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A B S T R A C T

Cardiorenal syndrome type-3 (CRS-3) is characterized by acute cardiac injury induced by acute kidney injury.
Here, we investigated the causes of CRS-3 by analyzing cardiac function after renal ischemia–reperfusion injury
(IRI) using echocardiography and evaluation of pro-inflammatory markers, calcium balance, mitochondrial
function, and cardiomyocyte death. Our results show that renal IRI reduces cardiac diastolic function associated
with cardiomyocyte death and inflammatory responses. Renal IRI also disrupts cardiomyocyte energy metabo-
lism, induces calcium overload, and impairs mitochondrial function, as evidenced by reduced mitochondrial
membrane potential and increased mitochondrial fission. Further, renal IRI induces phosphorylation of inositol
1,4,5-trisphosphate receptor (IP3R) and expression of mitochondrial calcium uniporter (MCU), resulting in
cytoplasmic calcium overload and mitochondrial calcium accumulation. Pretreatment with melatonin attenuates
renal IRI-mediated cardiac damage by maintaining myocardial diastolic function and reducing cardiomyocyte
death. Melatonin also inhibits IP3R phosphorylation and MCU expression, thereby alleviating cytoplasmic and
mitochondrial calcium overload. Blockade of IP3R has similar cardioprotective effects, whereas MCU activation
abrogates the melatonin-mediated cardioprotection. These results show that the negative effects of renal IRI on
myocardial viability and cardiac function are caused by induced IP3R phosphorylation, MCU upregulation, and
calcium overload. Melatonin protects cardiac function against CRS-3 by suppressing IP3R-MCU signaling.

1. Introduction

Cardiorenal crosstalk dysfunction can lead to diabetes, hyperten-
sion, atherosclerosis, amyloidosis, cirrhosis, and septic shock [1]. One
in six patients with stage 4 chronic kidney disease suffers from heart
failure [2,3]. On the other hand, half of patients with acute heart failure
have some degree of renal insufficiency [4,5]. Renal blood perfusion is
controlled by the amount of blood the heart pumps through the circu-
latory system, whereas most myocardial metabolic wastes are rapidly
excreted by the kidneys through glomerular filtration or active tubular
secretion [6]. The concurrence of a cardiovascular disorder and kidney
dysfunction is a result of a complex pathophysiological mechanism that
raises significant problems for clinicians. The cardiorenal syndrome
type-3 (CRS-3) is a subtype of CRS characterized by an acute cardiac
injury caused by acute kidney injury [7,8]. However, our understanding
of the pathological mechanisms underlying CRS-3 is limited, and no
targeted therapeutic approaches are available to improve the myo-
cardial function.

The biophysical and biochemical mechanisms of CRS-3 include in-
flammation, oxidative stress, metabolic alteration of cardiomyocytes,
neuroendocrine activation, electrophysiological abnormalities in car-
diomyocytes, and mitochondrial dysfunction [9,10]. Interestingly,
these pathophysiological processes are regulated by melatonin, a hor-
mone released by the pineal gland that controls the natural sleep-wake
cycle [11,12]. The cardioprotective effects of melatonin have been
shown in various models of acute cardiac dysfunction, such as cardiac
ischemia reperfusion injury (IRI), septic cardiomyopathy [13], viral
myocarditis [14], and drug-induced cardiotoxicity [15]. However,
there is no evidence to support the use of melatonin as a targeted
therapeutic tool for CRS-3-caused acute cardiac dysfunction.

The biophysical and biochemical properties of cardiomyocytes are
regulated by calcium oscillations and mitochondria-produced ATP via
oxidative phosphorylation. Abnormal calcium transport is associated
with baseline Ca2+ overload and a decreased peak concentration of
intracellular Ca2+ ([Ca2+]i), which impairs the diastolic and systolic
functioning of the left ventricle [16,17]. In addition, aberrant calcium

https://doi.org/10.1016/j.bcp.2020.113832
Received 8 November 2019; Accepted 27 January 2020

⁎ Corresponding author at: Chinese PLA General Hospital, Medical School of Chinese PLA, Beijing 100853, China.
E-mail address: zhouhao@plagh.org (H. Zhou).

Biochemical Pharmacology 174 (2020) 113832

0006-2952/ © 2020 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00062952
https://www.elsevier.com/locate/biochempharm
https://doi.org/10.1016/j.bcp.2020.113832
https://doi.org/10.1016/j.bcp.2020.113832
mailto:zhouhao@plagh.org
https://doi.org/10.1016/j.bcp.2020.113832
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2020.113832&domain=pdf


