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Abstract. The present study investigated the potential role 
of UbiA prenyltransferase domain-containing 1 (UBIAD1) 
in the pathogenesis of hypertensive cardiac hypertrophy. 
Spontaneously hypertensive rats (SHRs) and Wistar-Kyoto 
(WKY) rats at 8, 16 and 28 weeks of age were used. Blood 
pressure was measured using a non-invasive tail cut-off 
system. Cardiac functional index was assessed by arterial 
catheterization. Myocardial structure and cell apoptosis 
were evaluated by hematoxylin and eosin staining, and 
terminal deoxynucleotidyl-transferase-mediated dUTP 
nick end labeling assays, respectively. Myocardial expres-
sion of UBIAD1, coenzyme Q10 (CoQ10), endothelial nitric 
oxide synthase (eNOS) and atrial natriuretic peptide were 
evaluated by immunohistochemistry, western blotting and 
reverse transcription-quantitative polymerase chain reaction. 
Circulating and myocardial expression of nitric oxide (NO) 
were measured using the Griess method. SHRs exhibited 
increased blood pressure and cardiomyocyte apoptosis, as well 
as cardiac hypertrophy, compared with age-matched WKY 
rats. Myocardial expression of UBIAD1 was significantly 
decreased in SHRs in an age-dependent manner. Similarly, 
myocardial CoQ10 and eNOS expression were significantly 
reduced in SHR compared to age-matched WKY rats, and 
these expression levels additionally decreased further with 
aging. Serum and myocardial NO expression was additionally 
decreased in SHRs. Decreased UBIAD1 expression in SHR 
hearts was associated with decreased levels of CoQ10, eNOS 
and NO. Given the well-established role of UBIAD1 in the 
regulation of NO signaling, reduced expression of UBIAD1 
in SHR hearts potentially contributed to the pathogenesis of 
hypertensive cardiac hypertrophy. Therefore, UBIAD1 may 

represent a potential therapeutic target for clinical treatment 
of hypertensive cardiac hypertrophy.

Introduction

UbiA prenyltransferase domain-containing protein 1 
(UBIAD1), additionally referred to as transitional epithelial 
response gene, was first identified as a tumor suppressor in 
bladder cancer (1-3). The UBIAD1 gene is located on chro-
mosome 1p36 and encodes a protein of 338 amino acids, 
harboring the UbiA isopentyl transferase domain (1). Previous 
studies demonstrated that UBIAD1 exhibits specific subcel-
lular localization, and is expressed in the mitochondria (4), 
Golgi (5) and endoplasmic reticulum (6). UBIAD1 is conserved 
across different species, including zebrafish and humans (7). 
UBIAD1 converts menadione to MK-4, a principal form of 
vitamin K in humans (6). In addition, UBIAD1 catalyzes the 
non‑mitochondrial coenzyme Q10 (CoQ10) in zebrafish (5), 
which serves an important role in producing endothelial nitric 
oxide (eNOS) and nitric oxide (NO) (8). Therefore, UBIAD1 
has critical functions in maintaining cellular homeostasis.

UBIAD1 has been demonstrated to be involved in a variety 
of human diseases. For instance, naturally occurring mutations 
in the UBIAD1 gene have been causally linked to Schneider 
lens corneal dystrophy, a genetic autosomal dominant disease 
that is caused by abnormal cholesterol and phospholipid 
metabolism (2). Furthermore, UBIAD1 functions as a modi-
fier of serine/threonine‑protein kinase PINK1, mitochondrial, 
and this mutation is associated with Parkinson's disease (9). 
UBIAD1 may also act as a tumor suppressor through negatively 
regulating the Ras-mitogen activated protein kinase (MAPK) 
signal transduction pathway (1,10). At present, a limited 
number of studies have elucidated the role of UBIAD1 in 
cardiovascular disease. In zebrafish, there is specific evidence 
that UBIAD1 is cardioprotective against oxidative stress by 
mediating CoQ10 synthesis (5), and that a UBIAD1 mutant 
causes cardiac edema (7). Whether UBIAD1 is involved in 
cardiac pathophysiology in mammals is not yet known.

Cardiac hypertrophy is a principal factor leading to cardiac 
muscle disorders. The exact mechanisms of cardiac hyper-
trophy remain unclear; however, multifactorial mechanisms, 
including genetics and environmental cues, likely serve a role 
in pathogenesis. Multiple lines of evidence have suggested 
that NO is involved in the pathophysiology of many diseases, 
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including cardiac hypertrophy (11). For instance, increased 
levels of NO have been reported to reduce cardiomyocyte 
hypertrophy progression (12). Similarly, overexpression of 
eNOS was demonstrated to inhibit cardiac hypertrophy in 
mice (13); however, suppression of eNOS activity promotes 
cardiac hypertrophy, as evidenced by eNOS deficient 
mice (14). In addition, decreased levels of eNOS are associ-
ated with angiotensin II receptor knockout-induced cardiac 
hypertrophy (15). Collectively, these findings suggest the 
important roles of eNOS-NO signaling in the pathogenesis and 
progression of cardiac hypertrophy.

