin (BSA) free of fatty acids, β-mercaptoethanol, bromophenol
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blue sodium salt, carbonyl cyanide m-chlorophenylhydrazone (CCCP), 1-Chloro-2,4-
dinitrobenzene (CDNB), cytochrome C, 2,3-Dimethoxy-5-methyl-6-decyl-1,4-benzoquinone/
decylubiquinone (DUB), 2,6-dichlorophenolindophenol (DCPIP), 5,5′-dithio-bis-(2-nitrobenzoic)
acid (DTNB), DL-ditiotreitol solution (DTT), ethylene-bis(oxyethylenenitrilo)tetraacetic
acid (EGTA), glucose-6-phosphate Dehydrogenase from baker’s yeast (G6PDH), glu-
tathione peroxidase (GPx), reduced glutathione (GSH), glutathione disulfide (GSSG),
glutathione reductase (GR), glutamic acid, glutaraldehyde, hexokinase, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), peroxidase from horseradish lyophilized powder
(HRP), malic acid, manganese (II) chloride (MgCl2), mannitol, NAC, β-Nicotinamide ade-
nine dinucleotide phosphate reduced (NADPH) and oxidized (NADP+), β-Nicotinamide
adenine dinucleotide reduced (NADH) and oxidized (NAD+), nitro blue tetrazolium (NBT),
paraformaldehyde, potassium cyanide (KCN), potassium lactobionate, polyethylene gly-
col sorbitan monolaurate (Tween-20), rotenone, safranin O, sodium azide, sodium de-
oxycholate, sodium dodecyl sulfate (SDS), disodium hydrogen phosphate (Na2HPO4),
monosodium phosphate (NaH2PO4), sodium glutamate, sodium chloride (NaCl), sodium
fluoride (NaF), sodium succinate, sodium orthovanadate (Na3VO4), sodium malate, su-
crose, taurine, tetramethyl-p-phenylenediamine (TMPD), thiamine pyrophosphate, triton
X-100, trizma base and hydrochloride (Tris-HCl), and uranyl acetate were acquired from
Sigma-Aldrich (St. Louis, MO, USA), as were the NADP+/NADPH quantitation and
creatine kinase (CK) activity assay kits. Commercial kits for assessing blood urea nitro-
gen (BUN) and plasma creatinine were acquired from Spinreact (Girona, Spain). The
sodium pentobarbital (SedalphorteMR) was acquired from Salud y Bienestar Animal
S.A. de C.V. (Mexico City, Mexico). Sodium bicarbonate (NaHCO3), H2O2, ethyl alcohol,
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), and potassium hydroxide
(KOH) were purchased from JT Baker (Xalostoc, Estado de Mexico, Mexico). Non-fat
dry milk, beta-actin, brain natriuretic peptide (BNP), interleukin 1 beta (1β), cardiac tro-
ponin, nuclear respiratory factor 1 (NRF1), nuclear respiratory factor 2 (NRF2), tumor
necrosis factor (TNF)-alpha, peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α), peroxisome proliferator-activated receptor gamma coactivator 1-beta
(PGC-1β), and 3 (SIRT3) antibodies were acquired from Santa Cruz Biotechnology (Dallas,
TX, USA). Adenine nucleotide translocator (ANT) antibody, rat TNF-α and rat IL-1 beta
ELISA kits were purchased from Abcam (Cambridge, MA, USA). Voltage dependence
anion channel (VDAC) and sirtuin 1 (SIRT1) antibodies were acquired from Cell Signal-
ing (Boston, MA, USA). The OxPhos Rodent WB Antibody Cocktail was purchased from
Invitrogen-Thermo Fisher (Waltham, MA, USA). The catalog numbers and solutions used
for each antibody are shown in the Supplementary Material Table S1. The protease inhibitor
cocktail and phosphoenolpyruvate (PEP) were purchased from Roche Applied Science
(Mannheim, Germany).

2.2. Experimental Design

All the experimental procedures were approved by the Comité Interno para el
Cuidado y Uso de Animales de Laboratorio (CICUAL; the Institutional Animal Care
Committee) at the National Institute of Cardiology Ignacio Chávez (protocol num-
ber: INC/CICUAL/011/2023) and at the Facultad de Química (protocol number: OFI-
CIO/FQ/CICUAL/545/24). The experimental procedures were also conducted following
the Mexican Official Norm Guides for the use and care of laboratory animals (NOM-062-
ZOO-1999). Meanwhile biological residue disposition was conducted following NOM-087-
SEMARNAT-SSA1-2002. The experimental design consisted of male Wistar rats, divided
into 4 groups (initial body weight = 250–300 g), with n = 6 per group: (1) Sham-operated
rats; (2) 5/6NX group: five-sixths nephrectomy was performed using the protocol de-
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scribed previously in [21]; (3) NAC+NX: animals were pretreated with NAC (300 mg/kg,
intragastrical) 2 h before surgery and the NAC dose was selected based on its protective
effect in CRS-IV in a previous study [25]; (4) NAC: animals only received NAC adminis-
tration. Animals were housed in a special designed room with a controlled temperature
and 12–12 h light–dark cycle. Rats had free access to water and food ad libitum. Then,
several days after surgery, the animals were anesthetized using sodium pentobarbital
(60 mg/kg), and blood was collected from the abdominal aorta. After plasma separation
by centrifugation, it was stored at 4 ◦C; meanwhile, tissues were dissected and stored
at −80 ◦C.

2.3. Cardio-Renal Damage Markers and Evaluation of Cardiac Function by Echocardiography

Creatinine and BUN commercial kits from Spinreact (Girona, Spain) were employed to
determine the increase in renal damage markers in plasma. The plasma activity of creatine
kinase (CK) was also evaluated using commercial kits from Sigma-Aldrich (St. Louis, MO,
USA). Uric acid in plasma was measured using a commercial assay kit quantichron™
(DIUA-250) (BioAssay Systems, Hayward, CA, USA). Uric acid was extracted from the
heart and renal cortex tissue according to methods previously published, and the con-
centration was measured and corrected by protein concentration determined using the
Lowery method. Meanwhile, inflammatory and heart damage markers, namely BNP, IL-
1β, IL-6 and cardiac troponin, in plasma were evaluated by Western blot (WB) using the
methodology described below.

Echocardiography: For analysis of heart function and morphology, rats were anes-
thetized with 5% isoflurane, and 2.5–3% isoflurane was used to maintain their heart rate
between 300 and 400 beats per minute. The rats were then placed supine on a temperature-
controlled platform for echocardiography using the Prospect T1 high-frequency ultrasound
system (Scintica Instrumentation, Inc., Waterloo, ON, Canada) with a 20 MHz transducer
(S-Sharp Corporation, New Taipei City, Taiwan). Respiratory and heart rate were monitored
with a four-lead electrocardiogram at extremities with electrogel. Body temperature was
determined by a rectal probe. A heating pad for rats was employed to maintain it at 37 ◦C.
A razor and depilatory were employed to remove the thoracic hair. Parasternal long-axis
B-mode and M-mode images were recorded to visualize left ventricular (LV) anterior and
posterior wall motion during diastole. In addition, cardiac output (CO), fractional short-
ening (FS), end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (EF)
and stroke volume (SV) were determined according to our previous report [27]. After each
echocardiography, the rats were placed in a heated box at 30 ◦C for recovery until they
were fully awake, after which we continued with subsequent evaluations.

2.4. Kidney and Heart Histology

Kidneys and hearts were removed instantly after euthanasia; the tissues were cut
in half, and fixation was carried out via immersion using a solution of paraformalde-
hyde/glutaraldehyde (4%/1.5%) at pH = 7.2. Slices of 1 mm in width were cut, dehydrated
and embedded in paraffin; 5 µm wide slices were obtained, and Masson trichrome and
hematoxylin/eosin (H&E) staining was performed as previously described [25].

