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involves AT, reduction and Hsp70-VDR increase
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1 | INTRODUCTION

Ventricular arrhythmias are prevalent and a major cause of
mortality in patients with chronic kidney disease (CKD),"?
even when these patients are not suffering from electrolyte im-
balances. The mortality risk also increases in CKD patients

Walter Manucha'”

Abstract

Lethal ventricular arrhythmias increase in patients with chronic kidney disease that
suffer an acute coronary event. Chronic kidney disease induces myocardial remode-
ling, oxidative stress, and arrhythmogenesis. A manifestation of the relationship be-
tween kidney and heart is the concomitant reduction in vitamin D receptor (VDR)
and the increase in angiotensin II receptor type 1 (AT,). Melatonin has renal and
cardiac protective actions. One potential mechanism is the increase in the heat shock
protein 70 (Hsp70)—an antioxidant factor. We aim to determine the mechanisms
involved in melatonin (Mel) prevention of kidney damage and arrhythmogenic heart
remodeling. Unilateral ureteral-obstruction (UUO) and sham-operated rats were
treated with either melatonin (4 mg/kg/day) or vehicle for 15 days. Hearts and kid-
neys from obstructed rats showed a reduction in VDR and Hsp70. Associated with
AT, up-regulation in the kidneys and the heart of UUO rats also increased oxidative
stress, fibrosis, apoptosis, mitochondrial edema, and dilated crests. Melatonin pre-
vented these changes and ventricular fibrillation during reperfusion. The action po-
tential lengthened and hyperpolarized in melatonin-treated rats throughout the
experiment. We conclude that melatonin prevents renal damage and arrhythmogenic
myocardial remodeling during unilateral ureteral obstruction due to a decrease in
oxidative stress/fibrosis/apoptosis associated with AT, reduction and Hsp70-VDR

increase.
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that suffer from an acute coronary syndrome.5 Despite the
increased numbers of cardiovascular events in patients with
chronic kidney disease, there is a lack of specific treatments
for these related diseases.

Regarding the pathogenic mechanisms that relate
cardiac and renal diseases, our laboratory has recently
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demonstrated that unilateral ureteral obstruction in rats
is an adequate experimental model of chronic kidney dis-
ease that induces myocardial remodeling with increased
arrhythrnogenesis.6 This remodeling includes a reduction
in myocardial vitamin D receptor expression linked to in-
creased angiotensin II receptor type 1 expression, fibrosis,
mitochondrial edema, and a higher incidence of reperfu-
sion arrhythmias; and all of them could be related to oxi-
dative stress.

Melatonin is a well-known antioxidant that protects
against kidney and heart injuries in different models.
Melatonin and its metabolites have a direct free radical
scavenger activity.7'9 Endogenous circadian Melatonin se-
cretion is impaired during chronic kidney disease.'® While
the exact cause and effect relationship is unclear, the im-
pairment is related to the degree of chronic kidney disease
and worsens with the progression of CKD.'" Therefore,
Melatonin plays a role in renal physiology, and in the patho-
genic mechanisms of renal diseases, such as ureteral ob-
struction.'? During unilateral ureteral-obstruction (UUO)
development, melatonin treatment increases antioxidant
capacity; decreases lipid peroxidation and the expression
of iNOS, p65-NF-kB, and p38-MAPK; and reduces leuko-
cyte infiltration, tubular injury, and interstitial fibrosis.'?
Additionally, melatonin increases the heat shock proteins
as part of its protective effects.' In particular, melatonin
induces heat shock protein 70—an anti-apoptotic pro-
tein—and protects the liver from toluene-induced oxi-
dative stress.'® Therefore, it could be postulated that the
anti-apoptotic effects of melatonin might be responsible, at
least in part, for the modulation of Hsp70.

Past studies show that melatonin has a role in protecting
against oxidative damage caused by ischemia-reperfusion
injury in the kidneys, testes, brain, and heart; both in vivo
and in vitro."®'® Melatonin and vitamin D combination pro-
tect from renal ischemia-reperfusion injury.'” The combined
protective role involves the reduction of oxidative stress and
enhanced nitric oxide (NO) bioavailability. A specific cardi-
oprotective effect of melatonin in cardiorenal syndrome has
been suggested.20 Chua et al demonstrated that melatonin re-
verses structural and functional changes, mainly through the
reduction of oxidative stress, mitochondrial and DNA dam-
age, inflammation, and apoptosis. However, its anti-apoptotic
and antiarrhythmic properties in UUO-induced nephropathy
have not yet been investigated.

Finally, based on the above arguments, we decided to
evaluate the following hypothesis: melatonin prevents kidney
damage and heart remodeling in an animal model of CKD
due to a reduction in oxidative stress/fibrosis/apoptosis me-
diated by an AT, and Hsp70-VDR modulation. To highlight,
we also assessed whether this modulation is associated with
structural changes or influences the electrophysiological re-
sponse to ischemia-reperfusion injury.
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2 | MATERIALS AND METHODS

2.1 | Ethics statement

All animals were cared for by the Guiding Principles in the
Care and Use of Animals of the US National Institutes of
Health. All procedures were authorized by the Institutional
Animal Care and Use Committee of the School of Medical
Sciences, Universidad Nacional de Cuyo (Approval ID:
48/2015).

