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A B S T R A C T   

Background: 1, 25-dihydroxy Vitamin D3 (VitD) attenuates left ventricular hypertrophy (LVH), but the mecha-
nisms remain to be portrayed in-depth. The small GTPase Rac1 plays a pivotal role in cardiovascular pathology, 
especially LVH. Here, we tested whether VitD exerts its anti-LVH effects by counteracting the small GTPase Rac1 
expression. 
Methods: In Wistar rats, pressure overload-induced LVH was created by abdominal aortic banding. The animals 
were intraperitoneally administered VitD (0.1 µg/kg/d). Blood pressure was measured via carotid artery can-
nulation. Real-time RT-PCR and Western blotting were performed to assess the mRNA and protein expression, 
respectively. Myocardium was stained for determination of cardiomyocytes area and fibrosis. Lipid peroxidation 
levels and the activities of antioxidant enzymes were measured in left ventricular tissue. 
Results: VitD significantly reduced hypertrophy markers (blood pressure, heart-to-body weight ratio, car-
diomyocytes area, fibrosis as well as atrial and brain natriuretic peptides mRNA levels) compared to untreated 
groups (P < 0.05). VitD also improved the activity of antioxidant enzymes and reduced lipid peroxidation levels 
in the myocardium (P < 0.05). LVH hearts of untreated animals displayed a significant increase in Rac1 
expression compared with the control group (P < 0.05). In contrast, cardiac Rac1, at either mRNAs or protein 
levels, was markedly lower in LVH animals receiving VitD compared with their untreated counterparts (P <
0.05). 
Conclusion: Our findings attest that VitD mitigates hallmarks of LVH imparted by pressure overload. Notably, 
VitD appears to perform its anti-LVH function partly through small GTPase Rac1 suppression. This, in turn, 
provides a robust incentive to consider VitD before LVH culminates in HF devastating disease.   

1. Introduction 

Cardiovascular disease (CVD) and related complications are the 
leading causes of mortality worldwide, responsible for nearly 17 million 
annual deaths [1]. The pathological form of left ventricular hypertrophy 
(LVH), which is caused by chronic pressure or volume overload [2], 
contributes to the development of CVD [3,4]. If left untreated, LVH can 
lead to heart failure (HF) and malignant arrhythmias, thereby sudden 
cardiac death [5]. In contrast, successful prevention or amelioration of 
LVH may result in the reduction of mortality risk [6,7]. Several 

medications, such as diuretics, angiotensin receptor blockers, angio-
tensin-converting enzyme inhibitors, and β-adrenergic blocking agents, 
have been used to cope with LVH and early manifestations of HF [8,9]. 
Although studies have confirmed the efficacy of these therapies, HF- 
related mortality still remains on the rise [10]. Beyond that, some 
pharmacological approaches potentially are accompanied by subopti-
mal clinical outcomes. For instance, available renin-angiotensin (RAS) 
inhibitors may lead to compensatory increased renin expression due to 
disruption of a negative feedback loop [11,12]. These issues have led 
researchers to develop alternative or supplementary agents to limit the 
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progression of LVH before it culminates in HF. 
In recent decades, 1, 25-dihydroxyvitamin D (VitD) has also been 

considered a promising candidate to counter LVH and related compli-
cations [13]. VitD deficiency is highly prevalent in patients suffering 
from LVH and HF [14,15]. Indeed, research conducted on animals 
suggests that VitD-deficient or its receptor knockout is intimately asso-
ciated with the high blood pressure and the manifestation of LVH, 
including increased cardiomyocyte size and proliferation [16,17]. In 
contrast, the administration of VitD has been demonstrated to limit 
unfavorable cardiac remodeling across a wide range of LVH models [18- 
21]. Likewise, clinical trials have also validated the ability of VitD to 
ameliorate LVH in HF patients [22]. Anti-LVH effects of VitD occur, at 
least in part, via reducing the activity of RAS, both in the circulatory and 
cardiac system [23]. Of note, since the VitD receptor is expressed in 
cardiomyocytes, the heart is regarded as a VitD target system. Indeed, 
VitD can directly exert some of its actions on the heart. This concept is 
supported by in vitro studies, where treatment of rat neonatal car-
diomyocytes with VitD protects against the isoproterenol-induced in-
crease in the mRNA, protein, and promoter activity of modulatory 
calcineurin inhibitory protein 1 (MCIP1). Calcineurin/NFAT signaling 
plays a central role in pathological LVH, which can be activated by 
MCIP1 expression [24,25]. Moreover, in primary cultures of neonatal rat 
cardiomyocytes, VitD has been demonstrated to inhibit cell proliferation 
as well as hypertrophy and its-associated genes, such as c-myc and atrial 
natriuretic peptide (ANP) [26,27]. In a study, Al-Rasheed et al. (2015) 
indicate that treatment of rats with VitD can reduce LVH through 
inhibiting the nuclear factor kappa B (NF-κB) signaling pathway in the 
heart tissue and, by doing so, tumor necrosis factor-α (TNF-α) [18]. 
Clearly, direct and indirect effects of VitD can cover each other to cope 
with hypertrophy. However, the anti-LVH cellular and molecular 
mechanisms of VitD remain to be fully clarified. 