2.5. Protein Extraction and WB

To extract protein from the kidneys and heart, the tissues were homogenized at 4 ◦C
in radioimmunoprecipitation (RIPA) buffer (2 mM EDTA, 1 mM EGTA, 150 mM NaCl,
5 mM NaF, 1 mM Na3VO4, 1 mM PMSF, 40 mM Tris-HCl, 0.5% sodium deoxycholate,
0.5% SDS at pH = 7.6) with a protease inhibitor cocktail. Tissues were homogenized in
a Potter–Elvehjem homogenizer and then centrifuged for 10 min at 15,000× g at 4 ◦C.
The supernatants were then collected. Total protein was quantified by using the Lowry
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method. Then, the corresponding protein quantities were denatured via boiling for 10
min and diluted 1:6 in Laemmli sample buffer (60 mM Tris-HCl, pH = 6.8, 2% SDS, 10%
glycerol, 5% β-mercaptoethanol, 0.01% bromophenol blue). Samples (30 µg kidney or 40 µg
heart) and a molecular weight ladder were loaded in SDS-polyacrylamide gels, and then
electrophoresis was carried out in the electrophoresis chamber. Polyvinylidene fluoride
(PVDF) membranes were employed to transfer the proteins, and non-fat dry milk at 5%
in TBS-T at 0.4% was employed to block the membranes at room temperature for 1.5 h.
Afterwards, incubation with the appropriate primary antibody was performed overnight
at 4 ◦C, followed by incubation with the fluorescent secondary antibody (dilution 1:10,000–
5000 on TBST buffer) at room temperature for 1.5 h in the dark. Band identification was
achieved by fluorescence using an Odyssey Sa scanner (LICOR Biosciences, Lincoln, NE,
USA). Bands were analyzed with Image Studio Lite software version 5.2 (LICOR Biosciences,
Lincoln, NE, USA). Meanwhile, IL-1 β blood levels in plasma were also determined by
using ELISA commercial kits acquired from Abcam (Cambridge, MA, USA).

2.6. Heart and Kidney Mitochondria Isolation

Heart and kidney tissues were cooled via immersion in PBS at 4 ◦C after animal
sacrifice. Mitochondria from each tissue were isolated by differential centrifugation, as
previously described [25,28], in mitochondrial isolation buffer (225 mM D-mannitol, 75 mM
sucrose, 1 mM EDTA, 5 mM HEPES, 0.1% BSA, pH = 7.4) and washed in BSA-free mito-
chondrial isolation buffer. The heart mitochondrial pellet was resuspended in 120 µL and
the kidney mitochondrial pellet in 200 µL of BSA-free isolation buffer. Finally, the Lowry
method was employed to determine the total protein concentration [28].

2.7. Mitochondrial Respiratory Parameters and Membrane Potential (∆Ψm)

Respiratory state evaluation was performed with fresh isolated kidney and heart mito-
chondria using a high-resolution respirometer (Oxygraph O2k, OROBOROS, Innsbruck,
Austria) at 37 ◦C. As previously described [25,28], renal (500 µg) and heart (500 µg) mito-
chondria were run in the chamber with 2 mL of MiR05 buffer (0.5 mM EGTA, 3 mM MgCl2,
60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose,
and 1 g/L essentially FA-free BSA, pH = 7.4). The experiment began with mitochondrial
addition, followed by the addition of complex I plus complex II (CI + CII)-linked substrates
(5 mM pyruvate, 2 mM malate, 10 mM glutamate plus 10 mM succinate) [22,28]. In addition,
2.5 mM ADP was added to induce respiration in state 3 (S3); meanwhile, respiration in state
4o (S4o) was induced by oligomycin 2.5 µM. Residual respiration (ROX) was induced by
1 µM rotenone plus 2.5 µM antimycin A and was used to correct all respiratory parameters.
The respiratory control ratio (RC) was defined as the S3/S4o ratio, and OXPHOS-associated
respiration (P) was defined as S3-S4o [26,29]. Total protein content was used to normalize
respiratory parameters.

∆Ψm was evaluated in the previously described respiratory states by determining the
changes in 5 µM safranin O fluorescence, as previously described [26]. CI + CII substrates
were added after mitochondria addition to stimulate state 2 (S2), and 2.5 mM ADP was also
employed to induce S3; meanwhile, 2.5 µM oligomycin was used to induce S4o. To correct
safranine non-specific interactions, CCCP was used to fully dissipate the potential. The
changes in ∆Ψm were reported as the changes in the measurable concentration of safranin
O (∆µM of S) in each state compared to the full-potential dissipation state and normalized
per milligram of protein (∆µM/mg).

2.8. Mitochondrial H2O2 Production Rates

Mitochondrial H2O2 rates at 37 ◦C were evaluated in freshly isolated mitochon-
dria of renal and heart tissues, as previously described [25,26], using O2k-Fluorometer
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(OROBOROS, Innsbruck, Austria) with Amplex red as a probe. Briefly, renal or heart
mitochondria were resuspended in MiR05 plus 0.5 U/mL HRP. Calibration curves were
employed to ensure the linearity of the assay, as previously described [25,26].

2.9. Activity of Mitochondrial Respiratory Complexes and ATP Synthase, and
NADP+/NADPH Ratio

The activity of the mitochondrial complexes was evaluated as previously described
in [28]. The CI activity evaluation was based on the oxidation of NADH while reducing
DUb to DUbH2, after which DUbH2 is then oxidized by DCPIP. Therefore, the reduction
in DCPIP absorbance at 600 nm can be used to evaluate CI activity. The evaluation of CII
activity used a similar system in which succinate was employed as a substrate in addition
to 2.5 µM rotenone. CII reduces Dub and the reduction in DCPIP absorbance at 600 nm
can be used to evaluate CII activity. The activity of complex III (CIII) was evaluated using
cytochrome c reduction, which is followed by an absorbance increase at 550 nm after
adding DUbH2. Complex IV (CIV) activity was evaluated according to the decrease in the
absorbance at 550 nm due to the oxidation of cytochrome c by complex IV; 1 mM sodium
azide was used as an inhibitor of CIV. To evaluate ATP synthase activity, a hexokinase
(HK)-glucose 6 phosphate dehydrogenase (G6PDH) enzyme-linked assay was employed,
in which the reduction of NADP+ at 340 nm is proportional to ATP synthase activity [21].
Oligomycin (20 mM) was used as a specific inhibitor [21]. Absorbance measurements were
performed at 37 ◦C using a Cytation 7 microplate reader (Biotek Instruments, Winooski,
VT, USA). The specific activity of each complex was determined by subtracting the activity
in the presence of the appropriate inhibitor from the non-inhibited activity, and the results
were expressed as nmol per minute per milligram of protein (nmol/min/mg).

The mitochondrial NADP+/NADPH ratio was determined in fresh isolated renal or
heart mitochondria using a commercial kit from Sigma-Aldrich (St. Louis, MO, USA).
Absorbance measurements were performed at 37 ◦C using a Cytation 7 microplate reader
(Biotek Instruments, Winooski, VT, USA).

2.10. Evaluation of Antioxidant Enzyme Activities

Mitochondrial, heart or kidney homogenates were used to determine antioxidant
enzyme activities, as previously described [25,26]. In brief, superoxide dismutase (SOD)
activity was evaluated according to the interference in the oxidation of the NBT probe at
560 nm. Glutathione S-transferase (GST) activity was evaluated according to the increase
in the absorbance at 340 nm due to GSH-CDNB formation. Glutathione reductase (GR)
activity was determined according to the disappearance of NADPH absorbance at 340 nm.
Glutathione peroxidase (GPx) activity was determined according to the disappearance of
NADPH at 340 nm in a coupled reaction with GR. Catalase activity was determined ac-
cording to H2O2 decomposition at 240 nm using the Aebi method. All measurements were
performed at 37 ◦C using a Cytation 7 microplate reader (Biotek Instruments, Winooski,
VT, USA).

2.11. In Silico NAC Interaction with PPAR-α and Nuclear Respiratory Factor (NRF2)

To evaluate the potential NAC activity on mitochondrial biogenesis factors, in silico
unspecific docking was performed using SwissDock version 2, after having used Autodock
Tools version 1.5.6 [30] and AutoDock Vina version 1.2.0 [31] for a more precise interaction,
with a grid of 60 × 60 × 60 Å. Previously reported positive control interactions were
used for coordinate selection. Chimera software version 1.17.3 was used for protein and
figure preparation; finally, Spartan (Wavefunction Inc., Irvine, CA, USA) was used for
the optimization of the antagonist compound, considering the protonation form for each
case. The crystallographic structures were downloaded from the Protein Data Bank; for
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molecular docking, we used 6KB4 in the case of PPAR-α and 1AWC for NRF2, and in each
case an appropriate positive control was selected.

2.12. Electron Microscopy

Small myocardium small fragments were fixed on 2.5% glutaraldehyde in 0.15 M
cacodylate buffer. Then, 1% osmium tetroxide was employed post fixing with ascending
concentrations of ethyl alcohol to achieve dehydration. The fragments were infiltrated
in epoxy resin. Uranyl acetate and lead citrate were used for contrast, and grids were
observed with an electron microscope (Tecnai Spirit BioTwin, FEI, Hillsboro, OR, USA).

2.13. Statistics

Data are presented as the mean ± the standard error of the mean (SEM). Compar-
isons among groups were tested using ANOVA followed by Tukey’s post hoc test or the
Kruskal–Wallis test followed by Dunn’s post hoc analysis (for WB analysis). Significant dif-
ferences were considered when the p value was <0.05 using Graph-Pad Prism 6 (San Diego,
CA, USA).