2.2 | Surgical procedure and
pharmacological treatment

The left ureters of male Wistar-Kyoto rats (weighing from
200 to 220 g) were surgically obstructed while under
60 mg/kg of ketamine and 0.1 mg/kg of acepromazine, as
previously described. Briefly, for each test subject, the left
ureter was completely ligated with silk at the union be-
tween the pelvis and proximal ureter, through a midline ab-
dominal incision. Members of the control group underwent
sham surgery. After the surgical closure of the abdominal
incision, the rats received free access to water and food.
After 15 days, the hearts and kidneys were harvested from
both the obstructed and the sham-operated animals. The
criterion for successful ureteral obstruction was the achiev-
ing of a ureteral dilation of greater than 2 mm (determined
using a millimetric eyepiece).

Both groups (sham and obstructed) were treated ei-
ther with water (vehicle) or with water supplemented with
melatonin (Sigma-Aldrich, St. Louis, MO, USA) both of-
fered at libitum (stored in bottles protected from the light
with aluminum foil). The treatment lasted 15 days (from
surgery until euthanasia) and the dosage consisted of
3-5 mg/kg/day (average adjusted concentration by weight
and water consumption). Thus, the following 4 groups
were formed: sham + vehicle (Sham), sham + melatonin
(Sham + Mel), obstructed (UUO), and obstructed + mel-
atonin (UUO + Mel). Each of the 4 groups consisted of 5
animals to be used for the molecular and structural studies
and 8 animals assigned to the ischemia-reperfusion exper-
iment. Animals were euthanized with a lethal injection of
pentobarbital. The serum urea and creatinine concentra-
tions were determined using colorimetric assays (Sigma
kits).

23 |

Myocardial/renal tissue samples from 5 hearts/kidneys
from each group were fixed in 10% phosphate-buffered
formalin (pH = 7.1) for 24 to 48 hours before being em-
bedded in paraffin and serially sectioned (5 pm) on a mi-
crotome (Leica). The paraffin sections were subjected

Histological studies
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to staining with Masson’s trichrome stain, as previously
described.®

24 | Identification of cellular apoptosis
by TUNEL

After the digesting and quenching steps, an equilibration
buffer was applied directly to the sections after which work-
ing strength TdT enzyme was directly applied. A biotin-
conjugated anti-digoxigenin antibody (Sigma) was used.
Then, the sections were incubated with biotinylated anti-
mouse IgG (Dako, Carpinteria, CA, USA) at a 1:100 dilution
for 45 minutes and later with peroxidase-labeled streptavi-
din (strept AB Complex/HRP; Dako) at a 1:100 dilution for
45 minutes. After a brief wash, 3,3’-diaminobenzidine tet-
rahydrochloride (0.5 mg/mL)/H,0, (0.01%), a chromogen
substrate, was incorporated. For positive control, sections
from involuting prostates were used (n = 2). For the quan-
tification of apoptotic cells in cross-sectioned areas, 10 con-
secutive fields were randomly selected and were evaluated at
400x%, on a 10 x 10 grid, using an image analyzer.

2.5 | Interstitial fibrosis assessment

For all morphologic evaluations were performed by an ob-
server blinded to the origin of the histological sections. The
myocardial/renal interstitial fibrosis was assessed in samples
stained by Masson’s trichrome method.*""** Blue-stained
areas were determined as fibrosis and quantified by an image
analyzer (Image-Pro Plus, Bethesda, MD, USA). Ten con-
secutive fields were randomly selected in the ventricular/
cortex tissue and were evaluated at 400X on a 10 X 10 grid-
imprinted reticule. The number of grid points containing blue
collagen staining in the interstitium was divided by the total
number of points in the fields to obtain the percentage of the
fractional area of interstitial collagen deposition.

2.6 |

Tissue samples from 5 hearts/kidneys were fixed by immersion
in a fixative solution (1:10). The fixative solution was obtained
by diluting 1 phosphate buffered saline (PBS) tablet, following
the manufacturer’s instructions, in 200 mL of double-distilled
water and 2% glutaraldehyde (v/v), 2% of fresh p-formaldehyde
(v/v), and 2% of picric acid as a saturated solution. After
2 hours at room temperature, the samples were reduced and
placed in an OsO, solution overnight at 4°C. The next day,
the samples were dehydrated in alcohol-acetone grading up to
100% and embedded in Epon 812 (Sigma). Ultrathin sections
were obtained with an Ultracut microtome (Leitz) and stained
with lead citrate and uranyl using conventional staining meth-
ods. Observations were made, and micrographs created using a
Zeiss 900 microscope.

Electron microscopy

WILEY-L2"7

2.7 | Mitochondria isolation from
myocardial and kidney tissues
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All steps were carried out at 4°C. To ~200 mg of tissue were
added 5 mL of mitochondrial isolation buffer (10 mmol/L
HEPES pH 7.4, 70 mmol/L sucrose, 200 mmol/L. manni-
tol, 1 mmol/L. EDTA, protease inhibitor cocktail; Sigma,
St. Louis, MO, USA). The tissue was homogenized with a
Dounce glass homogenizer (Wheaton, catalog no. 357544).
The lysate was then subjected to centrifugation at 1000 g
for 10 minutes, yielding a nuclear pellet and postnuclear su-
pernatant. The heavy mitochondrial fraction was obtained
from the postnuclear supernatant after centrifugation at
3000 g for 10 mol/L. This pellet was resuspended, and the
3000 g spin was repeated to obtain the final heavy mito-
chondrial pellet. The supernatant resulting from the 3000 g
spins was then subjected to 15 000 g for 10 minutes. The
resulting light mitochondrial pellet was resuspended, and
sequential 3000 and 15 000 g spins yielded the final light
mitochondrial pellet. The purity of the mitochondrial frac-
tions was established as previously described®® with minor
modifications.

