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Abstract
Background Cardiac apoptosis plays a key role in increased morbidity associated with aging-induced-cardiac disorder. 
Mitochondria play an important role in cardiac apoptosis, and dynamin-related protein 1 (Drp1), as a main mediator of 
mitochondrial fission, can trigger the mitophagy process to sustain the mitochondrial quality. The present study was done 
to determine the effect of vitamin D (VitD) treatment on cardiac hypertrophy through mitophagy regulation in aged animals 
induced by D-galactose (D-GAL).
Methods and results Male Wistar rats were randomly divided into four groups: control, D-GAL (aging group), D-GAL co-
injected with VitD (D-GAL ± VitD), and D-GAL plus ethanol (D-GAL ± Ethanol). Aging was induced by an intraperitoneal 
(i.p.) administration of D-GAL at 150 mg/kg daily for eight weeks and also VitD (400 IU/kg) or ethanol was injected (i.p.) 
into aging rats. Then, the levels of cardiac mitophagy and cardiac apoptosis were determined by measuring the expression 
of tensin homologue (PTEN)-induced putative kinase 1 (PINK1), Drp1, Bcl2-Associated X (Bax), and B-cell lymphoma 
2 (Bcl2) genes. Aging in rats was associated with a reduction in mitophagy and also an increase in apoptosis of the heart 
through down-regulation of Drp1, PINK1, and Bcl2 genes and also up-regulation of Bax. However, VitD improved cardiac 
hypertrophy through cardiac mitophagy in D-GAL-induced aging rats.
Conclusion VitD can inhibit cardiac hypertrophy by an increase in mitophagy and a decrease in apoptosis in the aging heart.
Graphical abstract 
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BW  Body Weight
CH  Cardiac hypertrophy
D-GAL  D-galactose
Drp1  Dynamin-related protein 1
HW  Heart Weight
i.p.  Intraperitoneally
PINK1  tensin homologue (PTEN)-induced putative 

kinase 1
QRT-PCR  Quantitative Real-Time PCR
ROS  Reactive oxygen species
SE  Standard error
VitD  Vitamin D
VDR  VitD receptor

Introduction

Aging has been known as an important risk factor for heart 
failure, which accounts for increased mortality and mor-
bidity in the elderly population worldwide [1]. Cellular 
senescence can be promoted during the aging process by 
the accumulation of reactive oxygen species (ROS) in the 
body. Senescence in the heart is associated with cardiovas-
cular diseases, such as atherosclerosis, valvular heart dis-
ease, cardiac hypertrophy, and arrhythmias [2]. Senescent 
cardiomyocytes are characterized by DNA damage, cardiac 
apoptosis, increased oxidative stress, and mitochondrial 
dysfunction in the heart [3]. Among these, cardiac apoptosis 
is a dominant player in the development of cardiac disor-
ders, and cardiac cell loss due to mitochondrial dysfunction 
and apoptosis leads to greater vulnerability of the heart to 
damage in aging hearts [4]. Cardiac apoptosis in aged hearts 
is mainly mediated by mitochondrial dysfunction [5]. Heart 
tissue includes many mitochondria occupying 40–60% of 
the volume of heart cells. These organelles produce approxi-
mately 90% of the cardiac energy and play an important role 
in myocardial function [6]. In this regard, many studies have 
shown that mitochondrial dysfunction in aged cardiac cells 
can induce apoptotic cellular damage through the release of 
cytochrome C into cytoplasm leading to myocardial injury 
in the aged heart [7].

Furthermore, impaired mitochondria have essential roles 
in neurodegenerative and cardiovascular diseases, and 
mitophagy is an important process in mitochondrial qual-
ity control, which eliminates dysfunctional mitochondria 
to maintain cellular homeostasis [8]. However, mitoph-
agy capacity declines with aging [9]; thus, dysfunctional 
mitochondria predominate in senescent cells exacerbating 
aging-related disorders [10]. Also, mitophagy is involved 
in cardiac apoptosis and the modulation of aging-induced 
damages in the aged hearts [11].