3. Results
3.1. NAC Prevents the Increase of Cardiorenal Syndrome

To confirm kidney impairment, renal damage markers, namely creatinine (Figure 1A)
and BUN (Figure 1B), were evaluated in plasma. As shown in Figure 1, both parame-
ters were significantly increased in the NX group, as were kidney weight (KW) and the
KW/body weight ratio (Table 1), confirming the presence of renal damage at 10 days. This is
in agreement with previous works that showed a permanent increase in these markers from
24 h after surgery, which remained elevated throughout CKD progression and correlated
with the progressive diminution in glomerular filtration rate (GFR) [21,22]. Furthermore,
histology evaluation using H&E and Masson trichrome staining showed some areas with
atrophy of proximal convoluted tubules in the NX group kidneys, manifested by flattened
epithelial cells alternating with apoptotic and necrotic cells, and some tubules with hyaline
casts in their lumen (Figure 2). Likewise, tubules and glomerulus in the NX group were
surrounded by collagenous tissue (fibrosis) and chronic inflammatory infiltrates, differing
from the Sham group (Figure 2). Arteries in these fibrotic areas showed thickened muscular
wall layers.

While CRS type IV in the 5/6NX model has been reported at later stages after 2 months
or more [32], studies in the early stages are scarce. To confirm the development of CRS type
IV at this stage, creatine kinase activity and cardiac troponin levels in plasma were evalu-
ated. Both markers showed a rise in the NX group (Figure 1C,D). CRS development has also
been associated with higher plasma levels of cardio-renal connectors like pro-inflammatory
cytokines and uremic toxins [25]. Interestingly, the NX group presented higher plasmatic IL-
1β and IL-6 levels (Figure 1E,F), suggesting a systemic pro-inflammatory state in this group.

Evaluation of pro-inflammatory cytokines in the heart tissue homogenates did not
show a significative increase at 10 days in the NX group (Figure 3A,B); however several
reports showed that in the advanced stage of CRS, pro-inflammatory factors are overpro-
duced in the heart [25]. Meanwhile, an early and significant increase in uric acid levels
in kidneys and plasma was observed in the NX group (Figure 3C,D). This agrees with a
previous report showing that uremic toxins are frequently found to be elevated in patients,
promoting inflammation, oxidative stress and other pathological pathways that trigger
CRS development [33].
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Table 1. Morphometric parameters.

Parameter Sham NX NAC+NX NAC

BW (g) 229 ± 19 242 ± 9.9 235 ± 18 249 ± 25
HW (g) 0.93 ± 0.13 1.2 ± 0.13 * 1.2 ± 0.11 * 1.2 ± 0.14 *
LW (g) 1.6 ± 0.39 2.1 ± 0.17 2.1 ± 0.32 2.2 ± 0.55
KW (g) 0.89 ± 0.09 1.2 ± 0.18 * 1.2 ± 0.12 * 1 ± 0.11

HW/BW (g/Kg) 4 ± 0.27 4.9 ± 0.37 5.1 ± 0.56 * 4.7 ± 0.67
LW/BW (g/Kg) 7.1 ± 1.6 8.8 ± 0.71 9.1 ± 1.6 8.8 ± 2.6
KW/BW (g/Kg) 3.9 ± 0.48 5 ± 0.67 * 5.1 ± 0.65 * 4.2 ± 0.17 **
HW/TL (g/cm) 0.19 ± 0.03 0.25 ± 0.02 * 0.25 ± 0.03 * 0.27 ± 0.04 *
LW/TL (g/cm) 0.34 ± 0.08 0.45 ± 0.04 0.45 ± 0.07 0.49 ± 0.14 *
KW/TL (g/cm) 0.18 ± 0.02 0.25 ± 0.03 * 0.25 ± 0.03 * 0.24 ± 0.01 *

BW = body weight; HW = heart weight; LW = lung weight; KW = kidney weight; TL = tibial length. Data are
mean ± SD, n = 5–8. * p ≤ 0.05 vs. Sham; ** p ≤ 0.05 vs. NX. NX = 5/6 nephrectomy, NAC = N-acetylcysteine.

Figure 1. Cardio-renal syndrome development blood markers. Evaluation of the renal damage
markers (A) creatinine and (B) blood urea nitrogen (BUN) at 10 days after surgery in plasma. The
results are expressed in milligrams per deciliter (mg/dL). (C) Creatine Kinase and cardiac troponin
(D) were evaluated as cardiac damage markers. Creatine kinase activity is expressed in nanomoles
per minute per milliliter of plasma (nmol/min/mL). Plasma evaluation by Western blot of pro-
inflammatory cytokines and their densitometry: (E) interleukin one beta (IL-1β) and (F) interleukin
six (IL-6). Ponceau S staining of the corresponding membranes was used as a protein loading control.
Data are the mean ± SEM, with n = 6–3. * p < 0.05, ** p < 0.01, and *** p < 0.001. NX = 5/6 nephrectomy.
NAC = N-acetylcysteine.



Antioxidants 2025, 14, 1241 9 of 31

Figure 2. Representative micrographs of kidney histology. In comparison to the SHAM and NAC
groups that show normal kidney histology, NX rats show small proximal convoluted tubules covered
by a cuboidal or flat epithelium that corresponds to tubular atrophy; some of these tubules show
hyaline cylinders in their lumen. There are focal interstitial chronic inflammatory infiltrates with
slight fibrosis demonstrated in the Masson trichrome-stained section (arrow). These histological
changes are clearly reduced in NAC+NX rats. NX = 5/6 nephrectomy. NAC = N-acetylcysteine.

Figure 3. Inflammatory cytokines and uric acid levels. Evaluation of pro-inflammatory cytokines
in heart tissue by Western blotting and their densitometry at 10 days after surgery: (A) interleukin
one beta (IL-1β) and (B) tumor necrosis factor alpha (TNF-α). β-Actin of the corresponding mem-
branes was used as a control. Evaluation of uric acid levels in (C) the kidneys, (D) plasma and
(E) heart. Data are the mean ± SEM, with n = 5–6. * p < 0.05; ** p < 0.01. NX= 5/6 nephrectomy.
NAC = N-acetylcysteine.
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Interestingly, uric acid also increased in the heart (Figure 3E), suggesting that uremic
toxins increase before inflammation in this organ. Furthermore, histological analysis in
NX group hearts by H&E and Masson trichrome staining showed focal groups of death or
damaged undulated cardiomyocytes, with mild chronic inflammatory infiltrates around the
damaged cells and blood vessels in comparison to the Sham group (Figure 4), confirming
cardiomyocyte damage and the inflammatory response. Likewise, heart weight (HW) and
the HW/tibia length ratio increased after 10 days in the NX group with respect to the Sham
(Table 1), suggesting heart hypertrophy. Similarly, in NX group rats, systolic dysfunction
was present, evidenced by fractional shortening (FS) and the ejection fraction (EF) being
significantly lower compared to the Sham (Figure 5 and Table 2). Together, these results
validate the early development of CRS-IV at 10 days.

Figure 4. Representative micrographs of heart histology. In comparison to the SHAM and
NAC groups that show normal heart histology, NX rats show undulating and fragmented
myocytes surrounded by chronic inflammatory infiltrates and fibrosis, as seen in the Masson
trichrome-stained section. These histological abnormalities are partially prevented in NAC+NX
rats. NX = 5/6 nephrectomy. NAC = N-acetylcysteine.

Table 2. Cardiac parameters obtained from the echocardiography analysis.