transport drives mitochondrial calcium ([Ca2+]m) overload, which in-
duces cardiomyocyte death because the excessive [Ca2+]m accumula-
tion decreases oxidative phosphorylation-mediated ATP production by
interacting with phosphate groups [18,19]. In cardiomyocytes, the in-
tracellular Ca2+ signaling is primarily regulated by inositol 1,4,5-tri-
sphosphate receptor (IP3R) and mitochondrial calcium uniporter
(MCU) [20,21]. IP3R is localized on the surface of endoplasmic re-
ticulum (ER), whereas MCU is expressed on the outer mitochondrial
membrane. Our previous studies indicated that IP3R upregulation,
driven by cardiac ischemia–reperfusion injury (IRI), is responsible for
cardiomyocyte viability reduction and myocardial dysfunction [22].
Further, IP3R-mediated [Ca2+]i disorder is associated with a [Ca2+]m
overload and increased cardiomyocyte death; however, the mechanism
is unknown [23]. Interestingly, therapeutic delivery of melatonin pro-
vides an obvious heart-protective effect through the reorganization of
[Ca2+]i/[Ca2+]m homeostasis [24,25]. This is consistent with previous
studies indicating that melatonin could reverse the amplitude and
decay time of calcium transients in hypoxia/ischemia-treated cardio-
myocytes [26]. In addition, the regulatory action of melatonin on cal-
cium homeostasis has been demonstrated in cancer [27], erythrocytes
[28], endothelial cells [29], neurodegenerative diseases [30], and the
pancreas [31]. In this study, we investigated the pathological roles of
[Ca2+]i/[Ca2+]m disturbance and IP3R/MCU pathway in CRS-3-related
cardiac dysfunction, and explored the potential of melatonin as a novel
cardioprotective agent in acute renocardiac attack.

2. Materials and methods

2.1. Chemicals and reagents

Isoflurane (Cat. No. 792632, St Louis, MO, USA), DMSO (Cat. No.
D2650, St Louis, MO, USA), melatonin (Cat. No. M5250, St Louis, MO,
USA), and MTT (Cat. No. M2003, St Louis, MO, USA) were purchased
from Sigma-Aldrich. BAPTA-AM (Cat. No. S7534, Selleck Chemicals,
Houston, TX, USA) and spermine (Cat. No. S5522, Selleck Chemicals,
Houston, TX, USA) were purchased from Selleck Chemicals. Dulbecco’s
modified Eagle medium (DMEM), fetal bovine serum (FBS), Pierce LDH
Cytotoxicity Assay Kit (Cat. No. #88953), Fura-2 (Cat. No. F1201), and
Rhod-2 (Cat. No. R1244) were purchased from Thermo Fisher
Scientific. Penicillin-streptomycin was purchased from GENOM
(Hangzhou, China). ATP Bioluminescent Assay Kit (Cat. No. S0027,
China, Beyotime Biotechnology), Penicillin-streptomycin (Cat. No.
C0222, China, Beyotime Biotechnology), and Mitochondrial Membrane
Potential JC-1 Kit (Cat. No. C2006, China, Beyotime Biotechnology)
were purchased from Beyotime Biotechnology. Xestospongin C (Cat.
No. ab120914) was purchased from Abcam.

2.2. Mouse studies

Eight-week-old male C57BL/6 mice were purchased from the
Laboratory Animal Center, Chinese PLA General Hospital. The mice
were housed in a temperature-controlled room under 12/12 h light/
dark cycle and had a free access to natural-ingredient food and water.
Acute kidney ischemia–reperfusion injury (IRI) was induced by a 30-
min bilateral renal artery ischemia, followed by 24 h or 72 h reperfu-
sion. To avoid potential gender-related variations, all experiments were
performed in male mice. Mice (eight-week-old) were anesthetized with
1%~3% isoflurane through inhalation (Baxter, Deerfield, IL). Thirty
minutes after renal IRI surgery, the mice were intraperitoneally injected
with melatonin (Sigma-Aldrich, St. Louis, MO, USA, 20 mg/kg) (n = 6/
group). To inhibit IP3R activation, a single intraperitoneal (i.p.) injec-
tion of thapsigargin at 1 mg/kg was used 30 min after renal ischemia
surgery. In addition, to activate MCU in melatonin-treated mice, sper-
midine i.p. treatment at 5 mg/kg was used 30 min after renal ischemia
surgery [32]. The mice were euthanized 24 and 72 h after reperfusion.
Blood, kidney, and heart specimens were taken for analysis. To analyze

the histological alterations, paraffin-embedded heart tissues were cut
into sections 5 µm thick and stained with H&E.

2.3. Echocardiographic measurements in vivo

Mice were anesthetized using isoflurane inhalation, and echo-
cardiographic functions were examined using the Vevo 2100 system
(VisualSonics, Toronto, Canada), as previously described [33]. M-mode
images were obtained from a parasternal short-axis view at the mid-
ventricular level with a clear view of the papillary muscle. Inter-
ventricular septum depth at end diastole (IVSd), interventricular
septum depth at end systole (IVSs), left ventricular internal diameter at
end diastole (LVIDd), left ventricular internal dimension at end systole
(LVIDs), left ventricular posterior wall depth at end diastole (LVPWd),
left ventricular posterior wall depth at end systole (LVPWs), left ven-
tricular ejection fraction (LVEF), left ventricular fractional shortening
(LVFS), left ventricular mass (LVM), left ventricular end diastolic vo-
lume (LVEDV), left ventricular end systolic volume (LVESV), and E/A
value were measured [34]. All measurements were performed in ac-
cordance with the American Society for Echocardiology’s leading-edge
techniques and standards, and the values of three consecutive cardiac
cycles were averaged [35].