2.8 | NADPH oxidase activity assay from
isolated mitochondria

Cytotoxicity from oxidative stress arises when excess re-
active oxygen species (ROS) accumulate in the host’s de-
fense mechanisms. In this context, NADPH oxidase activity
is one of the elements highly involved in apoptosis induc-
tion. NADPH oxidase activity was measured using Luminol
(5-amino-2, 3-dihydro-1,4-phthalazine; SIGMA). Samples
were homogenized and centrifuged at 6000 rpm for 30 min.
The supernatant was separated and again centrifuged (at
19 500 rpm), and the protein concentration of the membrane
fraction lysate was quantified by Lowry assay using bovine
serum albumin as a standard. A sample (40 pL) of the mem-
brane fraction resuspended in lysis buffer was rapidly read
in the spectrofluorometer (Fluoro Count TM; AF10001,
Cambers Company, USA) to establish the basal value of
each sample. Then, 2 pL. of f-NADH (Sigma), 0.1 mmol/L
and 2 pL of Luminol 5 pmol/L in dimethyl sulfoxide were
incorporated and read for 10 minutes (360 nm excitation
and 460 nm emission). The values were indicated as relative
fluorescence units per micrograms of protein and per min of
incubation.

2.9 | Reverse transcription polymerase
chain reaction and semi-quantification of
mRNA for VDR, AT,, Hsp70, and p-Actin

Total ribonucleic acid from ventricular myocardial and kid-
ney cortex tissue was obtained using Trizol reagent (Gibco
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TABLE 1 Sets of primers for RT-PCR
Predicted
Primer Sequence Annealing C° product size, bp
VDR
Sense 5'-GACTTTGACCGGAACGTGCG-3’ 62 227
Antisense 5'-CATCATGCCGATGTCCACAC-3’
AT,
Sense 5'-GCACACTGGCAATGTAATGC-3’ 55 385
Antisense 5'-GTTGAACAGAACAAGTGACC-3’
Hsp70
Sense 5’-CCGCCTACTTCAACGACTC-3’ 56 291
Antisense 5’-TCTTGAACTCCTCCACGAAG-3’
B-Actin
Sense 5'-TGGAGAAGAGCTATGAGCTGCCTG-3’ 65 201
Antisense 5'-GTGCCACCAGACAGCACTGTGTTG-3’
BRL). One microgram of ribonucleic acid was denatured 211 | Immunofluorescence

in the presence of 0.5 pg/50 pL. of oligo(dT) 15 primer
and 40 U of recombinant ribonuclease inhibitor (Promega,
USA). Reverse transcription was performed in the presence
of the mixture using 200 units of reverse transcriptase in
reaction buffer and 0.5 mmol/L. of deoxyribonucleotides
triphosphate, each, and incubated for 60 minutes at 42°C.
The complementary DNA (10 pL) was amplified by poly-
merase chain reaction under standard conditions. Each
sample was measured for VDR, AT, Hsp70, and B-actin
(primers in Table 1, Integrated DNA Technologies, Inc.).
The VDR, AT;, and Hsp70 signals were standardized
against the P-actin signal for each sample, and the results
were expressed as a ratio.

2.10 | Immunohistochemical studies

The kidney and heart paraffin sections were processed ac-
cording to a previously described technique.”* The antibodies
applied were rabbit polyclonal antibody against AT, (306),
rabbit polyclonal antibody against Hsp70 (H-300), and
mouse monoclonal antibody against VDR (D-6) (Santa Cruz
Biotechnology, Inc.), each of which was diluted at 1:500. A
commercial immunoperoxidase kit was used (Dako). The
positive reaction was evaluated regarding the specific loca-
tion of the immunostaining and the intensity of the immuno-
reaction. The negative controls included tissues unexposed
to primary antibodies as well as tissues exposed to control
immunoglobulin G. The positive controls were human breast
cancer biopsy samples. The immunostaining was evaluated
and resolved by consensus according to a scoring system
reported previously.zs’26 Briefly, we used the following in-
tensity scores: 0 = no staining; 1 = weak staining; 2 =
moderate staining; and 3 = strong staining.

confocal microscopy

The kidneys and hearts were washed twice with PBS,
placed in isopentane, and stored at —70°C. Tissue sections
(10 pm) were obtained using a cryostat. Each section was
gelatinized and fixed by paraformaldehyde buffer overnight
at 4°C. After the fixation procedure, the sections were cryo-
protected in a PBS solution supplemented with 0.9 mol/L of
sucrose overnight at 4°C. After neutralization with NH,CI
buffer, the sections were permeabilized for 45 min with
0.05% saponin/PBS (pH = 7.4) and incubated overnight
with the following primary antibodies: polyclonal anti-AT,
(1:100) (Santa Cruz Biotechnology) and monoclonal anti-
Hsp70 (1:100) (Sigma Aldrich). Secondary antibodies were
donkey anti-mouse IgG antibody, Cy3 conjugated (1:750)
and goat anti-rabbit IgG antibody, Cy2 conjugated (1:750).
The tissues were stained with Hoechst 33342 (10 nmol/L)
for 5 min. The coverslips were mounted in Fluoroshield so-
lution (Sigma Aldrich) for confocal microscopy. Confocal
immunofluorescence images were taken using the FV10-
ASW 1.7 software and the Olympus IX81 microscope.
Images were processed and analyzed using ImageJ. The im-
munofluorescence was evaluated and resolved by consen-
sus according to a scoring system reported previously.”’28
Briefly, we used the following intensity scores: 0 = no
staining; 1 = weak staining; 2 = moderate staining; and
3 = strong staining.