Parameter Sham NX NAC+NX NAC

HR (bpm) 355.9 ± 19.3 365.2 ± 23.5 391 ± 24.6 365.9 ± 28.9
IVS;d (mm) 0.9 ± 0.1 1.1 ± 0.2 1.1 ± 0.3 1.1 ± 0.3

LVID;d (mm) 6.9 ± 0.8 6.7 ± 0.7 6 ± 0.6 6.8 ± 0.7
LVPW;d (mm) 1.5 ± 0.3 1.2 ± 0.2 1.3 ± 0.3 1.2 ± 0.1

FS (%) 57.8 ± 14.2 38.5 ± 7.9 * 52 ± 9.9 *** 52.1 ± 5.5
EDV (µL) 253.5 ± 65.9 236.2 ± 52.4 181.7 ± 39.9 245.6 ± 52.9
ESV (µL) 42.4 ± 37.1 78.2 ± 28.3 35.3 ± 17.5 *** 48.3 ± 18.8

EF (%) 84.3 ± 10.1 66.5 ± 9.5 *,** 80.1 ± 9.6 *** 81.1 ± 4.6
SV (µL) 211.1 ± 42.9 158 ± 44.1 146.4 ± 36.2 * 197.3 ± 36

CO (mL/min) 76.7 ± 17.7 57.2 ± 15.4 57.5 ± 15.1 72 ± 14
Abbreviations: d: diastole; HR: heart rate; bpm: beats per minute; IVS: interventricular septum; LVID: LV
internal diameter in diastole; LVPW: LV posterior wall; FS: fractional shortening; EDV: end-diastolic volume;
ESV: end-systolic volume; EF: ejection fraction; SV: stroke volume; CO: cardiac output; mm: millimeters; µL:
microliters. Data are the mean ± SD, with n = 5–8. * p ≤ 0.05 vs. Sham; ** p ≤ 0.05 vs. NAC; *** p ≤ 0.05 vs.
NX. NX = 5/6 nephrectomy. NAC = N-acetylcysteine.
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Figure 5. Echocardiography and functional cardiac parameters in rats. Representative paraesternal
long-axis (SA) M-mode view with measurements of the left ventricular (LV) dimensions. With this
parameter, it is possible to measure the LV internal diameter in diastole (LVID;d—yellow lines) and
the LV internal diameter in systole (LVID;s—yellow lines). Left ventricular anterior wall thickness
(LVAW) and posterior wall (LVPW) are shown in white and blue lines in diastole and systole. The
heart rate is calculated using the distance between two consecutive systoles (S, white double-point
arrow). NX= 5/6 nephrectomy; NAC = N-acetylcysteine.

Previously, our group demonstrated that NAC administration prevented CRS type III
in a folic acid AKI model [25]. This is congruent with our current findings of notably lower
renal damage markers in the NAC+NX group compared to NX (Figure 1A,B), reducing the
inflammatory markers IL-1β and IL-6 in plasma (Figure 1E,F) and structural alterations such
as inflammation and extracellular matrix deposition in the kidneys (Figure 2). Furthermore,
NAC also prevented creatine kinase activity increases (Figure 1C), significantly reduced
plasmatic and kidney uric acid increases (Figure 3C,D), and showed a tendency to reduce
heart uric acid levels (Figure 3E), although this is not significant.

NAC pre-administration also prevented histological and inflammatory alterations, as
observed by H&E and Masson trichrome staining, in the heart (Figure 4). In the case of
cardiac function (Table 2), all other parameters were unchanged during diastole (Figure 5
and Table 2). The NAC+NX 5 group also demonstrated notable improvements in FS and the
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EF, reaching levels comparable to the Sham group (Table 2). Concerning stroke volume (SV)
and end-systolic volume (ESV), NAC pretreatment enhanced both parameters to values
like those observed in the Sham group (Figure 5 and Table 2). In contrast to SF and the
EF, cardiac output (CO) and heart rate did not change between the experimental groups.
Finally, NAC administration alone did not cause changes in any of the echocardiographic
parameters (Table 2) or histology evaluation (Figure 4).

Collectively, these results suggest that NAC partially prevented CRS -IV development
induced by NX in the early stages, reducing systemic inflammation and uric acid increases.

3.2. NAC Prevented Mitochondrial Bioenergetic Impairment in Kidney and Heart

Mitochondrial homeostasis is essential for heart and renal metabolism [34], and thus
impairment in this organelle triggers injury in both organs [34,35]. Mitochondrial bioen-
ergetic dysfunction has emerged as an early factor that favors renal damage progression.
To explore if the early kidney impairment observed at 10 days was related to a reduction
in mitochondrial metabolism, the respiratory parameters assessed using high-resolution
respirometry in renal-isolated mitochondria with CI + CII-linked substrates were evalu-
ated (Figure 6A). The NX group showed lower values in respiratory states S3, S4o and P
(Figure 6B–D) with respect to the Sham, implying a reduction in total OXPHOS capacity.
Interestingly, no change was observed in RCI (Figure 6E), which suggests the absence of
mitochondrial uncoupling 10 days after NX. These results are congruent with the reported
reduction in mitochondrial respiration with β-oxidation-linked substrates during the first
month after surgery [22], and suggest that mitochondrial OXPHOS is compromised in renal
tissues regardless of substrate choice due to mitochondrial nephrons.

Figure 6. Respiratory parameters in isolated mitochondria from kidney and heart. (A) A representative
graph of the method used to determine the CI and CI + CII-linked respiratory parameters in isolated
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mitochondria. The chamber O2 concentration is shown by the blue line, and respiratory rate is shown
in red; the values are normalized per milligram of protein [pmol/(s*mg)]. Renal mitochondria respira-
tory parameters: (B) S3, (C) S4o, (D) P and (E) RCI. Respiratory parameters in isolated mitochondria
in the heart: (F) S3, (G) S4o, (H) P and (I) RCI. Data are the mean ± SEM, with n = 5–6. * p < 0.05;
** p < 0.01. S3 = respiratory state 3, S4o = respiratory state 4 induced by oligomycin, P = respiration
directly associated with OXPHOS, RCI = respiratory control index, CI = complex I, CII = complex
II, PMG = pyruvate–malate-glutamate, S = succinate, Oligo = oligomycin, Rot + ant = rotenone
plus antimycin A, and ROX = residual non-mitochondrial respiration. NX = 5/6 nephrectomy.
NAC = N-acetylcysteine.

Recently, it has been demonstrated in CRS type III that heart mitochondria alteration
is an early predictor of cardiac impairment [25]; therefore, we evaluated if heart mitochon-
dria respiratory state was also altered at 10 days after nephrectomy. Interestingly, heart
mitochondria in the NX group also showed lower S3 and p values, implying that cardiac
OXPHOS capacity was also decreased (Figure 6F). Furthermore, S4o also decreased in com-
parison to the Sham group (Figure 6G), indicating that leak processes also increase in the
heart, which may be associated with mitochondrial decoupling in this organ (Figure 6H).

To relate the observed alteration in respiratory state with changes in ∆Ψm, the latter
was evaluated using safranine O as a probe in the different respiratory states (Figure 7A).
NX significantly reduced ∆Ψm in S3 and S4o in renal and cardiac mitochondria; however,
this was only significant in S4o in renal mitochondria (Figure 7D). Moreover, ATP synthase
activity was reduced in both renal and cardiac mitochondria (Figure 7E,I), suggesting that
although mitochondria maintain ∆Ψm after surgery (Figure 7B–H), ATP production by this
organelle is strongly decreased in both cardiac and kidney tissue.

Figure 7. Evaluation of the changes in mitochondrial membrane potential (∆ψm) and ATP synthase
activity in isolated mitochondria. (A) Graphic representations of the changes in safranin O fluorescence
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used to evaluate the changes in ∆ψm. ∆ψm changes in (B) S2, (C) S3 and (D) S4o and (E) ATP synthase
activity in renal mitochondria. ∆ψm changes in cardiac isolated mitochondria in the respiratory
state, (F) S2, (G) S3 and (H) S4o, as well as (I) ATP synthase activity in cardiac mitochondria.
Data are the mean ± SEM, with n = 5–6. * p < 0.05, ** p < 0.01, and *** p < 0.001. State 2 = S3,
State 3 = S3, state 4 induced by oligomycin = S4o, PMG = pyruvate–malate-glutamate, S = succinate,
Oligo = oligomycin, Rot + ant= rotenone plus antimycin A, and ROX = residual non-mitochondrial
respiration. NX= 5/6 nephrectomy. NAC = N-acetylcysteine.

Interestingly, the separate evaluation of mitochondrial electron transport system com-
plexes showed that after 10 days of NX, the activity of CI, CII and CIII was reduced, with
no change in CIV activity in renal tissue (Figure 8A–D). This agrees with our previously
reported findings that showed that CI and CIII sustain early damage in renal tissue fol-
lowing NX [22]. In this way, in the heart tissue, only CI activity was reduced in the NX
group (Figure 8E), without significant changes in the rest of the mitochondrial complexes
(Figure 8F–H). Together, our results suggest that in the kidney, OXPHOS reduction may be
attributable to damage in several complexes; meanwhile, OXPHOS reduction in the heart
may be primarily attributable to CI impairment.

Figure 8. Mitochondrial electron transport complexes activity. The activity of renal electron transport
system complexes: (A) CI, (B) CII, (C) CIII and (D) CIV. The activity of heart electron transport system
complexes: (E) CI, (F) CII, (G) CIII and (H) CIV. Data are the mean ± SEM, with n = 5–6. * p < 0.05,
** p < 0.01, and *** p < 0.001. CI = complex I, CII = complex II, CIII = complex III, CIV = complex IV,
NX = 5/6 nephrectomy, and NAC = N-acetylcysteine.