2.4. Western blotting

Heart tissues or cardiomyocytes were lysed in lysis buffer containing
a protease inhibitor cocktail (Beyotime Institute of Biotechnology).
Equal amounts of protein for cell lysates (20 µg) and for heart tissues
were loaded onto SDS-PAGE gel, resolved, and transferred to ni-
trocellulose membrane. The membrane was incubated overnight with
primary antibodies diluted in TBS-T containing 5% blotting-grade
blocker (Bio-Rad) or 5% BSA for phosphorylated proteins [36]. The
blots were developed and detected using chemiluminescence (Milli-
pore). The antibodies used in our study were as follows: p-IP3R (#8548,
1:1000, Cell Signaling Technology), t-IP3R (#8568, 1:1000, Cell Sig-
naling Technology), GAPDH (#5174, 1:1000, Cell Signaling Tech-
nology), t-Drp1 (#5391, 1:1000, Cell Signaling Technology), p-Drp1 (#
PA5-64821, 1:1000, Thermo Scientific Fisher), TNFα (#11948, 1:1000,
Cell Signaling Technology), IL-6 (#12912, 1:1000, Cell Signaling
Technology), and TGFβ (#5544, 1:1000, Cell Signaling Technology).

2.5. RNA isolation and qRT-PCR analysis

Total heart tissue or cardiomyocyte RNA was isolated using TRizol
reagent (Invitrogen) and RNEasy Mini Kit (Qiagen) following the
manufacturer’s protocol [37]. Subsequently, 1 ug of the total RNA was
reverse transcribed to cDNA using the QuantiTect Reverse Transcrip-
tion Kit (Qiagen), and qPCR was performed in duplicates using iTaq
SYBR Green (Bio-Rad) on an Applied Biosystems 7500 Fast qRT-PCR
system. Standard curves with pooled cDNA were used to calculate
amplification efficiencies [38], and relative gene expression was nor-
malized to GAPDH. The primer sequences were as follows: IP3R (For-
ward, GAGATGAGCCTGGCTGAGGTTCAA; Reverse, TGTTGCCTCCTTC
CAGAAGTGCGA), MCU (Forward: GCAACTTCAGCATATGACC; Re-
verse, GGAATTGGGATGCCATAGC), NCX (Forward, TTCTCATACTCC
TCGTCATCG; Reverse, TTGAGGACACCTGTGGAGTG), Mff (Forward,
AAGTGGCTCTCACCCTAGCA; Reverse, TGCCCCACTCACCAAATGT)
Fis1 (Forward, CAAGGAACTGGAGCGGCTCATTA; Reverse, GGACACA
GCAAGTCCGATGAGT), MMP9 (Forward, AAGGACGGCCTTCTGGCAC
ACGCCTTT; Reverse, GTGGTATAGTGGGACACATAGTGG), IL1β (For-
ward, AGTTGACGGACCCCAAAAGAT; Reverse, GTTGATGTGCTGCTG
CGAGA), MIP1α (Forward, CCACTCACCTGCTGCTACTC; Reverse,
AAGGCATCACAGTCCGAGTC).
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2.6. Cardiomyocyte culture and shortening/relengthening assay in vitro

Primary cardiomyocytes were isolated from mice after renal IRI
surgery or melatonin treatment, using trypsin and collagenase, as pre-
viously described [39]. In brief, mice heart tissues were treated with
0.1% (w/v) collagenase for 20 min at 37˚C, and then incubated with
0.25% (w/v) trypsin overnight at 4˚C. The cardiomyocytes were sub-
sequently plated at a density of 5x105 cells/ml in DMEM supplemented
with 15% (v/v) fetal bovine serum (FBS) at 37˚C and 5% (v/v) CO2. The
cardiomyocytes were maintained in DMEM supplemented with 20%
FBS and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin)
in a humidified incubator. BAPTA-AM at 5 μM was used in vitro to
inhibit the calcium overload. Single cardiomyocyte contractile para-
meters were evaluated using a SoftEdge MyoCam system (IonOptix,
Milton, MA)[40]. After the evaluation of resting cellular length, the
cardiomyocytes’ peak shortening (PS), time-to-PS (TPS), time-to-90%
relengthening (TR90), and maximal velocity of shortening/re-
lengthening (± dL/dt) were determined (n = 70–90 cells/group).

2.7. Cardiomyocyte viability measurement in vitro

In vitro, cardiomyocyte viability was determined via MTT (3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) assay and
lactate dehydrogenase (LDH) release assay [41]. In MTT assay, a total
of 50,000 cardiomyocytes were transferred to a 96-well flat-bottom
plate. After overnight incubation, the cells were incubated 4 h at 37 °C
in a culture medium containing 10 μl MTT, and absorbance at 570 nm
was measured in triplicates. To measure the levels of LDH in the car-
diomyocyte culture medium, Pierce LDH Cytotoxicity Assay Kit
(Thermo Fischer Scientific, #88953) was used in accordance with the
manufacturer's protocol [42]. To determine the background LDH re-
lease, the complete culture medium without cardiomyocytes was uti-
lized. The absorbance was measured at 490 nm.

2.8. Immunofluorescence assay

Cardiomyocytes were seeded on glass coverslips and cultured for
24 h at 37˚C and 5% (v/v) CO2. Then, cardiomyocytes on glass cover-
slips were fixed with 4% paraformaldehyde for 10 min, permeabilized
with 0.3% Triton X-100 for 5 min, and blocked with 10% goat serum
albumin (Invitrogen) for 1 h at room temperature. Subsequently, car-
diomyocytes were incubated overnight at 4 °C with anti-Tom 20 pri-
mary antibody (Abcam, #ab186735) diluted 1:1,000 in 1% BSA. After
washing in PBS for three times, cardiomyocytes were incubated with
fluorochrome-coupled secondary antibody (Life Technologies
#A11030, #A11034) for 1 hr at room temperature. Nuclei were stained
with DAPI. The target protein expression was visualized under a Zeiss
LSM 700 confocal laser scanning microscope (Carl Zeiss, Germany) with
a 60x oil immersion objective. Images were captured using ZEN soft-
ware (Carl Zeiss, Germany) [43].