Cardiomyocytes regularly convert the pressure overload to 
biochemical cascades [28]. Indeed, sustained pressure overload paves 
the way to the development of LVH by activating various intracellular 
signaling in the myocardium [28]. Among others, Rac1, a central small 
GTP-binding protein, has been suggested to play a pivotal role in the 
pathogenesis of LVH [28,29]. In the heart, over-expression, thus acti-
vation of Rac1 causes LVH [29,30]. Rac1 not only regulates several 
cellular processes, such as proliferation, survival, migration, and 

trafficking [31] but also triggers NADPH oxidase, which in turn con-
tributes to the generation of oxidative stress [29,32,33]. Oxidative stress 
per se can instigate a wide variety of molecular signaling involved in the 
development of LVH and cell dysfunction [34]. According to this view, 
reduction of oxidative stress is capable of coping with LVH and 
remodeling caused by pressure overload [34,35]. Rac1 is an essential 
component of the signaling pathway in the myocardium initiating LVH 
[29]. Inhibition of Rac1 has been highly suggested as a promising 
strategy for the prevention and treatment of LVH [28,29]. In this regard, 
experimental research has shown that cardiac-specific Rac1 deletion 
limits oxidative stress and LVH in mice [29]. Despite its decisive role in 
cardioprotection [13], the impact of VitD on the expression of Rac1 in 
pressure overload hearts has, to our knowledge, not been investigated so 
far. 

Therefore, this study aimed to describe the influences of VitD sup-
plementation on LVH-related markers as well as small GTPase Rac1 
mRNA and protein expression in rats subjected to pressure overload- 
induced LVH. Further, given the role of Rac1 in the regulation of 
oxidative stress and redox state in hypertrophied myocardium [29,36], 
the cardiac levels of lipid peroxidation and the activities of antioxidant 
enzymes were also evaluated. 

2. Materials and methods 

2.1. Research design and left ventricular hypertrophy model 

This study was performed in conformity with the guiding principles 
for animal research provided by the American Physiological Society and 
with approval the Ethics Committee of School of Medicine-Shahid 
Sadoughi University of Medical Sciences, Yazd, Iran (ID: IR: SSU/ 
9321). Female Wistar rats (170–210 g) were kept in an animal house 
under controlled conditions (12-h circadian light/dark cycle) with free 
access to a standard pellet diet and tap water throughout the research. 
Animals were randomly divided into the following experimental groups:  

1. Control (Ctl) group includes intact animals 
2. Abdominal aortic banding (AAB) group in which the animals un-

derwent aortic banding without receiving any treatment 

Fig. 1. Experimental design. Wistar rats were divided into the following groups: control or intact rats; Ctl (n = 10), abdominal aortic banding (AAB) as an 
experimental model of left ventricular (LV) hypertrophy; AAB (n = 10), rats with AAB who received propylene glycol (PG); AAB + PG (n = 10), rats with AAB who 
received vitamin D (VitD); AAB + VitD (n = 10). After the 5-week intervention, hemodynamic parameters, cardiac redox status, expression of Rac1, and markers of 
hypertrophy were assessed. SBP, systolic blood pressure; DBP, diastolic blood pressure; MDA, malondialdehyde; SOD, superoxide dismutase; GPx, glutathione 
peroxidase; CAT, catalase; HW/BW, heart weight-to-body weight ratio; ANP and BNP, atrial and brain natriuretic peptide, respectively. 
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3. The AAB animals with intraperitoneal injection (IP) of propylene 
glycol (PG) as the solvent of vitamin D (AAB + PG).  