Mitochondrial fission is necessary to break up inefficient 
mitochondria during mitophagy [12]. Dynamin-related 
protein 1 (Drp1) is an important protein modulating mito-
chondrial fission and is strongly expressed in heart tissue 
compared to other tissues [13]. Drp1-mediated mitochon-
drial fission has been indicated to contribute to multiple 
cardiovascular disorders, including cardiac aging and aging-
induced cardiomyopathy [11, 14]. Also, low expression 
levels of Drp1 and reduced Drp1-dependent mitochondrial 
fission are involved in aging-induced cardiac hypertrophy, 
strongly proposing the key role of Drp1-dependent mito-
chondrial fission in aging-induced cardiac hypertrophy 
[11]. On the other hand, recent studies have indicated that 
decreased mitophagy causes myocardial apoptosis, which 
is mainly induced by Drp1 [11]. Previous studies have 
reported that the elevation of damaged mitochondria is 
associated with the reduced expression of tensin homologue 
(PTEN)-induced putative kinase 1 (PINK1). In addition, 
Drp1 is involved in the crosstalk with PINK1 for mitophagic 
control [15]. PINK1-mediated mitophagy is the most exten-
sively studied pathway in autophagic removal of damaged 
mitochondria [16]. Based on these studies, we hypothesized 
that abnormal mitophagy could be restored by the protec-
tive effect of Vitamin D (VitD) through a new mechanism 
involving Drp1 and PINK1 in aged hearts.

Previous studies have exhibited the relation between 
VitD deficiency and increased risk of cardiovascular disor-
ders [17]. In this regard, low levels of VitD are detected in 
the serum of hypertensive patients with myocardial dysfunc-
tion and left ventricular hypertrophy [18]. Also, VitD can be 
attributed to reduced serum levels of tumor necrosis factor 
and elevated levels of IL-10 anti-inflammatory cytokine in 
patients with congestive heart failure [19]. VitD supplemen-
tation significantly improves cardiac function in patients 
with chronic heart failure [20]. VitD is involved in many 
biological processes, such as oxidative stress, cell adhe-
sion, proliferation, differentiation, and apoptosis [21]. On 
the other hand, VitD deficiency can influence the immune 
system and trigger pro-inflammatory signaling pathways 
in cardiac cells leading to cardiac hypertrophy and fibrosis 
[22]. Also, VitD deficiency may contribute to adipose tis-
sue dysfunction leading to cardiometabolic disorders by its 
effects on the expression of adipokines [23]. Overall, VitD 
treatment affects the function of the cardiovascular system 
through its receptors in cardiomyocytes and arterial walls; 
however, the fundamental mechanisms are still unknown. 
The purpose of the current study was to evaluate the effect 
of VitD treatment on cardiac hypertrophy through modu-
lating mitophagy and apoptosis in D-galactose (D-GAL)-
induced aging rats.
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Materials and methods

Vitamin D was obtained from the OSVE pharmaceutical Co. 
(Tehran, Iran), and D-galactose and Pentobarbital sodium 
salt were purchased from the Sigma-Aldrich Co. (St. Louis, 
MO, USA).

Animals

The animals were kept under standard conditions (12 h 
light/dark cycle, 25 ± 2 °C) and had access to food and 
water and handled to minimize the stress during the treat-
ment period. All experimental protocols were conducted 
based on the guidelines of the Animal Experiment Commit-
tee (IR.UMSHA.REC.1400.269) considering the Guide for 
the Care and Use of Animals of the National Institutes of 
Health (NIH Publication No. 85 − 23, revised 1996).

Treatment schedule of aging rats

After one week of compatibility, male Wistar rats (age: three 
months; body weight: 290 ± 30 g) were randomly divided 
into four experimental groups (n = 8):

1. Control group (CONT) without the treatment.
2. D-GAL-induced aged group (D-GAL).
3. Aging group co-injected with D-GAL and ethanol 

(D-GAL ± Ethanol).
4. Aging group co-injected with D-GAL and VitD 

(D-GAL ± VitD).

To induce aging in male rats, D-GAL was intraperitoneally 
(i.p) injected at a dose of 150 mg/kg daily for eight weeks 
[24]. Also, VitD (400 IU/kg) or ethanol (vehicle, equiva-
lent volume) was co-injected (i.p.) with D-GAL into male 
rats [25] and VitD ± ethanol was injected (i.p.) into aged 
animals. Animals receiving VitD and/or ethanol exhibited 
no significant side effects [25]. Sodium pentobarbital was 
injected (i.p.) at a dose of 60 mg/kg to anesthetize animals. 
Then, they were subjected to blood sample collection from 
the inferior vena cava and isolation of heart tissues for 
molecular assessment. After weighing and washing with 
PBS, the tissues were snap-frozen and stored at -80 °C. The 
cardiac hypertrophy index was defined as the ratio of the 

heart weight (HW)/ body weight (BW) by the following for-
mula [26]:

Cardiac hypertrophy index =
HeartWeight

BodyWeight
× 100

Histological examination of the heart

For structural evaluation, the heart tissues were removed 
from the animals and fixed in 10% neutral buffered for-
malin. The heart tissues were sectioned (4 μm slices) and 
stained with hematoxylin and eosin (H&E). The samples 
were histologically surveyed by a photomicroscope.