To measure the levels of mitochondrial calcium ([Ca2+]m) and cy-
toplasmic calcium ([Ca2+]c), live cardiomyocytes, cultured in a 6-well
plate, were incubated with Flua-2 (Thermo Fisher Scientific) and Rhod-
2 (Thermo Fisher Scientific) for 30 min at 37 °C in accordance with the
manufacturer's instructions [44]. The fluorescence intensity of Furo-2
and Rhod-2 was measured using excitation wavelengths of 340 and
550 nm, and emission wavelengths of 500 and 570 nm, respectively
[45]. Data (F/F0) were obtained by dividing fluorescence intensity (F)
by (F0) at resting level (t = 0), which was normalized by control
groups. The mean fluorescent intensity was analyzed using ImageJ
Version 10.2.

2.9. TUNEL staining

Cardiomyocytes were seeded on glass coverslips and cultured for
24 h at 37˚C and 5% (v/v) CO2. Then, cardiomyocytes on glass

coverslips were fixed with 4% paraformaldehyde for 10 min and per-
meabilized with 0.3% Triton X-100 for 5 min. After washing with PBS
for three times, cardiomyocytes on glass coverslips were incubated with
TUNEL reaction mixture (Cat. No. 12156792910, In Situ Cell Death
Detection Kit, TMR Red, Roche, Indianapolis, IN) for 1 h at 37˚C, in
accordance with the manufacturer’s instructions [46]. The number of
TUNEL positive cells was counted in 4 random high-power fields per
section.

2.10. ATP measurements and mitochondrial membrane potential
observation

The ATP content in heart tissues was measured with an ATP
Bioluminescent Assay Kit (Beyotime Biotechnology) in accordance with
the manufacturer’s instructions [47]. Cardiomyocytes seeded in 6-well
plates were incubated with JC-1 probe (5 ng/ml, Beyotime Bio-
technology) for 30 min at 37 °C in the dark, based on the manufacturer's
instructions [48]. The mitochondrial membrane potential was visua-
lized under the Zeiss LSM 700 confocal laser scanning microscope (Carl
Zeiss, Germany). Images were captured using ZEN software (Carl Zeiss,
Germany).

2.11. Statistical analysis

Data were analyzed using SPSS (Statistical Package for the Social
Sciences) 16.0 (SPSS, Inc.). Differences between groups were analyzed
using one-way analysis of variance (ANOVA) followed by Dunnett T3
post hoc when more than two groups were compared. A value of
P < 0.05 was considered significant.

3. Results

3.1. Melatonin attenuates myocardial damage after renal
ischemia–reperfusion injury (IRI)

First, we evaluated mouse renal IRI by analyzing blood levels of
urea nitrogen (BUN) and creatinine (Cr). In comparison with the con-
trol sham group, mice with IRI showed a remarkable increase in BUN
and Cr levels (Fig. 1A–B). Subsequently, we evaluated myocardial
function 24 h after the renal surgery using echocardiography. As shown
in Table 1, renal IRI had no influence on the parameters related to
ventricular volume load, such as interventricular septum depth at end
diastole (IVSd), interventricular septum depth at end systole (IVSs), left
ventricular internal diameter at end diastole (LVIDd), left ventricular
internal dimension at end systole (LVIDs), left ventricular posterior wall
depth at end diastole (LVPWd), left ventricular posterior wall depth at
end systole (LVPWs), left ventricular end diastolic volume (LVEDV),
and left ventricular end systolic volume (LVESV). In addition, cardiac
systolic indexes, such as left ventricular ejection fraction (LVEF) and
left ventricular fractional shortening (LVFS) were not affected by the
renal IRI. However, cardiac diastolic function, as assessed by using left
ventricular mass (LVM) and E/A value, was reduced in mice after renal
IRI surgery (Table 1). To determine the effect of melatonin on myo-
cardial protection after renal damage, melatonin was injected into mice
30 min after renal IRI to exclude its possible influence on the extent of
acute kidney injury. In comparison with the renal IRI group, melatonin
improved the E/A value, and reduced LVM. These results indicate that
cardiac diastolic function, rather than systolic property, is compromised
after renal IRI, and that melatonin protects the cardiac diastolic func-
tion during CRS-3. To visualize the changes in myocardial tissues after
renal IRI, we used HE staining and electron microscopy. As shown in
Fig. 1C, myocardial swelling was evident in mice subjected to renal IRI.
In addition, pathological injuries in mitochondria, such as mitocondrial
swelling and cristae deformation (Fig. 1D), were also prominent in the
renal IRI group. Importantly, melatonin attenuated the myocardial
swelling and sustained the mitochondrial structure after IRI
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(Fig. 1C–D). These results indicate that the cardiac diastolic function is
depressed during CRS-3 in response to acute kidney injury, and that
melatonin protects the heart function during CRS-3.