NAC pretreatment prevented respiratory parameter alterations in isolated mitochon-
dria from the kidneys (Figure 6B–D) and heart (Figure 6F–I), implying that NAC can
restore OXPHOS capacity in both organs, as well as mitochondrial decoupling in the
heart. This agrees with the ∆Ψm restoration induced by NAC in renal mitochondria
(Figure 7C,D), as well as the activity of ATP synthase in both tissues (Figure 7E,I). In renal
tissue, the protective effects can be attributed to CI and CIII activity restoration induced
by NAC (Figure 8A,C). Meanwhile, in the heart, CI activity in the NAC+NX group tended
to increase, but this was not significant with respect to NX (Figure 8E). Interestingly, in
CRS type III, NAC has also been reported to prevent CI activity loss in the heart due to
high-dose folic acid administration [25]. Therefore, these results suggest that NAC ad-
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ministration also prevented renal and cardiac mitochondrial bioenergetic disturbance in
nephrectomy-induced CRS-IV.

3.3. NAC Prevented Redox Imbalance in Renal and Heart

In CKD, mitochondrial respiration impairment has been linked with higher ROS
production [28]. Likewise, reductions in renal and heart mitochondrial CI activity are
associated with higher ROS production [25,26]. Thus, the mitochondrial H2O2 production
rate in isolated mitochondria from both organs was evaluated. The NX group’s respiratory
rates according to CI + CII-linked activity showed higher rates of H2O2 in S3 and S4o with
respect to the Sham group (Figure 9A,B). Interestingly, heart mitochondria also showed
higher rates of H2O2 production in both respiratory states (Figure 9C,D). These results
suggest that NX induced an overproduction of ROS in high-energy-demand organs.

Figure 9. Mitochondrial hydrogen peroxide (H2O2) production. Renal mitochondria H2O2 produc-
tion rates in CI + CII-linked respiration evaluated with an O2k-Fluorometer (OROBOROS, Inns-
bruck, Austria) using Amplex red as a probe in the respiratory state: (A) S3 and (B) S4o. Heart
mitochondria H2O2 production rates in CI + CII-linked respiration in the respiratory state: (C) S3
and (D) S4o. Data are the mean ± SEM, with n = 5–6. * p < 0.05, ** p < 0.01, and *** p < 0.001.
CI = complex I, CII = complex II, S3 = state 3, S4o= state 4 induced by olygomicin, NX = 5/6 nephrec-
tomy, and NAC = N-acetylcysteine.
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To evaluate if the H2O2 increase was also accompanied by alterations in antioxidant
enzymes, we evaluated the renal and heart activity of SOD, catalase, GPx, GR and GST, as
well NADPH levels in total homogenates and isolated mitochondria from both organs. In
renal homogenates, we observed a reduction in the activity of enzymes in the NX group,
namely catalase, GPx, GR and GST enzymes, as well as in NAPDH levels (Figure 10A).
Likewise, renal mitochondria from the NX group also showed a significant reduction in GR
(Figure 10B), and a tendency for GPx activity to decrease and for GST to increase during
this period. Meanwhile, the evaluation in heart homogenates showed lower SOD, catalase
and GPx activities, lower NADPH levels, and higher MDA levels and GST enzyme activity
in the NX group (Figure 10C). These results confirm that NX-induced CRS-IV triggers an
early pro-oxidative state in the heart and kidneys.

Figure 10. Oxidative stress in the kidneys and heart. Evaluation of the activity of antioxidant
enzymes: GR = glutathione reductase, GPx = glutathione peroxidase, catalase, GST = glutathione
S-transferase, and SOD = superoxide dismutase. The levels of NADPH (nicotinamide adenine
dinucleotide phosphate) and the oxidative stress marker MDA (Malondialdehyde) were reduced as
shown in (A) renal homogenates, (B) kidney isolated mitochondria and (C) heart homogenates. Data
are the mean ± SEM, with n = 5–6. * p < 0.05, ** p < 0.01, and *** p < 0.001. NX = 5/6 nephrectomy.
NAC = N-acetylcysteine.

NAC pretreatment significantly prevented the rise in mitochondrial H2O2 production
in S3 and S4o in both kidney and heart mitochondria (Figure 9A–D). Furthermore, it
prevented a decrease in the activities of catalase, GPx, GR and GST and in NADPH levels
in renal homogenates (Figure 10A) and GR in kidney mitochondria (Figure 10B).

NAC antioxidant effects were also observed in heart homogenates, with alterations in
GPx and GST activities and MDA and NADPH levels prevented, although there were no
effects on SOD and catalase activities (Figure 10B). These results suggest that NAC offers
redox protection present in the kidneys and has a partial protective effect in heart tissue.
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3.4. NAC Prevents Mitochondrial Biogenesis Reduction in Kidney

CKD and CRS type III have been associated with changes in mitochondrial mass
reduction resulting from biogenesis impairment [1,23,25,36]. Therefore, to determine if
the observed impairment in renal and heart bioenergetics was related to changes in the
SIRT/PGG-1α/NRF pathway, we evaluated the proteins related to biogenesis in kidney
and heart tissues.

Renal mitochondria biogenesis in the NX group after 10 days was strongly down-
regulated because of the decreased levels of the 75 KDa SIRT1 fragment (Figure 11A),
N-terminal-PGC-1α (Figure 11D) and NRF2 (Figure 11G), resulting in lower levels of
ATP5A subunits (Figure 11L). This partially explains the early decrease in OXPHOS capac-
ity (Figure 6) and ATP synthase activity (Figure 7) of renal mitochondria from nephrectomy
rats at 10 days after surgery. This result also agrees with our previous reports that showed
a progressive decrease in mitochondrial renal content as time since surgery increased [23].

Figure 11. Mitochondrial biogenesis in renal tissue. Evaluation in kidney of mitochondrial biogenesis
factors by Western blotting and their densitometry at 10 days after surgery: (A) SIRT1 fragment of 75 KDa,
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(B) SIRT3, (C) N-terminal-PGC-1α, (D) N-terminal-PGC-1β, (E) PPAR-α, (F) NRF1, (G) NRF2,
(H) CI-NDUFB8, (I) CII-SDHB, (J) CIII-UQCRC2, (K) CIV-MTCO1 and (L) ATP5A. GAPDH of
the corresponding membranes was used as a protein loading control. Data are the mean ± SEM, with
n = 3. * p < 0.05. CI-NDUFB8 = reduced form of the nicotinamide adenine dinucleotide ubiquinone ox-
idoreductase subunit B8; CII-SDHB = iron-sulfur subunit B of succinate dehydrogenase complex; CIII-
UQCRC2 = ubiquinol-cytochrome c reductase core protein 2; CIV-MTCO1 = cytochrome c oxidase
subunit I, ATP5A = ATP synthase subunit α; GAPDH = glyceraldehyde-3-phosphate dehydrogenase;
NRF1 = nuclear respiratory factor 1; NRF2 = nuclear respiratory factor 2; NX = 5/6 nephrectomy,
NAC = N-acetyl-cysteine; PGC-1α = peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha; PGC-1β = peroxisome proliferator-activated receptor gamma coactivator 1-beta;
PPAR-α = peroxisome proliferator-activated receptor alpha; SIRT1 = sirtuin 1; SIRT3 = sirtuin 3.

Interestingly, 10 days after NX, heart tissues from the NX group did not show a reduc-
tion in mitochondrial biogenesis factors or OXPHOS subunit protein levels (Supplementary
Figure S1), suggesting that in heart tissues, bioenergetic alterations (Figures 6–8) are not
yet associated with impairments in SIRT/PGC-1α/NRFs, as seen in other CRS models at
more advanced stages [1,25]. Interestingly, the electron microscopy evaluation in the heart
showed that in the NX group, there are swollen, fragmented and irregular-shaped mito-
chondria with cristae effacement, without evident changes in organelle number (Figure 12).
These findings support the hypothesis that in the heart, early mitochondrial impairment is
primarily linked with alterations in bioenergetics rather than changes in biogenesis.

Figure 12. Representative electron micrographs of heart mitochondria. SHAM and NAC micrographs
show the normal distribution and shape of mitochondria, while NX rats show swollen and fragmented
mitochondria, and many are small or show an irregular shape with cristae effacement. These
mitochondrial abnormalities are prevented in NX rats treated with NAC. NX = 5/6 nephrectomy.
NAC = N-acetylcysteine.