4. The AAB animals which received IP injection of VitD (0.1 µg/kg of 
body weight/days; DarouPakhsh-Iran) for 14 days before AAB 
operation and for 21 days after banding of aorta (AAB + VitD). Our 
pilot study, has shown that injection of 0.1 µg/kg/day of 1, 25-dihy-
droxyvitamin D does not alter the serum levels of calcium and resting 
blood pressure. 

AAB was performed in conformity with earlier protocols [19,37]. In 
short, after anesthetizing animals with IP injection of a mixture of ke-
tamine (70 mg/g) and Xylazine (10 mg/g), an incision was made in the 
left flank to rapidly obtain access to the suprarenal abdominal aorta. 
AAB was completed by ligation of the artery (7–0 silk sutures) and 
removing a 21-gauge needle from the loop. Once the surgery site was 
closed, the animals were placed in separate cages equipped with a heat 
lamp and monitored until complete recovery. 

At the end of the 35-day intervention, the animals were weighed, 
then anesthetized. The systolic and diastolic blood pressure (SBP and 
DBP, respectively) were measured by cannulation of the carotid artery 
connected to a power lab system (ADInstruments, Australia). After 
scarifying, the animal hearts were removed, cleaned in ice-cold saline, 
and weighted to calculate heart weight-to-body weight ratio (HW/BW), 
an important marker of cardiac hypertrophy. Then the left ventricles 
were separated and fixed in 10% buffered formalin solution for histo-
logical assessment or stored at − 80 ◦C for molecular studies. In our 

present study, two rats died in the AAB and AAB + PG groups within the 
first week after aortic banding, who were excluded from the experiment. 
Thus, the study was performed on 10 rats/groups. In each group, three 
hearts were fixed in formaldehyde for histological assessments and the 
rest (seven hearts) were kept for molecular studies. Of note, the blood 
pressure and HW/BW analyses were recorded in all rats (n = 10/group). 
The experimental scheme framework is shown in Fig. 1. 

2.2. Western blotting 

Left ventricular (LV) samples were homogenized in a standard lysis 
buffer solution (lysis buffer solution containing: 150 mMNaCl, 1% 
Triton X-10, 0.25% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCL, 1 
mM EDTA, 2 mM EGTA, 20 mM HEPES and 2 mM PMSF) and homog-
enization, the protein concentration was determined according to 
Bradford method as detailed in the previous report [38]. Equal amounts 
of protein (100 μg) were loaded on SDS-PDG gels. Then the protein 
bands were transferred to PVDF membranes (Amersham Bioscience, 
UK). After 60 min of blocking with a buffer containing 1% bovine serum 
albumin, the membranes were incubated by mouse monoclonal anti- 
GTPase Rac1 primary antibody (Cat. No. ab33186, Abcam, USA) and 
secondary antibody of goat anti-mouse IgG-HRP (Cell signaling, Munich, 
Germany), respectively. The gel bands were quantified by ImageJ soft-
ware (1.43). ß-actin was considered as a reference protein (primary 
antibody Cat. No. ab8227, Abcam, USA). 

Fig. 2. Hemodynamic parameters. Effect of vitamin D (VitD) on (A) systolic and (B) diastolic blood pressure (SBP and DBP, respectively) and (C) heart rate (HR) in 
animals subjected to abdominal aortic banding (AAB). Values represent as mean ± SEM (n = 10). *p < 0.05 difference between groups. Ctl, control; PG, propyl-
ene glycol. 
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2.3. Real time RT-PCR 

Total RNA of the LV tissue was extracted using RNX-Plus (CinnaGen, 
Iran) in accordance with the instructions supplied by the manufacturer. 
The isolated RNA was converted to cDNA using the RevertAid TMM 
MuLV Reverse Transcriptase (Fermentas, USA). Then the PCR amplifi-
cation was performed using Master Mix containing SYBR Green (Takara 
Bio, Japan). 