3.2. Melatonin improves mechanical parameters of cardiomyocytes in CRS-
3

Next, signal ventricular cardiomyocytes were isolated from mice
with IRI, and the beating frequencies and mechanical characteristics
were analyzed in vitro. Neither IRI nor melatonin affected the average
longitudinal length of cardiomyocytes (Fig. 2A). Although renal IRI
caused a decrease in peaking shortening, maximal velocity of short-
ening (+dL/dt), and time-to-peak shortening (TPS) (Fig. 2B–F), the
differences were not statistically significant. Interestingly, the maximal
velocity of relengthening (–dL/dt) and the time-to-90% relengthening
(TR90) were reduced by renal IRI surgery and returned to normal levels
after melatonin treatment (Fig. 2B–F). These data indicate that cardi-
omyocyte relaxation index, rather than contraction, is regulated by
melatonin during CRS-3.

3.3. Melatonin reduces myocardial inflammation and sustains
cardiomyocyte viability in CRS-3

Since myocardial inflammation has been associated with myo-
cardial edema [49], we analyzed expression of pro-inflammatory genes
in mice after renal IRI. RNA analysis showed that the expression of pro-
inflammatory genes was enhanced 24 h after renal IRI, and significantly
augmented 72 h after renal IRI (Fig. 3A–C), coinciding with a late in-
crease in the weight of the left ventricle. The protein levels of TNFα, IL-
6, and TGFβ were also elevated in myocardium isolated from the renal
IRI group (Fig. 3D–G). Melatonin decreased the pro-inflammatory
proteins levels (Fig. 3D–G). Of note, these changes in myocardial in-
flammation were inversely correlated with cardiomyocyte viability, as
evaluated via PI staining in vivo, and MTT assay in vitro. In the renal
IRI–treated mice, the number of PI+ cardiomyocytes was higher than in
the sham group (Fig. 3H–I), indicating the occurrence of cardiomyocyte
death during CRS-3. Similarly, MTT assay–estimated cardiomyocyte
viability was also reduced after acute kidney damage in vitro (Fig. 3J).
Melatonin treatment favored cardiomyocyte survival, and increased
cardiomyocyte viability in vivo and in vitro during CRS-3 (Fig. 3H–J). In
addition, the expression of anti-oxidative genes nuclear factor erythroid
2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) decreased after
CRS-3, and increased to near-normal levels with melatonin treatment

Fig. 1. Melatonin improves cardiac function in CRS-3. A–B. ELISA of BUN and Cr levels in blood after renal IRI. C. HE staining of myocardial structure. D. EM of
myocardial ultra-structure. N = 6 mice per group; experiments were repeated three times. The data represent the mean ± SEM. *p < 0.05 vs. sham group.

Table 1
Cardiac function assessment through echocardiography after renal IR injury.

Vehicle Melatonin

Sham IRI-24 h IRI-72 h Sham IRI-24 h IRI-72 h

IVSd (mm) 1.07 ± 0.04 0.99 ± 0.07 1.10 ± 0.06 1.03 ± 0.04 1.09 ± 0.06 1.06 ± 0.05
IVSs (mm) 1.29 ± 0.09 1.32 ± 1.01 1.31 ± 0.05 1.33 ± 0.08 1.29 ± 0.06 1.31 ± 0.09
IVIDd (mm) 3.34 ± 0.17 3.19 ± 0.19 3.29 ± 0.15 3.22 ± 0.17 3.31 ± 0.20 3.27 ± 0.14
IVIDs (mm) 2.48 ± 0.14 2.33 ± 0.17 2.49 ± 0.18 2.35 ± 0.12 2.44 ± 0.18 2.40 ± 0.16
IVPWd (mm) 0.84 ± 0.05 0.87 ± 0.07 0.85 ± 0.07 0.82 ± 0.06 0.86 ± 0.04 0.80 ± 0.05
IVPWs (mm) 1.22 ± 0.08 1.29 ± 0.14 1.19 ± 0.16 1.24 ± 0.10 1.16 ± 0.12 1.27 ± 0.15
LVESV (ul) 21.99 ± 3.16 21.07 ± 2.88 22.87 ± 3.56 21.89 ± 2.37 22.38 ± 3.01 20.97 ± 2.56
LVEDV (ul) 45.46 ± 5.31 52.30 ± 5.98 52.44 ± 6.22 47.98 ± 3.11 50.56 ± 4.38 51.73 ± 4.27
LVEF (%) 60 ± 2 55 ± 4 57 ± 3 57 ± 4 55 ± 5 59 ± 4
LVFS (%) 31 ± 3 29 ± 2 27 ± 4 30 ± 3 31 ± 2 19 ± 3
LVM (mg) 115.38 ± 8.83 120.83 ± 10.07 162.66 ± 15.74* 117.98 ± 9.34 116.33 ± 11.06 123.74 ± 10.83
E/A value 1.32 ± 0.21 1.29 ± 0.13 0.91 ± 0.11* 1.22 ± 0.12 1.28 ± 0.14 1.19 ± 0.11

*p < 0.05 vs. sham group.
IVSd: Interventricular septum depth at end diastole, IVSs: interventricular septum depth at end systole, LVIDd: left ventricular internal diameter at end diastole,
LVIDs: left ventricular internal dimension at end systole, LVPWd: left ventricular posterior wall depth at end diastole, LVPWs: left ventricular posterior wall depth at
end systole, LVEF: left ventricular ejection fraction, LVFS: left ventricular fractional shortening, LVM: left ventricular mass, LVEDV: left ventricular end diastolic
volume, LVESV: left ventricular end systolic volume.
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(Fig. 3K–L). Thus, our results indicate that melatonin has anti-in-
flammatory and pro-survival effects that might explain its cardiopro-
tective action in CRS-3-induced cardiac diastolic dysfunction and left
ventricular edema.