On the other hand, NAC has been shown to induce mitochondrial biogenesis via
SIRTs and PGC-1α pathway activation [1,26,37,38]. In this way, NAC pre-administration
prevented the diminution in the 75 KDa SIRT1 fragment (Figure 11A), N-terminal-PGC-1α
(Figure 11D) and NRF2 (Figure 11G), with a concomitant increase in ATP5A subunit levels
(Figure 11L) in renal tissues induced by nephrectomy. Furthermore, NAC also significantly
increased N-terminal-PGC-1β levels (Figure 11D) in renal homogenates compared to the
Sham and NX groups, which suggests that this drug has positive effects on mitochondrial
biogenesis in this model. Accordingly, NAC also increased PGC-1β and PPAR-α levels
in the heart (Supplementary Figure S1) compared to the NX and Sham groups, with
no perceptible improvement in mitochondrial mass observed in the NAC+NX group
(Figure 12). This suggests that the overactivation of PGC-1β and PPAR-α is associated with
the protective effect observed in heart mitochondria.
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3.5. In Silico Activation of PPAR-α and NRF2 by NAC

We recently reported that NAC potentially activates mitochondrial biogenesis through
its direct interaction with and activation of SIRT1 and SIRT3 [1]. However, the potential
activation of NAC through direct interaction with other mitochondrial biogenesis factors
remains unclear. Because the WB results showed that PPAR-α levels increased in the
NAC-administrated group (Figures 11 and 12), the possible activation of this transcription
factor by NAC was explored using an in silico approach. It is important to investigate
this approach with PPAR-α because, in both CKD and CRS, it plays a key role in the
regulation of mitochondrial and lipid metabolism [39]; moreover, it is highly expressed
in the heart and kidneys, because both tissues highly depend on mitochondrial fatty acid
β-oxidation [40–43]. Furthermore, metabolic disorders like obesity and diabetes are linked
with decreases in PPAR-α levels, prompting nephropathy and cardiomyopathy. Moreover,
in experimental models and clinical studies, PPAR-α agonist (pemafibrate, bezafibrate,
clofibrate) administration shows nephroprotective effects [40,44,45].

The in silico approach results showed the formation of a higher stable complex with the
common ligand pemafibrate (∆G = −10.6 Kcal/mol) in comparison with deprotoned NAC
(∆G = −4.3 Kcal/mol); nevertheless, both compounds share an interaction area between
α-helices H3, H5, and H7, next to antiparallel β-sheet S2 (Supplementary Figure S2). This
difference can be explained according to the intrinsic molecular area of each molecule, as
pemafibrate (521.39 Å2) presented an area 10 times bigger than that of NAC−(159.14 Å2).
However, one important factor that supports the efficient interaction of PPAR-α−NAC−

is the minimum difference in the polar surface area (PSA) [46] between pemafibrate and
NAC−, 62.839 Å and 56.005 Å, respectively, due to the presence of polar atoms in both
molecules. Therefore, it is predicted that both compounds are similarly accessible like
agonists of PPAR-α (Supplementary Figure S2C,D).

Likewise, NRF2, also known as GA-binding protein (GABP), is a transcription factor
that binds to DNA and regulates the gene expression of mitochondrial proteins, genes
that regulate the cell cycle, protein synthesis and cellular metabolism [47–49]. NRF2 is a
heterodimer of two GABPα and two GABPβ polipeptides; the first binds to DNA via inter-
action with the Erythroblast Transformation Specific domain, while sa secondary structure
is formed by antiparallel β-sheet (S1–S4) surrounded by four α-helices (H1–H4). On the
other hand, GABPβ has protein–protein interactions with GABPα through a 4–5 ankyrin-
repeat motif, which is essential for heterodimerization with GABPα. NRF2 activation and
binding to DNA in turn occur after its binding to the PGC-1α peptide [48,50]; for this reason,
this peptide has been used as a control in the molecular docking analysis. Furthermore,
according to the literature, resveratrol could be an NRF2 agonist, supporting its use as
another ligand positive control [47,50].

The in silico approach results revealed (Supplementary Figure S3) that NAC− and
resveratrol interact with NRF2 in the same region (interface GABPα and DNA). In the
NAC−−NRF2 complex (∆G = −3.54 Kcal/mol), the main force of union was Van der Waals
interactions with Trp36, Try380, Try381, Met386, Gly384 and Trp323; these interactions
allowed for effective binding with DNA and GABPα (Supplementary Figure S3A–D).

In the case of resveratrol−NRF2 (∆G = −6.38 Kcal/mol), hydrogen bonds formed be-
tween Asp385 and the OH group in the phenol ring were detected; also, it was possible to
identify two hydrophilic interactions with DNA (A31 y C32). PGC-1α (∆G = −6.60 Kcal/mol)
showed an interaction area near to that of H1 and H4 in the upper part of the 4–5 ankyrin-
repeat motif (Thr65, Met77, Thr39, Leu44, Arg15, Tyr15, Leu406, Cys401, Asp402, Leu403).
This type of interaction could explain the activation of NRF2. Furthermore, PGC-1α did
not disrupt the GABPβ-GABPα interaction. The difference in the union energy could be
explained by differences in the PSA and intrinsic molecular area of each molecule.
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Together, these results suggest that NAC may activate mitochondrial biogenesis by
binding to PPAR-α and NRF2, similarly to its suggested direct interaction with SIRT1 and
SIRT3 [1].

4. Discussion
The global prevalence of CKD has reached 9.1%, making it one of the diseases with the

fastest annual growth [7,51]. It is also a major factor associated with CRS type IV prevalence.
Moreover, 70% of end-stage renal disease patients develop cardiac dysfunction [3–5]. Al-
though, the CKD pathophysiology is multifaceted, and the damage propagation pathways
affecting the heart are still poorly understood [1,5,52]. Several cardio-renal connectors
like hemodynamic alterations, inflammatory response and damage-associated molecular
pattern (DAMPs) production, fibrosis, renin–angiotensin–aldosterone system (RAAS) over-
activation, extracellular vesicle production, redox and metabolic imbalance, lipotoxicity,
accumulation of uremic toxins and others are currently under study [1].

In this respect, mitochondrial imbalance has recently emerged as a hub in the reg-
ulation of many of these cardio-renal connectors, being central in the pathophysiology
of CRS development [1,34,53]. In CRS-IV, experimental studies have shown that in ad-
vanced stages of the disease, cardiac mitochondria suffer a decrease in their ATP production
capacity, increasing oxidative stress and inflammation in the heart [27,32,54]. However,
mitochondrial alterations occur in the early stages of CRS-IV. Its temporal development
remains understudied, as do its contribution to the pathophysiology mechanisms.

This work aimed to characterize the first cardiac mitochondrial alterations after kid-
ney damage. As demonstrated in Figure 6, both renal and cardiac mitochondria have a
significant reduction in P and S3 states at 10 days after nephrectomy, implying a decrease in
mitochondrial OXPHOS capacity. This is associated with lower CI activity in both tissues
(Figure 8), favoring a decrease in ATP synthase activity (Figure 7). This is in agreement
with our previous studies in which we showed that mitochondrial ATP production in the
kidneys is lower at 24 h after surgery, remaining the same throughout CKD progression,
and decreasing mitochondrial β-oxidation [21,22]. Since β-oxidation in the renal proximal
tubule supports gluconeogenesis, which is essential for ATP production in glycolytic seg-
ments [43], renal mitochondrial impairment compromises the bioenergetic balance in all
nephron segments [22]. Likewise, lower β-oxidation is associated with the impairment of
the electron transfer system (ETS) [22], especially in CI activity, as observed in Figure 8.

Renal mitochondrial bioenergetic imbalance is linked to increased production of ROS
by this organelle (Figure 9), as well as renal imbalance in the redox state (Figure 10A,B),
favoring cell death and inflammatory infiltration in renal tissues (Figure 2). An additional
consequence is the increase in the concentration of uremic toxins such as uric acid, whose
levels rise early in the kidneys and plasma (Figure 3), acting as a contributing factor that
further enhances the inflammation, oxidative stress and mitochondrial impairment in the
kidneys [55,56].

Moreover, the release of damaged mitochondrial components like mtDAMPs triggers
inflammatory responses via activation of the nucleotide-binding domain-like receptor
family pyrin domain-containing protein 3 (NLRP3) inflammasome and the nuclear factor-
kappa B (NF-κB) pathways [34,35], which augments the renal release of inflammatory
cytokines. In this respect, we observed an early increase in IL-1β and IL-6 plasma levels
(Figure 3). Furthermore, it was previously reported that renal CI and CIII inhibition induced
in CKD is associated with NLRP3 and NF-κB pathway activation [22,57]. These findings
suggest that the observed renal ETS impairment (Figure 8) can promote the release of
cardio-renal connectors (Figures 1–3).
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It has been widely described in CKD that the progressive decline in renal function
is associated with the rise in uremic toxins [55,56]. Thus, in models of hypouricemic
nephropathy, uric acid enhances renal NLRP3 activation, affecting mitochondrial balance
in the heart [58]. Likewise, the increase in uric acid and related pathways like the purine
degradation pathway has been described to induce metabolic reprogramming, decreas-
ing mitochondrial coupling and ATP production [56]. The increase in intracellular uric
acid concentration induces translocation of the ROS-producing enzyme NADPH oxidase
(NOX) to the mitochondria, favoring oxidative stress and calcium deregulation, induc-
ers of endoplasmic reticulum stress [59,60]. This would be particularly important in our
model, where there is an early rise in the heart uric acid concentration (Figure 3E), which
could trigger heart mitochondria to reduce the coupling degree and OXPHOS capacity
(Figures 6 and 7). Such effects trigger mitochondrial ROS production enhancement, leading
to cardiac oxidative stress, as observed (Figures 9 and 10).