The relative transcription levels of Rac1 (primer sequence: sense, 
5́–GTAAAACCTGCCTGCTCATC–3́ and antisense, 5́–GCTTCATCAAAC 
ACTGTCTTG–3́), ANP (primer sequence: sense, 5́–GAGGAGAAGATGCC 
GGTAG–3́ and antisense, 5́–CTAGAGAGGGAGCTAAGTG–3́), and BNP 
(primer sequence: sense, 5́– TGATTCTGCTCCTGCTTTTC –3́ and anti-
sense, 5́– GTGGATTGTTCTGGAGACTG –3́) were evaluated against the 
housekeeping ß-actin gene (primer sequence: sense, 5́–GAACCCTAAG 
GCCAACCGTGAA–3́ and antisense, 5́– ATAGCAGCCACAAAAAGGGA 
AA–3́) by the 2-ΔΔCt method. 

2.4. Histological examination 

Masson’s trichrome and hematoxylin-eosin (H&E) staining methods 
were performed to evaluate LV fibrosis and cardiomyocytes area, 

respectively. In brief, LV samples (n = 3 for each group) were fixed in 
10% formalin. After processing steps and paraffinization, the tissue 
samples were sectioned at a thickness of 5-µm. Following the completion 
of staining, the prepared slices were analyzed by an optical microscope. 

2.5. Lipid peroxidation assay 

Studies have shown that the progression of myocardial hypertrophy 
is accompanied by oxidative stress-induced lipid peroxidation. There-
fore, the level of malondialdehyde (MDA) as the main marker of lipid 
peroxidation was measured in the LV tissue of experimental groups ac-
cording to the protocol of the MDA Assay kit (ZellBio, GmbH Company, 
Germany). 

2.6. Enzymatic antioxidant assay 

2.6.1. Catalase activity 
The activity of the antioxidant factor catalase (CAT) was measured 

spectrophotometrically according to Aebi’s method [39]. Briefly, the LV 
tissue was lysed and homogenized in a lysis buffer containing NaCl, Tris, 
Triton X-100, EDTA, SDS, EGTA, HEPES, and PMSF. After centrifugation 
(13000 rpm for 45 min at 4 ◦C), the supernatant was collected and 

Fig. 3. Histological results and heart-to-body weight ratio. Effect of vitamin D (VitD) on (A) heart-to-body weight ratio (HW/BW, n = 10), (B) fibrosis (n = 6 
sections from three hearts per group), and (C) cardiomyocyte area (150 cells were measured in each group) in animals subjected to abdominal aortic banding (AAB). 
Values represent as mean ± SEM. *p < 0.05 difference between groups. Ctl, control; PG, propylene glycol. Note: the single data points were not considered in the 
myocyte area graph (C) due to the higher number of samples in this group. 
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diluted with PBS. After adding H2O2, the absorbance was read at 240 nm 
for 3 min. 

2.6.2. Superoxide dismutase 
The enzymatic activity of the antioxidant factor superoxide dismut-

ase (SOD) was determined using the SOD assay kit (ZellBio GmbH 
Company, Germany). SOD activity unit was defined as the amount of 
SOD required to catalyse the conversion of 1 μmole of superoxide radical 
anions into oxygen molecules and hydrogen peroxide in one minute. 

2.6.3. Glutathione peroxidase assay 
The antioxidant factor glutathione peroxidase (GPx) plays a crucial 

role in cardiomyocyte defense by detoxifying hydrogen peroxide 
(H2O2). In this study, the activity of GPx was measured using the GPx 
assay kit (ZellBio GmbH Company). GPx activity unit was defined as the 
amount of enzyme that required to catalyse the oxidation of 1 μmole 
NADPH in one minute. 

2.6.4. Statistical analysis 
Data were analyzed by GraphPad Prism software (version 5.0) and 

expressed as mean ± SEM, with a P-value of <0.05. Kruskal–Wallis and 
Dunn’s Post-Hoc test were used to compare blood pressure among 
groups. Changes in HW/BW, cell area, ANP and BNP mRNA levels, as 
well as Rac1 mRNA and protein expression, were assessed by one-way 

ANOVA followed by Tukey Post-Hoc test. 