3.4. Melatonin protects cardiomyocyte mitochondrial metabolism during
CRS-3

The myocardial relaxation index is determined by mitochondria,
which serve as a center for ATP generation by oxidative phosphoryla-
tion with the help of moderate [Ca2+]m input. Oxidative stress induced
by mitochondrial damage is also regarded as an initial signal for

myocardial inflammation [50]. In cardiomyocytes isolated from renal
IRI–treated mice, the mitochondrial membrane potential (as evaluated
via JC-1 assay) (Fig. 4A–B) and electron respiratory complex (ETC)
activity (Fig. 4C–E) were reduced, but the reduction was reversed in
cardiomyocytes isolated from melatonin-treated mice. The mitochon-
drial membrane potential reduction correlated with a drop in the total
ATP content in cardiomyocytes in vitro (Fig. 4F). However, in the
melatonin-treated cardiomyocytes, the ATP levels were sustained in
vitro.

Recent studies have reported that mitochondrial fragmentation in
cardiomyocytes, induced by renal IRI, damages cellular physiology
through the production of reactive oxygen species and the promotion of

Fig. 2. Melatonin sustains cardiomyocyte mechanical
parameters after renal IRI. A–F. The cardiomyocytes
contractile properties in mice in the context of renal
IRI. N = 70–80 cells from 2 mice per group and ex-
periments were repeated three times. The data re-
present the mean ± SEM. *p < 0.05 vs. sham
group, #p < 0.05 vs. IRI-24 h group; $p < 0.05 vs.
IRI-72 h group. + dL/dt is the maximal velocity of
shortening, −dL/dt maximal velocity of re-
lengthening, TPS time-to-peak shortening, TR90
time- to-90% relengthening.

Fig. 3. Melatonin reduces myocardial inflammation
after renal IRI. A–C. qRT-PCR of inflammatory genes
analyzed in heart tissues after IRI. D-G. Western
analysis of inflammatory proteins isolated from heart
tissues after renal IRI. H-I. PI staining for cardio-
myocyte death after renal IRI. The number of apop-
totic cells was measured to determine the levels of
cardiomyocyte death. J. MTT assay of cell viability in
vitro after renal IRI. K-L. qRT-PCR of Nrf2 and HO-1
in cardiomyocytes. The data represent three in-
dependent experiments, and are expressed as the
mean ± SEM. *p < 0.05 vs. sham group,
#p < 0.05 vs. IRI-24 h group; $p < 0.05 vs. IRI-
72 h group.
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mitochondria-dependent programmed cell death. In this study, the
immunofluorescence of mitochondria demonstrated that renal IRI in-
duced the cleavage of mitochondria from an elongated network into
small spheres or rods (Fig. 4G–H). Moreover, the ratio of cardiomyo-
cytes with fragmented mitochondria was elevated in response to the
renal IRI (Fig. 4G–H). Melatonin treatment prevented the mitochondrial
cleavage, and thus reduced the percentage of cardiomyocytes with
fragmented mitochondria (Fig. 4G–H). In previous studies, we have
investigated the molecular mechanisms governing mitochondrial fis-
sion of cardiomyocytes [33,46,48,51]. Here we show that renal IRI
induces Drp1 phosphorylation (Fig. 4I–J), and increases expression of
its receptors Mff and Fis1 (Fig. 4K–L) in vivo. Melatonin suppresses Drp1
phosphorylation and reduces Mff/Fis1 expression to near-normal levels
(Fig. 4I–L). These results indicate that CRS-3 targets both mitochondrial
function and cardiomyocyte structure, and that melatonin protects the
mitochondrial cardiomyocyte homeostasis after acute renal IRI.

3.5. Melatonin reduces CRS-3-mediated cytoplasmic and mitochondrial
calcium overload

Myocardial relaxation is a process in which the ER actively re-
absorbs [Ca2+]i to interrupt calcium-mediated cardiomyocyte con-
traction through consuming mitochondria-supplied ATP. Errors in this
process can result in [Ca2+]i overload, leading to cardiac diastolic
dysfunction. Mitochondria are also involved in the maintenance of
[Ca2+]i homeostasis by buffering cytosolic Ca2+ when it rises to high
levels [23,24]. Unfortunately, [Ca2+]i overload is closely associated
with [Ca2+]m upregulation [52], which is followed by impaired TCA
cycle and reduced ATP production. Reduction in ATP levels blunts ER-

mediated calcium recycling, an ATP-dependent calcium reflux against a
concentration gradient. These two events, [Ca2+]i overload and
[Ca2+]m upregulation, may exacerbate each other in a vicious cycle
leading to cardiomyocyte dysfunction or death. In the present study,
double-staining of [Ca2+]i/[Ca2+]m demonstrated that renal IRI caused
a significant rise in [Ca2+]i/[Ca2+]m (Fig. 5A–C). However, the [Ca2+]i
overload was attenuated by BAPTA, a cell-permeable intracellular cal-
cium chelator (Fig. 5A–C). Interestingly, BAPTA also reduced the
[Ca2+]m levels, indicating that [Ca2+]i overload induces [Ca2+]m up-
regulation (Fig. 5A–C). Notably, melatonin had a similar effect to
ameliorate the [Ca2+]i/[Ca2+]m imbalance.