212 |

After euthanasia, 8 hearts from each group were rapidly
excised and connected to a perfusion system. The hearts
were perfused at a constant pressure of 80 cm H,O with a

Langendorff-perfused rat hearts
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FIGURE 1 Masson’s trichrome in renal cortices and myocardial tissue: Melatonin’s effect on collagen deposition during UUO. A,

Representative kidney cortex pictures from vehicle-treated rats (Sham), Mel-treated rats (Sham + Mel), obstructed and vehicle-treated rats (UUO),
and obstructed and Mel-treated rats (UUO + Mel). Collagen deposition is stained blue (arrowheads), nuclei are stained dark red/purple, and
cytoplasm is stained red/pink. The scale bars (black) indicate 50 pm. B, Masson’s trichrome quantification from renal tissue. The interstitial fibrotic
area of the UUO revealed a significant expansion of the interstitial space compared to what was seen in the Sham rats. Conversely, in UUO + Mel
group the expansion of the interstitial space was significantly decreased in comparison to that of the UUO rats. The cortices of the Sham + Mel
group did not show differences in relation to those of the Sham group. C, Representative myocardial tissue. D, Masson’s trichrome quantification.
The interstitial fibrotic area of the myocardia from UUOQ rats revealed a significant expansion of the interstitial space compared with the myocardia
from the subjects in the Sham group. Melatonin after unilateral obstruction (UUO + Mel) decreased myocardial fibrosis and remodeling in
comparison to UUO. Results are means + SEM of 5 independent observations. **P < .01 vs both Sham and Sham + Mel, #P < .05 and ##P < .01

vs UUO

modified Krebs-Henseleit solution containing the follow-
ing (in mmol/L): 121 NaCl, 25 NaHCOs;, 1.2 Na,HPO,, 5
KCl, 2.5 CaCl,, 1.2 MgSO,, and 11 glucose. When equili-
brated with 5% CO, in O, at 36.5 (+0.5) °C, the pH was 7.40
(+0.02).

Coronary flow was measured throughout the experiment
and was used as an index of adequate perfusion and as a
criterion to assess the efficacy of the coronary ligation. A
reduction of at least 25% during occlusion was considered

TABLE 2 Biochemical parameters in
UUO: Melatonin effect
Creatinine (mg/dl)

Urea (mg/dl)

satisfactory to guarantee the reproducibility of reperfusion
arrhythmia incidence.”’

2.13 | Reperfusion arrhythmias and
action potentials

After 20 minutes of stabilization, we continuously obtained
the surface electrogram equivalent of lead II and epicardial
transmembrane potential using a Hewlett-Packard 1500A

Sham Sham + Mel Uuo UUO + Mel
0.60 + 0.05 0.58 + 0.04 0.70 + 0.05 0.65 +0.03
41 + 4 39+5 47+ 4 42+3

Results are means + SEM of 13 independent observations.
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and a custom made microelectrode amplifier, respectively.
Both signals were digitized with an analog-to-digital con-
verter (NI PCI-6221; National Instruments, USA) and
recorded using LabView SignalExpress 2.5. After 10 min-
utes of pre-ischemia, the left anterior descending coronary
was ligated during 10 minutes and followed by 10 min-
utes of reperfusion. Ventricular arrhythmias were classi-
fied according to the Lambeth convention.”® We evaluated
the incidence and duration of ventricular tachycardia
(VT) and ventricular fibrillation (VF). We also evalu-
ated the severity of the arrhythmias each minute using the
following scores: 0 = sinus rhythm;l = premature ven-
tricular beats or bigeminy;2 = salvos;3 = nonsustained
VT (<30 seconds); 4 = sustained VT (>30 seconds) or
VE.* We analyzed the following parameters of epicardial

Molecular, Biological, Physiological and
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transmembrane potentials: action potential amplitude,
resting potential, and action potential duration at 50% and
90% of repolarization.

2.14 |

Data were expressed as mean + SEM, and statistical analysis
was performed using ANOVA or two-way repeated meas-
ures ANOVA followed by a Bonferroni posttest. Incidence of
arrhythmias was compared by Fisher’s exact test. Variables
not normally distributed were analyzed using the Kruskal-
Wallis test followed by Dunn’s posttest. A P-value of <.05
was considered to be significant. Statistical analysis was per-
formed using GraphPad Prism 5.0 (GraphPad Software, Inc.,
La Jolla, CA, USA).

Statistical analysis

UUO + Mel 200X

Sham Sham + Mel uuo UUO + Mel

Identification and quantification of cellular apoptosis using the TUNEL technique in renal cortices and myocardium: Melatonin’s

effect on cell death during UUO. A, Localization of apoptotic nuclei by TdT-uridine-nick-end-labeling technique (TUNEL). Representative

kidney cortex pictures from Sham, Sham + Mel, UUO, and UUO + Mel groups. Positive apoptotic nuclei appear as heavy brown-stained nuclei

(arrowheads) in glomerular, tubule epithelial cells. The scale bars indicate 50 pm. B, Quantification of apoptotic cells in cortices. The number

of TUNEL-positive nuclei increased in glomerular and tubular epithelial cells from UUO compared with the Sham-treated animals. In UUO+

Mel group, the apoptotic nuclei decreased in comparison to UUO. C, Representative TUNEL staining of myocardial tissue from the 4 groups as
indicated below the pictures. The UUO increased apoptosis in cardiomyocytes (arrows indicate apoptotic nucleus) and melatonin prevented from
this type of cell death. The scale bars indicate 100 pm. D, Quantification of apoptotic cells in the myocardium. The heart from UUO rats increased
the number of TUNEL-positive nuclei compared to the Sham-treated animals. Melatonin reduced the apoptosis induced by unilateral obstruction.
Results are means + SEM of 5 independent observations. **P < .01 vs both Sham and Sham + Mel; and #P < .05 vs UUO
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3 | RESULTS 3.2 | Melatonin’s effects on interstitial
31 | Serum chemistries fibrosis, apoptosis, NADPH oxidase

activity, and mitochondrial ultrastructural
In the UUO group, the analytical data of the blood biochem- ~ changes during UUO

istry showed a slight increase in the measured parameters
(urea and creatinine) that was without statistical significance.