Quantitative real-time PCR (qRT-PCR) analysis

Drp1 is a key gene regulating mitochondrial fission in 
mammalian cells, which is accompanied by mitophagy. It 
is the upstream activator of PINK1. To survey mitophagy 
in the aged heart, we evaluated the expression of Drp1 and 
PINK1 by real-time qRT-PCR analysis. First, fresh tissue 
spices (30 mg) were obtained from the isolated hearts and 
then homogenized in RNX- plus (Sinaclon, Iran). The isola-
tion of total RNA was performed according to the manu-
facturer’s protocols. Then, the purity and concentration of 
total RNA were assessed through the NanoDrop apparatus 
(Thermo Fisher Scientific, USA). The corresponding cDNA 
was synthesized through a cDNA synthesis kit (Parstous, 
Iran) according to the manufacturer’s protocols. Then, qRT-
PCR was performed on diluted cDNA with SYBR green 
Master Mix (Parstous, Iran) through a real-time PCR appa-
ratus (Light Cycler 96, Germany). The expression of genes 
was calculated by the 2−ΔΔCT formula. The sequences of 
primers used in the current study are listed in Table 1. The 
relative mRNA levels of PINK1, Drp1, Bcl2-Associated X 
(Bax), and B-cell lymphoma 2 (Bcl2) were normalized with 
internal control (beta-actin).

Statistical analysis

Results were presented as means ± standard error (SE). The 
analysis of variance (ANOVA) and post hoc Tukey’s test 

Table 1 Sequence of primers
genes Forward primer Reverse primer
PINK1 GGAGATCCAGGCAATTTTTACAC TTGATGGCAAAGGGGAAGGC
Drp1 GCTAGATGTGCCAGTTCCAGT TGTGCCATGTCCTCGGATTC
Bax TTTTGCTACAGGGTTTCATCC TATTGCTGTCCAGTTCATCTC
Bcl-2 TGGTACCTGCAGCTTCTTTC ATCTCCAGTATCCCACTCGTA
Beta-actin ATCAGCAAGCAGGAGTACGAT AAAGGGTGTAAAACGCAGCTC
PTEN-induced putative kinase 1: PINK1, Dynamin-related protein 1: Drp1, Bcl-2-associated X protein: Bax, B-cell lymphoma 2: Bcl-2
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long-term alcohol use in aging [27]. In addition, alcohol 
enhances catecholamine secretion and vasodilatation. Thus, 
thermogenesis and resting energy expenditure are increased 
[28]. Cardiac hypertrophy was significantly enhanced in 
the aged group compared to the control group (p < 0.05), 
which indicates the apparent cardiac hypertrophy in aged 
hearts. However, VitD treatment remarkably decreased car-
diac hypertrophy in aging rats (VitD ± D-GAL group) com-
pared to the D-GAL given animals (D-GAL- induced aging 
group) (P < 0.05, Table 2).

Effect of treatments on the histological changes in 
the hearts

Figure 1 illustrates the histological photographs of heart tis-
sues in experimental animals. Histological assessment of car-
diac tissues obtained from normal control rats (A) indicated 

were used to compare the mean values between the groups. 
A p-value < 0.05 was considered statistically significant.

Results

Cardiac hypertrophy

The D-GAL rats treated with ethanol indicated significantly 
lower body weight than the D-GAL group (p < 0.001). 
Chronic ethanol exposure through i.p. injection signifi-
cantly decreases body weight in aged male rats. The total 
volume of distribution of the ethanol and lean body mass 
are negatively correlated with age. A lower volume of dis-
tribution, in association with a decrease in lean body mass, 
most likely describes an increase in blood ethanol concen-
tration and a decrease in body weight as a risk factor for 

Table 2 Cardiac parameters of the experimental groups
Parameters CONT D-GAL D-GAL ± Ethanol D-GAL ± VitD
BW (g) 322 ± 5 326 ± 6 270.5 ± 2*** 305 ± 7**