In agreement, it has been reported that other uremic toxins like IS trigger mitochondrial
impairment and heart complications in AKI and CKD [14,61,62]. In particular, uremic toxin
administration enhanced cardiac ROS levels and reduced mitochondrial biogenesis [17,18],
which was also observed in our model in the early stages (Figures 10 and 12). Uremic
toxins are also related to heart hypertrophy (Figure 4, Tables 1 and 2) and inflammation
(Figure 4). In fact, the increase in plasma uremic toxins was associated with left ventricular
hypertrophy and cardiac NLRP3 and NF-κB pathway activation in CKD patients [63–65].
Interestingly, our results showed that CKD induces a small heart hypertrophy at 10 days
after surgery, with systolic dysfunction and a lower EF (Figure 5 and Table 2).

We recently reported that NX induces a decrease in mitochondrial ATP production,
redox imbalance in the heart triggering CRS-IV progression after 2 months [27]. To our
knowledge, this represents an initial investigation aiming to characterize the cardiac mito-
chondrial impairment (Figures 6–8) occurring 10 days post NX surgery. This impairment
is shown in bioenergetic parameters such as respiratory state and ∆Ψm (Figures 6–8).
Therefore, our findings demonstrate that mitochondrial bioenergetic damage is an early
mechanism that promotes the development of CRS type IV.

On the other hand, the inflammatory processes involving NFKB and NLRP3 path-
ways have also been associated with the inhibition of renal mitochondrial biogenesis by
SIRT/PGC-1α/NRFs in diabetic nephropathy and CKD transition [66–68]. Our results
showed that in the kidneys at 10 days after nephrectomy, the 75 KDa SIRT1 fragment,
PPAR-α and NRF2 were significantly diminished (Figure 11), which may have contributed
to the observed bioenergetic imbalance in this organ. In contrast, the evaluation at this
time in heart tissue (Supplementary Figure S1) did not show a significant reduction in
these factors, which correlated with the electron microscopy analysis where no changes in
mitochondrial mass were perceptible (Figure 13). These results suggest that mitochondrial
biogenesis impairment did not contribute to mitochondrial bioenergetic alterations in the
heart, at least in this early stage. In contrast, we recently reported a decrease in SIRT3 levels
in the heart at 2 months after NX, which indeed correlate with cardiac damage [27] and the
reported decrease in SIRT1, SIRT3, PGC1-α and NRF-2 in the heart at advanced stages of
CRS-IV [69]. Therefore, this suggests that the sustained presence of a pro-inflammatory
environment and bioenergetic impairment ultimately results in decreased biogenesis. Con-
sequently, reduced mitochondrial biogenesis in the heart acts as a subsequent factor that
exacerbates mitochondrial damage, further diminishing OXPHOS capacity.
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Figure 13. Integrative Scheme. 5/6Nx after 10 days in renal tissue induces mitochondrial bioenergetic
impairment, characterized by the initial reduction in CI, CIII and ATP synthase activities, thus
triggering S3 and OXPHOS reduction, as a result of lower ∆ψm. Mitochondrial complex impairment
augments the rate of H2O2 production by this organelle, which together with the decrease in antioxidant



Antioxidants 2025, 14, 1241 23 of 31

enzyme capacity and redox balance promotes the mitochondrial release of mtDAMPS and higher
ROS levels in cytosol. Thus, bioenergetic and redox impairment in renal tissue promotes a reduc-
tion in the regulators of the mitochondrial biogenesis AMPK-SIRT1/3-PGC-1α pathway, promoting
an increase in the inflammatory pathways and the release from the kidneys to the blood stream
of pro-inflammatory cytokines and uric acid, which act as cardio-renal connectors. In the early
stages after renal injury induction, the cardio-renal connectors promote cardiac mitochondrial re-
duction in CI activity, which reduces OXPHOS capacity and promotes mitochondrial decoupling
and swelling, also enhancing H2O2 production by this organelle. Like the kidneys, mitochondrial
impairment promotes cytosol oxidative increases and inflammation increases in cardiac tissue. Al-
though significant, the AMPK-SIRT1/3-PGC-1α pathway was not observed in the early stages
after renal injury. The bioenergetics and redox alterations by themselves can induce functional
impairment of the heart, leading to CRS development. In contrast, NAC showed protective ef-
fects in mitochondrial homeostasis in both tissues. In the kidneys, NAC protection can be linked
to the protection of bioenergetics, the redox state and the activation of the AMPK-SIRT1/3-PGC-
1α pathway, possibly via direct activation of some of its regulatory proteins. In contrast, in the
heart, at this stage, NAC only presents protective effects on bioenergetic and redox parameters,
without significantly promoting cardiac mitochondrial biogenesis. However, NAC effects on mi-
tochondria in both tissues are capable of significantly preventing early CRS progression in this
model. AQ8 = aquaporin eight, CI = complex I, CIII = complex III, CRS = cardio renal syndrome,
EF = ejection fraction, ESV= end-systolic volume, FS= fractional shortening, GPx = glutathione per-
oxidase, GR= glutathione reductase, GST = glutathione S-transferase, H2O2 = hydrogen peroxide,
IL-1β = interleukin one beta, IL-6 = interleukin six, MDA= Malondialdehyde, mtDAMPs = mito-
chondrial damage-associated patrons, NRF1 = nuclear respiratory factor 1, NRF2= nuclear respi-
ratory factor 2, NX= 5/6 nephrectomy, NAC = N-acetyl-cysteine, NADPH= nicotinamide adenine
dinucleotide phosphate reduced, PGC-1α = peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha, PGC-1β = peroxisome proliferator-activated receptor gamma coactivator 1-beta,
PPAR-α = peroxisome proliferator-activated receptor alpha, OXPHOS = oxidative phosphorylation,
RCI = respiratory control index, ROS= reactive oxygen species, SIRT1 = sirtuin 1, SIRT3 = sirtuin 3,
SOD2 = superoxide dismutase 2, State 3 = S3, S4o= state 4 induced by oligomycin, VDAC = voltage
depending anion channel, and ∆ψm = mitochondrial membrane potential.

On the other hand, NAC administration has been employed in both experimental
models and clinic studies to prevent oxidative stress, inflammation, fibrosis and bioen-
ergetic alterations in AKI and CKD [70–74]. Interestingly, NAC administration has been
more effective in pre- or parallel treatment to the induction of renal damage, with acute or
short-term administration being sufficient to maintain or restore GSH plasma and tissue
concentrations without pathological side effects [75]. In this regard, our previous studies
demonstrated that NAC pre-administration prevented CKD transition due to high levels of
folic acid [28]. Likewise, the present results show that NAC early administration reduced
the increase in clinical markers of renal damage (Figure 1) and histological alterations in
the kidneys (Figure 2). In the kidneys, NAC protective effects have been linked to the
morphological preservation of the glomerulus and proximal tubule [26,28,76,77], as ob-
served by histology (Figure 2). Likewise, NAC also reduced ROS, inflammation levels and
cell death in the kidneys [26,28,72,78–80]. This is particularly relevant, because previous
studies showed that NAC also decreases the release of cytokines and uremic toxins to the
circulation [24,27,38,81–83].

Thus, the observed NAC protection of the redox state in kidney tissue (Figures 9 and 10),
is responsible for the reduction in uric acid and interleukins in plasma with respect to
NX (Figures 1 and 3). In fact, NAC can reduce the renal activation of inflammatory path-
ways mediated by the NLRP3 inflammasome and NF-κB, which are overactivated by
mitochondrial impairment in renal tissues [79,84–86]. Consequently, as observed in the
pre-administrated group, NAC redox state restoration is associated with the preservation
of mitochondrial membrane potential and the activity of CI and CIII (Figures 7 and 8).
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In this regard, we previously showed in folic acid-induced AKI to CKD transition that
CI and CIII preservation by NAC is linked to the mitochondrial GSH/GSSG ratio and
S-glutathionylation restoration in kidney mitochondria [26,28]. In fact, several authors
showed that redox-sensitive post-translational modifications like S-glutathionylation repre-
sent a link between ROS balance and bioenergetic regulation in this organelle [25,26,28,87].