These slight trends were absent in those animals that received
Mel (Table 2).

The renal cortices of the UUO kidneys showed higher
(threefold) collagen accumulation in the expanded inter-
stitium in relation to the renal cortices of the Sham group

16 000 A
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FIGURE 3 Electron microscopy and NADPH oxidase activity studies in the renal cortices and heart during UUQO: Melatonin’s effect. Upper
panel: A, Electron microscopy of the cortical cortices of Sham-treated animals. B, Electron microscopy of the cortical cortices of UUO-treated
animals. C, The same experimental conditions as in B, but with melatonin treatment (UUO + Mel). D, Electron microscopy of the myocardia

of Sham-treated animals. E, Electron microscopy of the myocardia of UUO-treated rats. F, The same experimental conditions as in E, but with
melatonin treatment (UUO + Mel). Mitochondria are present in the spaces between the dilated mitochondrial cristae (arrows in B and E) in
untreated kidneys and myocardia. Lower panel: Representative graphics of NADPH oxidase activity quantification in mitochondrial fractions from
kidneys and hearts are shown. NADPH oxidase activity from kidneys and hearts was significantly greater in UUO animals than it was in those of
the Sham group. However, NADPH oxidase activity from kidneys and hearts was more reduced in UUO + Mel animals than it was in those of the
UUO group. No differences were observed in the kidney cortices and myocardia from Sham + Mel animals about what was observed in the Sham
group. Results are means + SEM of 5 independent observations. *P < .5 and **P < .01 vs both Sham and Sham + Mel; and #P < .05 vs UUO
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(see Figure 1A,B). In comparison to those of the UUO group,
kidneys treated with Mel showed lower collagen accumula-
tion in the expanded interstitium, along with cellular inter-
stitial infiltrates in the cortex. The kidneys of the Sham and
Sham + Mel had no differences in the interstitial collagen
deposition.

The microscopic structure of the hearts revealed evi-
dence of increased fibrosis. The hearts from Sham + Mel
did not appear to be any different from those of the Sham
(Figure 1C,D). However, the hearts from UUO + Mel group
showed lower collagen accumulation in the expanded inter-
stitium, along with cellular interstitial infiltrates in relation to
the UUO group.

The kidney cortices displayed in Figure 2A,B show an
increased number of TUNEL-positive apoptotic cells in the
glomerular and tubular epithelial cells from the UUO com-
pared to those of the Sham group. The number of TUNEL-
positive apoptotic cells in the UUO + Mel group was lower
than was the number found in the untreated UUO group.

A TUNEL analysis of the hearts from the UUO group
showed an increased number of apoptotic cells in comparison
with those of the Sham group. Treatment with melatonin re-
duced apoptosis in myocardial cells from UUO (UUO + Mel)
with respect to the UUO group. The distribution of apoptotic
cardiomyocytes area was rather diffuse (Figure 2C,D). The
kidneys and hearts of the Sham + Mel had no differences in
the number of TUNEL-positive apoptotic cells compared to
the Sham group.

Kidneys and hearts from the UUO group showed mi-
tochondrial edema with dilated cristae (arrowheads in
Figure 3B,E). Consistent with these ultrastructural findings,
we demonstrate—in mitochondrial fractions—that NADPH
oxidase activity was significantly higher in the UUO group
than it was in the Sham group (lower panel of Figure 3).
Melatonin prevented mitochondrial edema (Figure 3C,F),
and lower NADPH oxidase activity (from kidneys and
hearts). The Sham and Sham + Mel group show abundant
mitochondria, mostly with normal ultrastructure and without
significant differences in NADPH oxidase activity.

3.3 | Melatonin’s effects on VDR,
AT, and Hsp70 renal/myocardial expression
during UUO

Figure 4 shows VDR, AT, and Hsp70 mRNA expression in
the renal cortices (Figure 4A,B) and myocardia (Figure 4C,D)
of all the groups. More specifically, VDR and Hsp70 mRNA
analysis of the renal cortices from the UUO group showed
significantly lower expression in comparison with those of
the Sham group. The renal AT; mRNA expression revealed
a twofold increase in the UUO group compared to the Sham
group. Mel increased VDR and Hsp70 mRNA expression
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FIGURE 4 mRNA expression by RT-PCR and semi-
quantification of AT, Hsp70, and VDR in UUO: Melatonin’s effect.
Representative gels of AT, Hsp70, and VDR mRNA in the kidney
cortices (A) and myocardia (C) of obstructed and Sham-operated rats
treated or not with Mel, are shown. The corresponding housekeeping
B-actin is included below (A and C). The relative amount of mRNA
expression was determined after normalization of the level of AT,
Hsp70, and VDR mRNA of the appropriate control and is shown

in histograms beneath the corresponding blots (B and C). Renal
cortices and myocardial tissue from UUO animals showed higher
expression of AT, and lower expression of VDR and Hsp70 mRNA in
comparison with those of the Sham animals. In UUO + Mel animals,
melatonin decreased of AT; mRNA and restored VDR expression

in renal cortices and ventricles. Melatonin preserved Hsp70 mRNA
expression in the kidneys and increased its expression in the hearts
of UUO animals. Results are means + SEM of 5 independent
observations. *P < .05 and **P < .01 vs Sham; #P < .05 and

##P < .01 vs UUO
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and decrease in AT; mRNA expression in the renal corti-
ces of the UUO (UUO + Mel) group compared to those of
the untreated UUO group (Figure 4A,B). As was observed
in the renal cortices, the myocardial mRNA expression of
VDR and Hsp70 decreased and AT, increased in the UUO
group. Mel restored of VDR and Hsp70 mRNA expression
in the myocardia and decreases in AT; mRNA expression
(Figure 4C,D).