WHW (g) 1 ± 0.2 1.153 ± 0.32# 1 ± 0.2* 1 ± 0.23*

CH index (WHW/ BW) 0.30 ± 0.2 0.35 ± 0.02# 0.36 ± 0.02## 0.31 ± 0.02
D-galactose-induced aging in rats was associated with notable cardiac hypertrophy compared to the control group (p < 0.05). VitD treatment 
significantly reduced cardiac hypertrophy in D-GAL and VitD co-injected rats in comparison to the aged group (p < 0.05). VitD improved 
the cardiac function of the aged rats by a reduction in cardiac hypertrophy in the D-GAL-induced aging animals. Data are presented as 
mean ± SEM in different groups. # p < 0.05 and ## p < 0.01 compared to the control group and * p < 0.05, ** p < 0.01, and *** p < 0.001 compared 
to the D-GAL group. Eight rats were included in each group (n = 8). BW: body weight, WHW: whole heart weight, CH: cardiac hypertrophy, 
CONT: control, D-GAL: D-galactose-induced aged rats, D-GAL ± ethanol: the rats co-treated with D -galactose and ethanol; D-GAL ± VitD: 
the rats receiving D-galactose co-injected with VitD

Fig. 1 Hematoxylin and eosin 
(H&E) staining indicating the 
cardiac tissue architecture in 
control (A); aged rats induced by 
D-GAL (B); aged rats induced 
by a combination of D-GAL and 
ethanol (C); aged rats induced by 
a combination of D-GAL and Vit 
D (D). The images of myocar-
dial architecture were magnified 
at 100X. Arrowheads indicate 
cardiomyocytes and the stars 
show empty spaces between the 
heart cells
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tissue significantly increased in the aged rats compared to 
the control group. On the other hand, VitD treatment led 
to increased expression of PINK1, Drp1, and Bcl2 genes 
in the hearts of aging animals. Consistently, decreased Bax 
expression, an apoptotic marker gene, was observed in the 
aged heart after VitD treatment compared to the aged group. 
These results suggest that VitD exerts its inhibitory effects 
on aging-related cardiac hypertrophy through enhanced 
mitophagy and a reduction in apoptosis in the heart of aged 
rats (Figs. 2, 3 and 4).

Discussion

Aging is an important risk factor for the development and 
progression of cardiovascular disorders. It has been reported 
that aging is associated with reduced cardiac supplies and 
impaired cardiac function [29]. In the current study, cardiac 

clear integrity of the myocardial membrane. In addition, 
normal untreated animals (A) exhibited normal cardiac 
fibers. Heart tissues from aging rats induced by D-GAL (B) 
and aging rats treated with ethanol (C) indicated widespread 
myocardial structure disorder and increased intercellular 
space compared to control rats (A), indicating the increased 
size of the cardiomyocytes. Treatment with VitD depicted 
decreased intercellular space and increased integrity of the 
myocardial membrane. However, the intercellular space in 
aging rats treated with VitD (D) still remained greater than 
that of the control rats (A).

The expression of mitophagic and apoptotic genes

The expression of PINK1, Drp1, and Bcl2 genes has been 
reported in mitophagy and apoptosis processes. In our study, 
their expression significantly decreased in the heart tissue of 
aged animals. In contrast, the expression of Bax in the heart 

Fig. 3 Cardiac expression of 
Drp1 gene in real-time PCR. The 
findings have been presented as 
mean ± SEM in different groups. 
Eight rats were included in each 
group (n = 8). Also, ### p < 0.001 
compared with control group, 
*** p < 0.001 compared to the 
D-GAL group. CONT: control, 
D-GAL: D-galactose -induced 
aged rats, D-GAL ± Ethanol: 
D-galactose and Ethanol co-
treated rats, D-GAL ± VitD: 
D-galactose and VitD co-injected 
group

 