3. Results 

3.1. VitD counteracts AAB-induced SBP and DPB increase 

As shown in Fig. 2 (A and B, respectively), in the AAB group, animals 
exhibited a significant increase in SBP and DBP compared with Ctl (P < 
0.05). In contrast, those enrolled in AAB + VitD had significantly lower 
levels of SBP and DBP in relation to the AAB group (P < 0.05). Heart 
rate (Fig. 2C) was not affected by either AAB or VitD. No significant 
differences were found in blood pressure between AAB and AAB + PG. 

3.2. VitD ameliorates AAB-induced LVH manifestations 

Figs. 3 and 4 shows that the LVH-related markers, both histological 
and molecular features, including HW/W ratio (Fig. 3A), fibrosis 
(Fig. 3B), cardiomyocyte area (Fig. 3C), and mRNA levels of ANP 
(Fig. 4A) or BNP (Fig. 4B), were increased markedly in the AAB animals 
compared with Ctl (P < 0.05). However, the AAB + VitD group 
exhibited significantly reduced all hypertrophy-related markers (P < 
0.05). No significant differences were found in the hallmarks of LVH 
between AAB and AAB + PG. 

3.3. VitD alleviates AAB-induced oxidative stress in the heart 

As shown in Fig. 5 (A, B, C, D, respectively), AAB induction caused a 
significant increase in MDA formation (an end product of lipid peroxi-
dation), while reducing the activities of antioxidant enzymes, including 
SOD, GPx, and CAT in the heart tissue compared with Ctl (P < 0.05). 
These alterations, except for SOD, were significantly ameliorated in the 
VitD-treated group (P < 0.05). 

3.4. VitD abrogates AAB-induced cardiac GTPase Rac1 mRNA and 
protein over-expression 

To explore the molecular mechanisms underpinning the anti-LVH 
effects of VitD, the cardiac expression of GTPase Rac1 was assessed. 
Fig. 6 shows that AAB significantly increased GTPase Rac1 expression, 
both at protein (116.9 ± 16%) (Fig. 6A) and mRNA (92.2 ± 17%) 
(Fig. 6B) levels compared with Ctl (P < 0.05). Instead, VitD adminis-
tration significantly ameliorated the over-expression of GTPase Rac1, 
whether mRNA or protein, in AAB + VitD compared with AAB animals 
(P < 0.05). No significant differences were found in GTPase Rac1 
expression between AAB and AAB + PG. 

4. Discussion 

Our main finding is that VitD counteracted LVH owing to AAB, at 
least in part, by abrogating GTPase Rac1 over-expression, whether gene 
or protein, in myocardial tissue. To our knowledge, no studies so far 
have investigated the influence of VitD on GTPase Rac1, an important 
molecule involved in LVH [28,29], in animals with AAB-induced pres-
sure overload. Therefore, this study fosters the concept that reducing the 
expression, thus activation of cardiac GTPase Rac1 can play a leading 
role in coping with LVH [28,29]. 

AAB, with its pressure overload, acts as a trigger for LVH [2], helping 
future HF [5]. In accordance with previous studies [37,40], our present 
data reveal that AAB induced LVH successfully, as validated by the 
increased cardiomyocyte size, HW/BW ratio, ANP and BNP upregulation 
as well as fibrosis. We also observed that AAB is associated with SBP and 
DBP elevation, which in turn contributes to the development of LVH, 
probably by increased cardiac workload and consequent cardiomyocyte 
stretch [41]. The present study found that AAB can lead to a reduction in 
the activities of antioxidant enzymes, including SOD, GPx, and CAT in 
the heart. This, in turn, was accompanied by augmentation of MDA 

Fig. 4. Molecular markers of hypertrophy. Effect of vitamin D (VitD) on 
cardiac mRNA expression of (A) atrial and (B) brain natriuretic peptides (ANP 
and BNP, respectively) in animals subjected to abdominal aortic banding (AAB). 
Values represent as mean ± SEM (n = 7). *p < 0.05 difference between groups. 
Ctl, control; PG, propylene glycol. 
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levels, a significant indicator of oxidative stress in both cells and tissues 
[42]. Oxidative stress has been attested to act as a trigger for the in-
duction of various mitogen-activated protein kinases and thereby con-
tributes to cardiac hypertrophy [43]. In-vivo, treatment with 
antioxidants is able to counteract pressure overload-induced LVH by 
suppressing oxidative stress and redox-sensitive pathways [35]. 