Insupportofthe transcriptional results (mRNAs), Figures 5
and 6 shown VDR, AT, and Hsp70, while Figures 7 and 8
show AT, and Hsp70 protein expression in the renal corti-
ces and myocardia from all groups. Immunocytochemical
(Figures 5 and 6) and immunofluorescence (Figures 7 and
8) analyses were performed to establish protein location and
immunoreaction intensity.

The renal cortices and myocardial tissue of the UUO
group showed low levels of vitamin D receptor and Hsp70
immunostaining, as well as a low level of Hsp70 immuno-
fluorescence (Figures 5-8). A very high level of AT, staining

FIGURE 5
(IHC) technique and semi-quantification
of AT}, Hsp70, and VDR expression in
kidney cortices from UUO-treated animals:

Immunohistochemistry

Melatonin’s effect. A, Representative
pictures of kidney cortices from vehicle-
treated rats (Sham), Mel-treated rats
(Sham + Mel), obstructed and vehicle-
treated rats (UUO), and obstructed and
Mel-treated rats (UUO + Mel). Positive
AT, Hsp70, and VDR protein expression
appear as brown-stained nuclei and cytosol 4
(arrowheads) in glomerular and tubular
epithelial cells. The scale bars indicate
50 pm. B, Quantitative assessments of
THC staining in kidney cortices. The IHC

score from UUO animals revealed a very &2

IHC, Score

significant increase in AT, staining and a
decrease for Hsp70 and VDR compared
to that of the Sham animals staining. 15
Melatonin prevented the changes in AT,
Hsp70 and VDR staining induced by UUO
but not in respect to the Sham group. 05
Results are means + SEM of 5 independent

observations. **P < .01 and ***P < .001 vs 0-

lecular, Biological, Physiological and

was shown in the renal cortices and myocardia of the UUO
compared to Sham groups. For details see arrowheads for
AT, in Figures 5A, 6A, 7A,B, and 8A. Mel treatment induced
a higher VDR and Hsp70 and a reduction in AT, immunos-
taining/fluorescence compared to those of the untreated
UUO group.

3.4 | Electrophysiological
effects of melatonin

During ischemia, premature ventricular complexes devel-
oped in half of the hearts of the members of the UUO group.
Most arrhythmias started a few seconds after reperfusion
(Figure 9A). Salvos were seen in all the groups. Ventricular
tachycardia was frequent in the Sham and UUO groups
(Figure 9A,B). Ventricular fibrillation increased only in the
UUO group. A sample of this lethal arrhythmia is evident
in Figure 9. Melatonin effectively prevented severe reper-
fusion arrhythmias. The arrhythmic episodes were shorter

EE

Sham; ###P < .001 vs UUO

Sham

Sham + Mel uuo Uuo + Mel
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FIGURE 6
(IHC) technique and semi-quantification
of AT}, Hsp70, and VDR expression in
myocardium from UUO: Melatonin’s

Immunohistochemistry

UUO + Me| 400X

effect. A, Representative IHC images from
the myocardial tissue of the 4 groups, as
indicated below each column of pictures.
Positive AT, Hsp70, and VDR protein
expression appear as brown-stained nuclei
and cytosol (arrowheads) in myocardial
o cells. The scale bars indicate 50 pm. B,
Quantitative assessments of IHC staining in
_L the myocardium. Melatonin increased the
IHC score for Hsp70 in both treated group
(Sham and UUOQ). In hearts from UUO,
AT, staining increased but Hsp70 and VDR
staining decrease compared to the Sham
animals. In UUO + Mel group, AT staining
was significantly decreased in comparison
to that of UUO alone (P < .001). Results
are means + SEM of 5 independent

— observations. **P < .01 and ***P < .001 vs

Sham Sham +Mel uuo

with melatonin. The median duration of ventricular tachy-
cardia decreased from 43 s (IQR 33-81 s) in the Sham group
to 0 s IQR 0-0 s) in the Sham + Mel group (P < .01), and
from 79 s (IQR 61-90 s) in the UUO group to 0 s IQR 0-9
s) in the UUO + Mel group (P < .01). In the hearts of the
UUO group, the median duration of ventricular fibrillation
increased to 290 s (IQR157-415 s), while the other medians
remained at0 s (IQR 0-0 s) (P <.001 vs. each group). The
longer duration of ventricular tachycardia and fibrillation ap-
peared to explain the higher arrhythmic scores in the mem-
bers of the UUO group (Figure 9C).

Chronic melatonin treatment changed the epicardial ac-
tion potential characteristics. Melatonin increased the ampli-
tude in both treated groups throughout all the experimental
periods (Figure 10). Concomitantly, melatonin hyperpolar-
ized the resting potential. Hyperpolarization persisted during
ischemia and reperfusion in treated hearts. Ischemia induced
slight and progressive bradycardia, but the heart rate was the
same for the members of the 4 groups. The treatment length-
ened the action potential duration (measured at 50% and 90%

UUO + Mel

Sham; ###P < .001 vs UUO

of the repolarization, from the stabilization period). During
the first half of ischemia, all the hearts increased to the ac-
tion potential duration. Before reperfusion, the action poten-
tial durations decreased in the hearts from the members of
the UUO group to values shorter than stabilization values.
During reperfusion, a progressive lengthening occurred in all
groups.