Although GSH/GSSG ratio restoration is identified as a key factor involved in the
protective effects of NAC on renal tissue mitochondria, recent evidence suggests that NAC
can also enhance other mitochondrial pathways, primarily the induction of biogenesis
mediated by SIRT1/3-PGC-1α. NAC also activates AMPK, an upstream PGC-1α activator,
which leads to SIRT3 phosphorylation in CKD. Likewise, NAC promotes SIRT3-dependent
deacetylation, promoting the activation of several biogenesis factors [88,89]. Similarly, sev-
eral ETS complexes and Krebs cycle enzymes are activated by NAC-Sirt3 pathways [25,90].
In agreement with our results, NAC pre-administration prevented a decrease in SIRT1,
PGC-1α and NRF2 levels in the kidneys (Figure 11). Furthermore, NAC also increased
PPAR-α and N-terminal-PGC-1β renal levels (Figure 11), implying overactivation in mito-
chondrial biogenesis. This increase has been reported in early stages in the AKI to CKD
transition after NAC administration [25,26], suggesting that acute or short-term admin-
istration of NAC is particularly effective in promoting renal mitochondrial biogenesis.
NAC-induced AMPK-SIRT1/3-PGC-1α overactivation is particularly important, because
it has been reported to diminish mitochondrial ROS production and NLRP3 and TGF-β
inflammasome activation in AKI and CKD [25,68,91–93]. This leads to the observed reduc-
tion in cytokine and uric acid release to the blood stream (Figures 1 and 3), preventing
cardiac damage development.

In this regard, it has been suggested that that NAC can activate proteins involved in
AMPK-SIRT1/3-PGC-1α by directly interacting with them [1,94]. It was reported that NAC
has binding region sites for SIRT3 like honokiol (an SIRT3 activator). Furthermore, NAC is
also associated with resveratrol (an SIRT1 activator) in Sirt1 structures. In fact, the SIRT1-
NAC complex has a ∆G = −3.1 kcal/mol, showing a favorable interaction. Meanwhile, in
the case of SIRT3, NAC interacted near the hydrophilic cavity occupied by Honokiol with a
∆G = −4.6 kcal/mol, suggesting the possibility that NAC acts as suirtin activator [1,94].
Our results also showed that NAC is similarly accessible in the nucleus membrane of
PPAR-α compared to pemafibrate, an agonist of PPAR-α with a ∆G = −4.3 Kcal/mol of
the NAC-PPAR-α complex (Supplementary Figure S2), suggesting the possibility that NAC
may act as an agonist. Likewise, the in silico approach results also showed that NAC can
interact with NRF2 in the same region as resveratrol (Supplementary Figure S3), a molecule
that enhances its interaction with DNA [47,50]. This interaction has ∆G = −3.54 Kcal/mol,
suggesting that NAC may also promote the NRF2 transcriptional antibody. Although
these predicted interactions have not been proven in chemical or crystallography ex-
periments, many experimental studies showed that NAC administration restores and
enhances mitochondrial biogenesis and antioxidant enzyme expression in renal damage
models [25,90]. Thus, the potential direct activation of proteins in the AMPK-SIRT1/3-
PGC-1α pathway may explain these experimental observations, as well as the reduction in
inflammatory pathways.

However, several studies have shown that NAC has protective effects in cardiac
surgery and heart tissues in CRS-III and IV [1,25]. Our understanding of how mitochondrial
preservation contributes to these protective effects remains limited, especially in the early
stages after kidney damage induction. We previously demonstrated that NAC prevented
cardiac ETS activity reduction and oxidative stress induced by folic acid CRS-III [25]. In
agreement with our results, NAC pretreatment prevented the reduction in respiratory
parameters in the heart (Figure 6F–I), restoring OXPHOS capacity and mitochondrial
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coupling. As in folic acid-induced CRS-III, the sustained OXPHOS capacity in the NAC
pre-administered group is related to cardiac ∆Ψm maintenance (Figure 7), due to CI activity
preservation and lower H2O2 mitochondrial production (Figures 8 and 9). Although,
unlike the kidney, the effects of NAC pre-administration do not appear to be linked to
AMPK-SIRT1/3-PGC-1α pathway activation, except for the observed increase in PGC-1β
and PPAR-α in the heart (Figure 12), the effects of preventing cardiac oxidative stress are
evident in the pretreated group (Figure 10).

As illustrated in the integrative schema (Figure 13), these findings suggest that main-
taining cardiac mitochondrial bioenergetics is crucial for preventing the alterations in
cardiac function and hypertrophy observed in the 10-day NX group. Consequently, both
recent studies and our research propose that NAC-mediated mitochondrial protection may
represent a promising approach for preventing AKI to CKD progression and cardio-renal
syndrome development.

5. Study Limitations
The objectives of this study were focused on finding the earliest time at which heart

mitochondrial respiration impairment appears and to evaluate NAC’s protective effect
against mitochondrial damage in CRS development. One significant limitation of our study
is the fact that both mitochondrial damage and NAC’s protective effects throughout the
development of CRS were not evaluated. In fact, it must be considered that a subsequent
sustained post-administration regimen of NAC would be necessary to have a sustained
effect on CRS development [27]. Another important limitation of this study lies in the
short-term experimental endpoint of mitochondrial impairment evaluation. Although
several studies showed that single-nephron glomerular filtration rate, renal hemodynam-
ics, inflammation and metabolic alterations are already present at this stage [95–100], it
should be highlighted that other relevant pathological processes that also contribute to the
development of CRS, such as uremia, lipotoxicity, liver damage, extensive inflammatory
process and hypertension, are not yet present at this stage [1,9,22,101–105]. Several of these
factors, like lipotoxicity, permanent inflammation and uremic toxins, have been reported to
induce significant changes on bioenergetics and redox balance [1,17–20], so their effects on
the temporal evolution of the observed mitochondrial alterations should not be overlooked.
Thus, it is still necessary to carry out a more extended temporal evaluation of mitochon-
drial dynamics, bioenergetic and biogenesis in the heart, as well as its correlation with
inflammatory processes. In the case of mitochondrial dynamics, it is worth highlighting
that previous studies have shown a sustained decrease in the kidneys [23]. However, there
are no temporal studies in the heart. In this regard, our results show changes in a fragment
form of SIRT1. Although the relevance of SIRT1 fragment form in in this model has not
been elucidated, it was reported that it is involved in pro-inflammatory cytokine-induced
apoptosis regulation [106]. As our study represents only the evolution stage, it is still
necessary to conduct a temporal evaluation of mitochondrial biogenesis factors like SIRT1
and its correlation with inflammatory and cell death processes in CRS evolution.

6. Conclusions
This study demonstrated that mitochondrial bioenergetic and redox alterations are

early developments after kidney damage induction, affecting not only the kidneys but also
the heart. In the heart, OXPHOS reduction and redox imbalance may be triggered by in-
creased levels of cardio-renal connectors in plasma, such as uric acid and pro-inflammatory
cytokines. These factors lead to a diminution in CI activity and membrane depolarization,
favoring an increase in heart mitochondria ROS production that leads to heart inflamma-
tion, hypertrophy and functional impairment. Thus, our results point to mitochondrial
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damage as one of the early central pathways in the development of CRS-IV. Furthermore,
we showed that the early preservation of renal and heart mitochondria by NAC admin-
istration could be a useful strategy to prevent the onset of CRS-IV. Interestingly, NAC
preserves not only the redox and bioenergetic mitochondrial balance in both renal and
kidney tissue but also induces overactivation of the SIRT1/3-PGC-1α pathway and its
downstream effectors, mainly in the kidneys. Although the effects of NAC were linked
to increased levels of proteins such as SIRT1, PPAR and NRF2, in vitro results suggest
that NAC may also directly interact with and activate several of these factors, suggesting
opportunities for future studies exploring the nature and mechanisms of these interactions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox14101241/s1, Figure S1: Evaluation in heart of mitochondrial
biogenesis factors by Western blot and its densitometry at 10 days after surgery; Figure S2: Ribbons
representation of the complex PPAR-α (PDB code: 6KB4) with pemafibrate and NAC; Figure S3:
Ribbons representation of the complex NRF2 (PDB code: 1AWC) with PGC-1α; Figure S4: Evaluation
in plasma and heart of proinflammatory cytokines; Table S1: List of probes, antibodies, reagents and
consumables used, as well as their catalog numbers and manufacturing companies.
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