At the molecular level, [Ca2+]i is controlled by ER-expressed cal-
cium channels, including RyR, IP3R, and SERCA. In our previous stu-
dies we found that IP3R is required for cardiomyocyte [Ca2+]i in a
model of myocardial IRI [23,24]. In the present study, we have further
explored the IP3R function in CRS-3. Interestingly, renal IRI had no
influence on IP3R gene expression (Fig. 5D), suggesting a possible post-
transcriptional modification of IP3R in cardiomyocytes during CRS-3.
Recent studies have shown that IP3R phosphorylation at Ser1756 en-
hances its ability to release calcium into cytoplasm [53,54]. Our results
show that renal IRI increases the p-IP3RSer1756 levels in cardiomyocytes,
while melatonin suppresses the p-IP3RSer1756 levels (Fig. 5E–F).

The concentration of [Ca2+]m is determined by MCU and NCX; the
former is a [Ca2+]m input channel, and the latter is a [Ca2+]m libera-
tion protein [55]. Our results show that the MCU gene expression was
upregulated, while the NCX expression remained the same in cardio-
myocytes after renal IRI (Fig. 5G–H). Melatonin decreased the MUC
mRNA levels (Fig. 5G–H). Together, these data demonstrate that renal
IRI induces cardiomyocyte [Ca2+]i/[Ca2+]m overload, and indicate

Fig. 4. Mitochondrial function is maintained by
melatonin in CRS-3. A–B. Mitochondrial membrane
potential was evaluated via JC-1 probe. The red-to-
green fluorescence intensity was used to record the
mitochondrial potential. C-E. ELISA of mitochondrial
respiratory complex activity. Cardiomyocytes were
isolated from mice after treatment with renal IRI. F-
G. Immunofluorescence of mitochondrial fission. The
number of cardiomyocytes with fragmented mi-
tochondria was recorded. H. ATP production in car-
diomyocytes isolated from mice treatment with renal
IRI. I-J. Western analysis of mitochondrial fission
proteins isolated from heart tissues after renal IRI. K-
L. qRT-PCR of mitochondrial fission-related genes in
heart tissues after IRI. The data represent three in-
dependent experiments, and are expressed as the
mean ± SEM. *p < 0.05 vs. sham group,
#p < 0.05 vs. IRI-24 h group; $p < 0.05 vs. IRI-
72 h group. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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that melatonin maintains [Ca2+]i/[Ca2+]m transport by inhibiting IP3R
phosphorylation and MCU transcription.

3.6. IP3R-MCU activation abolishes melatonin-mediated cardioprotection
in vivo and in vitro

To verify that melatonin sustains cardiomyocytes’ function through
the IP3R-MCU axis, mice after renal IRI were injected with spermine, an
agonist of MCU, or Xestospongin C, a selective inhibitor of IP3R. As
shown in Table 2, although melatonin sustained the cardiac diastolic
function after renal IRI, its cardioprotective effect was abrogated by
spermine. Notably, Xestospongin C also protected the heart function
after renal IRI. In cardiomyocytes isolated from mice after renal IRI, the
cardiomyocyte relaxation index (–dL/dt and TR90) was maintained by
melatonin or Xestospongin C, but was aggravated after injection with
spermine in the setting of CRS-3 (Fig. 6A–B). In addition to functional
alterations, the cardiomyocyte viability was normalized by melatonin
or Xestospongin C during CRS-3; however, this pro-survival action was
absent following injection with spermine (Fig. 6C).

At the sub-cellular level, inhibition of IP3R maintained the mi-
tochondrial performance (Fig. 6D–F), similarly to the protective effect
of melatonin. However, activation of MCU attenuated the protective
effects of melatonin on mitochondrial function, as evidenced by lower
mitochondrial membrane potential (Fig. 6D-E) and reduced cellular
ATP production (Fig. 6F) in spermine-treated cardiomyocytes in the
presence of melatonin. Furthermore, mitochondrial fission recurred in
cardiomyocytes after activation of the IP3R-MCU axis (Fig. 6G–H).

Together, these results indicate that melatonin protects the cardiac
function by repressing the IP3R-MCU signaling pathway.

4. Discussion

Our study shows that acute kidney injury primarily induces the
cardiac diastolic dysfunction. Importantly, our data demonstrate, for
the first time, the cardioprotective effect of melatonin in CRS-3. Two
mechanisms might contribute to the cardiac damage during CRS-3:
myocardial inflammation and cardiomyocyte viability reduction. In
addition, mitochondrial energy metabolism and intracellular calcium
dysregulation might contribute to the compromised cardiomyocyte re-
laxation. Our results show that renal IRI actives the IP3R-MCU
pathway, resulting in [Ca2+]i/[Ca2+]m overload. Importantly, mela-
tonin decreases IP3R phosphorylation and MCU expression, thus re-
versing the intracellular calcium homeostasis, and sustaining the car-
diomyocyte function. These novel data indicate that melatonin
attenuates the mitochondrial damage and the relaxation dysfunction
caused by calcium imbalance through the IP3R-MCU pathway, and thus
plays an indispensable role in cardioprotection during CRS-3.
Elucidation of the clinical benefits of melatonin in the prevention and
treatment of CRS-3 may yield a more solid support for the use of mel-
atonin in patients with coexisting cardiovascular and kidney disorders.