Lack of or hypovitaminosis VitD may lead to overt CVD [44]. 
Numerous research findings confirm the close association between 
circulating VitD deficiency and the development of LVH [16,17], cardiac 
dysfunction [45], and HF [14,44]. In turn, supplementation of VitD has 
been shown to ameliorate experimental LVH [20,21] and reduce the 
mortality risk in HF patients [44]. Likewise, the data from the current 
study shows that IP administration of VitD for 35-day can significantly 
limit the manifestations of LVH in rats subjected to AAB, which was 
characterized by reduced cardiomyocyte size, HW/BW ratio, and 
fibrosis. This observation is in accordance with the animal study by 
Zhang et al. (2018), who demonstrated that treatment with VitD is 
capable of diminishing pressure overload-induced LVH [46] and, with 
those of Safari et al. (2015), where VitD protected rat hearts from LVH 
linked to AAB [37]. In this study, VitD also prevented increases in SBP 
and DBP in AAB animals. In a good agreement, experimental studies 
attested that VitD and its analogs, such as paricalcitol and dox-
ercalciferol, can reduce blood pressure, at least in part, through 

suppressing renin production [20,47]. It is important to note that a 
systematic review conducted by Beveridge et al. (2015) has concluded 
that VitD supplementation is not powerful for controlling blood pressure 
as much as antihypertensive medications [48]. The present study failed 
to show a significant effect of VitD on resting heart rate in rats, which is 
consistent with the findings of Tomson et al. (2018), who revealed that 
VitD supplementation for 12 months per se did not change the heart rate 
in older individuals [49]. Thus, it is speculated that the cardiac benefits 
of VitD may occur independently of heart rate modulation. 

From a mechanistic point of view, studies have attested that VitD 
inhibits or activates several molecular agents to counter adverse cardiac 
remodeling and HF. In this regard, VitD has been shown to reduce the 
expression or secretion of fetal molecules such as atrial natriuretic 
peptide in cultured neonatal rat cardiomyocytes [50]. In a study, Wei 
et al. (2017) showed that VitD supplementation in rats ameliorates 
diabetic cardiomyopathy by suppressing the β-catenin/TCF4/GSK-3β/ 
mTOR pathway and thereby activation of autophagy [51]. Lack of VitD 
or its receptor knockout increases RAS activity [44] and sympathetic 
nerve activation [41]. This directly stimulates cardiomyocytes and ini-
tiates hypertrophic signaling pathways [41]. However, there is evidence 
indicating VitD supplementation can destroy such deteriorate scenario 
by reducing the RAS activity [44,52]. VitD also attenuates inflamma-
tion, oxidative stress, and apoptosis that is crucial for LVH [18,46]. It has 

Fig. 5. Oxidative stress and antioxidant status in the heart. Effect of vitamin D (VitD) on (A) malondialdehyde (MDA) content (a marker for oxidative lipid 
injury) and the activities of antioxidant enzymes, including (B) superoxide dismutase (SOD), (C) glutathione peroxidase (GPx), and (D) catalase (CAT) in animals 
subjected to abdominal aortic banding (AAB). Values represent as mean ± SEM (n = 7). *p < 0.05 difference between groups. Ctl, control; PG, propylene glycol. 
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been shown that injection of VitD in LVH rats reduces the risk of pro- 
inflammatory mediator TNF-α over-expression by abrogating NF-кB/ 
p65 signaling [18]. Likewise, Zhang et al. (2018) found that VitD can 
lower the cardiac NADPH oxidase expression in a rat model of pressure 
overload [46]. It is important to note that activation of NADPH oxidase 
leads to reactive oxygen species (ROS) generation, which is a critical 
driver of redox signaling, thus LVH and HF [53-55]. In this study, be-
sides restoring the activities of antioxidant enzymes (except for SOD), 
VitD attenuated the MDA formation in the myocardium of AAB rats. This 
observation is in accordance with the previous animal studies, where 
VitD leads to an increase in activities of antioxidant enzymes (including 
SOD) in the heart while reducing MDA levels [56,57]. The inconsistency 
in the SOD-related finding can be attributed, at least in part, to the 
difference in the doses of VitD applied by various studies. Importantly, 
the dose of VitD in our study was lower than in other investigations 
[56,57]. VitD may reduce the MDA levels in different ways, including 
both beneficial effects on the antioxidant system and suppressing 
NADPH oxidase [46], a key producer of ROS, thus MDA [42]. 