4 | DISCUSSION
In this study, we demonstrate preventive actions of melatonin
against kidney and heart damage induced by UUO. The pro-
tective mechanisms involve AT reduction and Hsp70-VDR
increase. New electrophysiological properties of chronic me-
latonin deserve notice, due to its relevance for cardiorenal sit-
uations with high arrhythmic risk and the lack of treatments.
The anti-inflammatory, anti-apoptotic, anti-fibrotic, and
antioxidant properties of melatonin confer protection against
several types of kidney disease.**! Ozbek et al demonstrated



PRADO ET AL.

Journal of
Molecula

(A)

(8

FIGURE 7

(IFT) technique and semi-quantification

Immunofluorescence

of AT, and Hsp70 expression in kidney
cortices from UUO: Melatonin’s effect.
A, Representative confocal microscopy
IFI images of renal cortices from Sham,
Sham + Mel, UUOQO, and UUO + Mel. B,
Enlarged image of renal cortices from
UUO rats. Positive IFI localization for
AT, (arrowheads) appear on renal cortex (©) 3
tissues labeled in red and Hsp70 in green.

Nuclei are in blue. The scale bars indicate s
50 pm. C, Quantitative assessments of
immunofluorescence staining in renal
cortices. Renal cortices IFI scores from
UUO animals showed very high expression

IF1, Score

of AT, compared to those of the Sham 15 4
animals (see arrows in A and B). Contrarily,

Hsp70 expression was lower in UUO 1
group. Melatonin treatment after UUO
induced high Hsp70 immunofluorescence
and reduced AT intensity compared to
UUO group. Results are means + SEM of

5 independent observations. **P < .01 and

uuo 600X

* % K

W A,
B Hsp70

k%
) i -
o : ] 3

#*EP < 001 vs Sham; ##P < .01 vs UUO

that melatonin attenuates UUO-induced renal injury by re-
ducing oxidative stress, tubular damage, and interstitial fi-
brosis and by increasing antioxidant capacity."> Recently,
Yildirim et al reported that melatonin reduces apoptosis in
kidneys submitted to UUO. However, the precise nature of
melatonin-mediated cytoprotection and the mechanism by
which it preserves the cardiorenal system from harm during
UUO remain incompletely known. In relation to urea and
creatinine measured in the serum of the rats, we don’t ob-
serve differences between groups in any of the assessed pa-
rameters, suggesting that in the UUO model, 1 intact kidney
is sufficient for sustaining renal function. The present study
confirmed melatonin’s anti-fibrotic, anti-apoptotic, and an-
tioxidant effects (Figures 1-3, respectively) and linked them
to an AT, reduction and Hsp70-VDR increase (Figures 4-8),
which prevented kidney damage and arrhythmogenic heart
remodeling (Figure 9).

In renal and myocardial tissue, melatonin increased Hsp70
and VDR and decreased AT, and fibrosis (see Figures 4-8).

Sham Sham+ Mel uuo UUO + Mel

Melatonin increases the HSPs as part of its antioxidant pro-
tective effect in tomatoes.'* The activation of melatonin re-
ceptors MT1/MT2 increase the HSP in pancreatic cancer
cells.*® Of interest for our finding, melatonin increases Hsp70
and protects the livers of toluene-exposed rats from oxidative
stress-induced cytotoxicity.15 Hsp70 regulates antioxidant re-
sponses to cellular oxidative stress, and our laboratory showed
that Hsp70 reduces the activity and expression of NADPH
oxidase.*>**In agreement with our previous findings, we now
demonstrate an increase in Hsp70 in melatonin-treated rats.
Hsp70 induces VDR, facilitates the intracellular localization
of active vitamin D metabolites, and transactivates vitamin D
receptors.35 Nuclear receptors of melatonin, as members of
the retinoid-related orphan receptors, may interact and pre-
vent vitamin D receptor degradation.36’37 Myocardial VDR
expression links CKD to cardiovascular disease because
vitamin D receptor reduction amplifies the effects of angio-
tensin.*® Unprecedentedly, melatonin decreased renal and
myocardial AT, overexpression. It is well documented that
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Immunofluorescence (IFI) technique and semi-quantification of AT; and Hsp70 expression in myocardia from UUO: Melatonin’s

effect. A, Representative confocal microscopy IFI images of myocardia from the 4 group as indicated below each picture. B, Enlarged image of

myocardial tissue from UUO rats. Positive IFI localization for AT, (arrowheads) appears on myocardial tissues labeled in red and Hsp70 in green.

Nuclei were stained in blue. The scale bars indicate 50 pm. C, Quantitative assessments of immunofluorescence staining in myocardium using the

IFI score. Hearts of UUO group showed high AT, expression and low Hsp70 expression when compared to those of the Sham group. Melatonin
treatment prevented the changes in both AT, and Hsp70 induced by UUO. Results are means + SEM of 5 independent observations. ***P < .001 vs

Sham; ###P < .001 vs UUO

the AT, pathway leads to myocardial fibrosis during chronic
kidney disease.® As previously suggested, low AT, expres-
sion through vitamin D receptor induction could be a con-
sequence of Hsp70-mediated cell protection.39 Interestingly,
endogenous circadian melatonin secretion is impaired during
chronic kidney disease.'® In addition, angiotensin II exerts a
tonic modulation of melatonin synthesis by influencing the
activity of tryptophan hydroxylase via the ATl-lreceptors.40
Our findings suggest that melatonin modulates AT, expres-
sion and that Hsp70 and VDR are key factors. The latter fact
allows us to support the postulated feedback (or reciprocal
regulation) between AT, and melatonin.