Although the concept of CRS has been clearly identified, our un-
derstanding of CRS-3 pathophysiology is limited. Oxidative stress, in-
flammation, metabolic alterations, and cardiomyocyte death have been
proposed as possible mechanisms responsible for the cardiac damage

Fig. 5. Melatonin regulates mitochondrial
and cytoplasmic calcium balance in CRS-3.
A–C. Immunofluorescence of mitochondrial
and cytoplasmic calcium overload in cardi-
omyocytes treated with and without mela-
tonin. D. qRT-PCR of IP3R expression. E-F.
Western blotting of IP3R phosphorylation at
Ser1756. G-H. qRT-PCR of MUC and NCX
expression. The data represent three in-
dependent experiments, and are expressed
as the mean ± SEM. *p < 0.05 vs. sham
group, #p < 0.05 vs. IRI-24 h group;
$p < 0.05 vs. IRI-72 h group.

Table 2
Cardiac function assessment through echocardiography.

Vehicle Melatonin

Sham IRI-72 h IRI-72H + XC Sham IRI-72 h IRI-72 h + Spe

LVM (mg) 116.75 ± 7.94 164.31 ± 14.97* 119.02 ± 8.14# 115.64 ± 7.02 117.24 ± 6.81 160.74 ± 10.24#

E/A value 1.29 ± 0.17 0.91 ± 0.10* 1.27 ± 0.18# 1.31 ± 0.17 1.28 ± 0.18 0.94 ± 0.09#

*p < 0.05 vs. sham group; #p < 0.05 vs. IRI-72 h group.
LVM: left ventricular mass.
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following acute kidney injury [7,66]. In line with previous studies, our
results also indicate that inflammation, oxidative stress, and cardio-
myocyte death are induced in the myocardium after renal IRI. Of note,
since it is technically difficult to mimic CRS-3 in vitro, a fresh isolation
of cardiomyocytes from renal IRI-treated mice is one of the methods to
explore the mechanisms underlying cardiac damage. However, since
cardiomyocyte isolation may affect its viability and trigger oxidative
stress, these effects might underestimate the damage induced by renal
IRI as well as the cardioprotection exerted by melatonin. Although the
in vitro cardiomyocyte experiments were conducted 24 h after cardio-
myocyte isolation, cell death was still obvious in cardiomyocytes iso-
lated from renal IRI-treated mice, demonstrating that cardiomyocyte
death is a critical downstream event in response to renal IRI. In addi-
tion, our results demonstrate that cardiac diastolic function rather than
myocardial contraction is affected in mice receiving renal IRI; this
phenotypic alteration may be secondary to acute kidney in-
jury–mediated inflammation responses or hemodynamic changes be-
cause kidney dysfunction cannot directly trigger cardiomyocyte da-
mage.

The mechanisms underlying the acute kidney injury–mediated car-
diac diastolic dysfunction include inflammation-induced myocardial
edema, mitochondrial bioenergetics depression, and intracellular cal-
cium overload. Cardiomyocyte viability reduction and myocyte death
may also contribute to diastolic dysfunction, although the cardiomyo-
cyte death index is relatively low. In our study, there was a synchronous
change between inflammation response (myocardial edema as assessed
via EM) and left-ventricular weight increase. The ventricular wall
stiffness induced by inflammation and edema may have limited cardiac
relaxation. After supplementation with melatonin, myocardial in-
flammation was reduced, contributing to a reduction in left ventricular
weight. Melatonin also improved mitochondrial metabolism and cal-
cium homeostasis, actions that have been carefully explored in several
previous studies [67,68].

Our results identify a novel signaling pathway regulated by mela-
tonin in the setting of CRS-3. The IP3R-MCU axis is connected with the
balance of [Ca2+]i/[Ca2+]m. Our data show that renal IRI does not
affect IP3R transcription, but induces IP3R phosphorylation at Ser1756,
and that this phosphorylation is inhibited by melatonin.
Phosphorylation of IP3R at Ser1756 increases its ability to liberate
calcium into cytoplasm [53,54], and this may explain the baseline

[Ca2+]i overload. Notably, [Ca2+]i overload may also result from
SERCA inactivity because SERCA is an ATPase whose activity depends
on the ATP content [69]. After exposure to renal IRI, mitochondrial
metabolism and ATP production are impaired, and these effects may
cause SERCA inactivation and then [Ca2+]i overload. In fact, we dis-
cussed SERCA-induced [Ca2+]i overload and melatonin-mediated
SERCA reactivation in our previous studies of acute and chronic car-
diovascular disorders [24,25,40]. In addition to IP3R phosphorylation,
our data show that renal IRI increases MCU gene expression and that
melatonin drastically represses the MCU expression through an un-
defined mechanism. MCU controls the input of [Ca2+]i into mi-
tochondria, and increased MCU expression results in mitochondrial
metabolic arrest and mitochondrial fission [70,71]. By downregulating
IP3R and MCU, melatonin controls the intracellular calcium transport,
and attenuates the cardiomyocyte damage caused by abnormal calcium
signaling.

In summary, using a mouse model of CRS-3, we identified the IP3R-
MCU pathway as a novel mechanism by which acute kidney injury
induces cardiac diastolic dysfunction in response to [Ca2+]i/[Ca2+]m
dysregulation and mitochondrial damage. In addition, our results show
that melatonin prevents the early loss of cardiac diastolic function by
normalizing the IP3R-MCU-[Ca2+]i/[Ca2+]m signaling pathway, and
indicate that it may serve as an attractive therapeutic drug for cardio-
protection in CRS-3.
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