To further uncover the molecular mechanisms by which VitD un-
leashes protection against AAB or pressure overload-induced LVH, we 
measured the expression of Rac1 GTPase in rat myocardium. This 
molecule has been undisputedly shown to promote the proliferation of 
vascular smooth muscle cells, endothelial dysfunction, hypertension, 
atherosclerosis, adverse cardiac remodeling, and atrial fibrillation [58- 
60]. As supported by evidence, Rac1 GTPase plays a large part in the 
origin of LVH. In fact, persistent activation of the Rac1 GTPase renders 
the heart more susceptible to LVH, chambers dilation, fibrosis, con-
tractile dysfunction, and ultimately HF [29,30,61-63]. Disruption or 
inhibition of Rac1 GTPase signaling ameliorates LVH, myocardial 
remodeling and fibrosis, cardiac ischemic-reperfusion injury, and ven-
tricular arrhythmia [62,64-66]. It is believed that the most majority, if 
not all, of the Rac1 GTPase-imparted LVH and diverse cardiovascular 
problems, occurs via NADPH oxidase and ROS [29,32,53,54]. 

Specifically, in pressure-overload hearts, Ayuzawa et al. (2015) 
demonstrated that Rac1 GTPase mediates the production of NADPH 
oxidase by recruiting the cardiac mineralocorticoid receptor [53]. 
Moreover, findings from a study attested that Rac1 GTPase deficiency is 
associated with abolished NADPH oxidase, inhibition of endoplasmic 
reticulum stress, and reduced myocardial remodeling in diabetic mice 
[66]. On these grounds, the inactivation of Rac1 GTPase can be 
considered an indispensable target for coping with LVH. 

Similar to previous research, this study attested that AAB increases 
the expression of cardiac Rac1 GTPase, at either gene or protein levels 
[28,53]. In turn, our present data reveal, for the first time, that VitD 
injection suppresses the Rac1 GTPase expression in the heart. Impor-
tantly, this effect was coupled with reduced the robust histological and 
molecular LVH-related markers. Thus, our findings suggest that cardiac 
Rac1 GTPase may be a pivotal mediator for anti-LVH effects of VitD. At 
present, it is not clear how VitD serves to disrupt the relationship be-
tween Rac1 GTPase and LVH. Still, in light of the evidence that activa-
tion of Rac1 GTPase increases NADP oxidase [53], ROS [67], and TNF-α 
expression [68], it is very plausible that VitD prevents LVH, at least in 
part, by repressing Rac1 GTPase and, by doing so, inflammation and 
redox signaling. To alter the expression of Rac1 GTPase, VitD acts 
potentially through different scenarios. For example, VitD may atten-
uate LVH via counteracting hypertension, thereby suppressing the 
upregulation of Rac1 GTPase that occurs secondary to the hypertrophy. 
Moreover, the ability of VitD to directly target the cardiac myocytes 
[19,25,26] allows us to speculate that VitD alters the protein level of 
Rac1 GTPase independent of influence upon hemodynamic parameters, 
in fact, by a direct effect on cardiomyocytes and suppression of LVH- 
associated (pro-hypertrophic) factors. Some likelihood also is that 
VitD reduces the protein level of Rac1 GTPase in hypertrophied car-
diomyocytes exclusively via impact on signaling pathways involved in 
the antioxidant system or those related to the control of survival, i.e., 
independent of anti- hypertrophy or hypertensive effects. 

Fig. 6. GTPase Rac1 protein and mRNA expression. Effect of vitamin D (VitD) on cardiac GTPase Rac1 (A) protein and (B) mRNA expression in animals subjected 
to abdominal aortic banding (AAB). (C) Reprehensive Western bot band of Rac1 protein expression in rat myocardium. Values represent as mean ± SEM (n = 7). *p <
0.05 difference between groups. Ctl, control; PG, propylene glycol. 
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5. Conclusion 

Data from the current study demonstrate that VitD has remarkable 
anti-LVH properties. This effect appears to be mediated through sup-
pression of the cardiac Rac1 GTPase. It is therefore very reasonable to 
consider VitD before LVH culminates in HF devastating disease. 
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