In close connection, mitochondrial dynamics is a point
of interaction for circadian alterations in cardiovascular
diseases linked the up-regulation of the renin-angiotensin-
aldosterone system.‘“’42 We demonstrate that melatonin pre-
vented mitochondrial edema, cristae dilatation, high NADPH
oxidase activity, and apoptosis (Figures 2 and 3). Several re-
ports indicate that mitochondria are an essential target for
melatonin protection. The mechanisms implicated include
the preservation of function complex I and III, the inhibition
of mitochondrial permeability transition pore opening, and
cytochrome ¢ release.*** Melatonin enhances mitofusin-2
expression, which preserves the mitochondrial functional
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FIGURE 9 Melatonin reduced reperfusion arrhythmias. A, Representative electrograms of the last 10 seconds of ischemia and the first

50 seconds of reperfusion from the 4 groups. For clarity, the lower insets show augmented time scales. The first inset corresponds to 0.5 seconds;
the others correspond to 2 seconds. B, The incidence of reperfusion arrhythmias. Yellow and green bars indicate ventricular tachycardia (VT) and
ventricular fibrillation (VF), respectively. C, The arrhythmic score observed minute-by-minute. *P < .05 vs Sham; #P < .05 vs UUO
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FIGURE 10 Action potential characterization: Melatonin’s effect. A, Representative traces of epicardial action potentials (500 ms each) from
the experimental periods. The colors are coded black for Sham, blue for Sham + Mel, red for UUO, and violet for UUO + Mel. Horizontal dashed
lines are traced at 0 mV. B, Action potential amplitude (APA) averaged values from each minute during the protocol. The gray area indicates the
ischemic period. C, Resting membrane potential (RMP). D, Heart rate (HR). E, Action potential duration (APD): The four upper traces correspond
to measures made at 90% of the repolarization and the 4 lower ones to duration at 50% of the repolarization *P < .01 vs untreated groups

network and prevents apoptosis.44’45 Yu et al reported that
mitofusin-2 inhibits angiotensin II-induced myocardial
hypertrophy.46 In this sense, melatonin reduction of mito-
chondrial damage could be linked to AT,down-regulation.
Melatonin induction of Hsp70 supports an additional mech-
anism related to Tom70, a translocase of the outer mitochon-
drial membrane. Hsp70 interaction with Tom70 is essential
for the initiation of the import process.47 Relevant to our un-
derstanding, Tom70 regulates melatonin-induced protection
against myocardial infarction, by breaking the cycle of mi-
tochondrial impairment and ROS (gezner21tion.48‘49 All these

data allow us to assume that melatonin induction of Hsp70
and reduction of AT, are critical components of the cellular
stress response.

Finally, and in parallel with the molecular and structural
studies, it was of central interest to our study to evaluate the
functionality of the heart. Thus, UUO increased vulnera-
bility to suffering ventricular fibrillation during reperfu-
sion (Figure 9). We attribute this arrhythmogenesis to the
prooxidative and profibrotic changes that accompanied the
increase in AT, and the decrease in Hsp70. Myocardial oxi-
dative stress—particularly in the mitochondria—and fibrosis
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are well-known proarrhythmic substrates.’*>* Free radicals
act as triggers for the beginning of arrhythmic events. The
persistence of high-frequency rhythms requires some reen-
trance.” Impaired conduction and action potential shortening
(as shown in Figures 9 and 10) contribute to the complex re-
entrant mechanisms involved in ventricular fibrillation.

Melatonin protection against myocardial remodeling
induced by UUO is one of the factors that protect against
ventricular fibrillation. The increase in Hsp70 limits the
deleterious AT, up-regulation and VDR down-regulation.
Hsp70 also contributes to the antioxidant effect of melatonin,
confirmed here by mitochondrial NADPH activity reduction.
Moreover, action potential lengthening and hyperpolariza-
tion (shown in Figure 10) are reasonable contributors to the
antiarrhythmic effect of melatonin. These changes are the
first report of myocardial action potential modification by
chronic melatonin administration. The melatonin receptors
activate inward rectifier potassium currents that could ex-
plain the hyperpolarization.”* The lengthening of the action
potential corresponds with the inhibitory effect of melatonin
against outward potassium currents, which are principally
responsible for rat myocyte repolarization.55 The attenuated
response to ischemia-induced action potential shortening has
been previously observed in our laboratory and agrees with
the down-regulation of the volume-regulated chloride chan-
nels reported by Ben Soussia et al>® The complex scenario of
chronic melatonin administration’s effects on ionic currents
requires further investigation.

To conclude, in this article we explore the protective
mechanisms of chronic melatonin treatment in kidney disease
and cardiovascular complications. We focus our attention on
the preventive effects of melatonin against disturbance in mi-
tochondrial oxidant capacity, ultrastructure, and apoptosis.
Additionally, melatonin protected from the proarrhythmic
state associated with UUQ. Our results suggest new mecha-
nisms of renal and cardioprotection by melatonin. The mod-
ulation of AT, and VDR receptors linked to the increase in
Hsp70 contribute to the effects of melatonin. Finally, we
highlight the therapeutic potential of Mel against diseases
associated with deleterious effects of increased AT, function.
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