Fig. 2 Cardiac expression of 
PINK1 gene in real-time PCR. 
The findings have been presented 
as mean ± SEM in different 
groups. Eight rats were included 
in each group (n = 8). Also, ### 
p < 0.001 compared with control 
group, *** p < 0.001 compared 
to the D-GAL group. CONT: 
control, D-GAL: D-galactose 
-induced aged rats, D-GAL ± Eth-
anol: D-galactose and Ethanol 
co-treated rats, D-GAL ± VitD: 
D-galactose and VitD co-injected 
group
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in apoptosis and mitophagy in ischemic conditions of the 
heart [35]. Drp1-related mitophagy improves mitochon-
drial dysfunction and obesity-induced cardiac hypertrophy 
[36]. However, triptolide-induced hepatotoxicity is associ-
ated with decreased Drp1 expression [37], highlighting the 
role of Drp1-induced mitochondrial fission in mitophagy 
and mitochondrial homeostasis [38]. Parkin-irrelevant 
mitophagy sustains the integrity of the brain and heart in 
mammalians by Drp1 expression [39]. In addition, reduced 
expression of Drp1 in aged hearts leads to various cardio-
vascular diseases, diabetes, and cardiac hypertrophy [40]. 
Drp1 inhibition can mediate the suppression of mitophagy, 
mitochondrial dysfunction, oxidative stress, and finally, the 
induction of apoptotic pathways [41]. Also, PINK1 modu-
lates mitophagy and mitochondrial quality in cardiac cells, 
and decreased expression of PINK1 causes the accumula-
tion of impaired mitochondria in the cells [42]. The expres-
sion of Drp1 not only is involved in mitochondrial fission 
but also significantly increases PINK1 expression in the 
cardiomyocytes stimulating mitophagic mitochondrial com-
position in cardiac hypertrophy and cardiomyopathy [43]. 
Our findings indicated that PINK1 as a mitophagy-related 
critical gene was notably decreased in parallel with the 
decreased expression of Drp1 in the hearts of aging rats. 
On the other hand, mitophagy could cause pro-apoptotic 
protein release from mitochondria to cytosol, resulting in 
apoptosis and finally, cell death [44]. Emerging evidence 
also indicates that mitophagy affects multiple interactions 
with apoptosis [45]. Drp1-mediated mitochondrial fission 
is considered a potential upstream regulator for subsequent 
mitophagy [46].

Our findings propose that aging leads to mitophagy 
reduction and apoptosis by suppressing the PINK1. In 

hypertrophy occurred in D-GAL-induced aging rats com-
pared to normal rats. Histological evaluations showed that 
D-GAL injection increased the size of myocytes. Research-
ers have demonstrated myofibrillar loss and derangement 
in D-GAL-treated myocardium. Besides, our study showed 
that cardiac apoptosis was enhanced in cardiac aging [30]. 
Apoptosis results in myocardial dysfunction and cardiac 
hypertrophy, and also, mitochondrial pathway-related apop-
tosis plays a key role in deficient cardiac function in the 
aging heart. Animal studies have revealed that the structure 
and function of the mitochondria are disrupted in cardiac 
aging [30]. Mitochondrial quality is regulated by mitochon-
drial dynamics, mitochondrial biogenesis, and mitophagy. 
Mitophagy eradicates the impaired mitochondria through 
the lysosomal digestive pathway to sustain mitochondrial 
homeostasis and reduction of the repositioning in damaged 
mitochondria [31]. On the other hand, the heart endures an 
increased burden of mitophagy to ensure normal cardiac 
function under physiological conditions. Elevated mito-
chondrial autophagy also causes increased longevity in 
Caenorhabditis elegans [32]. It has been known that the 
inhibition of mitophagy leads to enhanced apoptosis in 
cardiac aging [11] and the current investigation indicated 
that mitophagy was notably reduced in cardiac aging. Mito-
chondrial cleavage happens before mitophagy, and impaired 
mitochondria will merely be decayed through mitophagy 
[12]. Mitochondrial fission-induced mitophagy is involved 
in liver injury [33].

Proper mitochondrial longitude is essential for normal 
mitochondrial function [30]. Also, mitochondrial cleavage 
and fusion regulate the mitochondrial morphology, which 
is changed during apoptosis [34]. Mitochondrial cleav-
age is modulated through Drp1, which also is involved 

Fig. 4 Cardiac expression of Bax(A) and Bcl-2(B) genes in real-
time PCR. The findings have been presented as mean ± SEM in dif-
ferent groups. Eight rats were included in each group (n = 8). Also, 
## p < 0.01, ### p < 0.001 compared with control group, * p < 0.05 

compared to the D-GAL group. CONT: control, D-GAL: D-galactose 
-induced aged rats, D-GAL ± Ethanol: D-galactose and Ethanol co-
treated rats, D-GAL ± VitD: D-galactose and VitD co-injected group
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Conclusion

Cardiac apoptosis is increased in aging. In addition, we 
demonstrated that reduced mitophagy is likely an important 
mediator involved in the enhanced apoptosis of the aged 
heart. Our findings propose that mitophagy is regulated 
by Drp1 and PINK1 proteins in cardiac aging. Also, VitD 
treatment improves aging-induced cardiac hypertrophy by 
enhancing mitophagy and up-regulation of anti-apoptotic 
genes. Our results suggest that VitD could be regarded as a 
potential candidate for the prevention and treatment of car-
diac aging.
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