As mentioned above, UBIAD1 has been associated with 
a number of human diseases. However, the role of UBIAD1 
in cardiac hypertrophy has not yet been investigated. Given 
that UBIAD1 is an important regulator of eNOS-NO signaling 
and CoQ10 synthesis, which significantly contribute to the 
pathogenesis of cardiovascular diseases (16), it was hypoth-
esized that UBIAD1 functions in the development of cardiac 
hypertrophy. In the present study, the expression of UBIAD1 
and its downstream signaling molecules was measured in 
the hearts of spontaneously hypertensive rats (SHRs) and 
age-matched control Wistar-Kyoto (WKY) rats using various 
molecular approaches. The findings of the present study offer 
novel insight into the mechanisms underlying the development 
of hypertensive cardiac hypertrophy, and provide novel insight 
for the prevention and treatment of hypertension.

Materials and methods

Reagents. UBIAD1 antibody (cat. no. sc-377013) and GAPDH 
antibody (cat. no. sc-32233) were purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). CoQ10 antibody 
(cat. no. 17812-1-AP), eNOS antibody (cat. no. 20116-1-AP) 
were purchased from Wuhan Sanying Biotechnology 
(Wuhan, China). Goat-antibody rabbit secondary antibodies 
(cat. no. A0216) and goat-antibody mouse secondary anti-
bodies (cat. no. A0208) were purchased from Beyotime 
Institute of Biotechnology (Shanghai, China). Terminal 
deoxynucleotidyl-transferase-mediated dUTP nick end 
labeling (TUNEL) and DAB reaction kits were purchased 
from Beyotime Institute of Biotechnology (Shanghai, China), 
and the polymerase chain reaction (PCR) kits were purchased 
from Takara Bio, Inc. (Otsu, Japan).

Animals. A total of 48 eight-week male rats (24 SHR and 
24 WKY) were obtained from the Beijing Vital River 
Laboratory Animal Technology Co. Ltd. (Beijing, China). At 
the start of the study, the rats were randomly divided into groups 
for three different ages: 8, 16 and 32 weeks (8 rats/group). 
After the different periods of time, subsequent experiments 
were performed. Rats were housed in an environment with 
a temperature of 22‑27˚C, humidity 50±10% and 12/12 h 
light/dark cycle. All rats had free access to water and regular 
chow. All animal protocols complied with and were approved 
by the Ethics Committee of Jinzhou Medical University.

Blood pressure measurement. Blood pressure was measured 
using a non-invasive tail cut-off multi-channel blood measure-
ment device (Xinhua Surgical Instrument Co., Ltd., Zibo, 
China). Blood pressure measurements were repeated three 

times, and the mean value was taken following the final blood 
pressure measurement.

Measurement of cardiac function parameters. Animals were 
anesthetized with an intraperitoneal injection of chloral hydrate 
(300 mg/kg), which was prepared in sodium chloride to a final 
concentration of 15%. Following the induction of anesthesia, 
rats were placed on a warming pad. Catheters were inserted 
into the femoral and subclavian arteries and connected to the 
multi-conductive physiological recorder pressure transducer 
(ADInstruments Pty Ltd., Sydney, Australia). Following stabi-
lization, the following cardiac functional parameters were 
measured: Maximal increase rate of left ventricular pressure 
(+dp/dt max), maximal drop rate of left ventricular pressure 
(-dp/dt max), left ventricular end diastolic pressure (LVEDP), 
and left ventricular systolic pressure (LVSP). No signs of 
peritonitis were observed following anesthesia administration.

Determination of cardiac hypertrophic index. Rats were 
sacrificed following cardiac function measurements, and 
body weight (BW) and left ventricular weight (LVW) were 
subsequently measured. The cardiac hypertrophic index was 
defined as the ratio of LVW to BW, which represented the 
degree of ventricular hypertrophy.

Hematoxylin and eosin (H&E) staining. Rat left ventricular 
myocardium was collected, fixed in 10% neutral formic 
acid solution at room temperature for 24-48 h, embedded 
in wax and cut into 5 µm thick sections. H&E staining was 
performed according to a widely used standard protocol; 0.8% 
hematoxylin staining for 5 min at room temperature, and 
0.35% eosin staining for 3 min at room temperature. Cardiac 
myocardial structures, including myocardial cell morphology 
and myocardial fiber arrangement, were viewed under an ordi-
nary light microscope (Olympus BX53; Camera system DP73; 
magnification, x200).

Immunohistochemistry. Cardiac sections were dewaxed using 
the following procedure: 60˚C for 2 h, followed by two rounds 
of xylene for 15 min each. Subsequently, sections were placed 
in the gradient alcohol and prepared with dewaxed water as 
follows: In anhydrous ethanol I and II with for 5 min each, 
sequentially in 95, 85 and 75% ethanol with for 2 min each. 
Sections were subsequently placed in distilled water for 2 min 
and in PBS for 5 min. Antigen retrieval was performed by 
boiling the dewaxed slides in antigen retrieval buffer (10 mM 
sodium citrate; PH 6.0) for 10 min, followed by natural cooling 
and three washes with PBS (5 min/wash). To quench the 
non‑specific background signals, slides were incubated with 
hydrogen peroxide (H2O2) for 5 min at room temperature, then 
washed three times with PBS. The slides were blocked in 1% 
bovine serum albumin (cat. no. A600903; Sangon Biotech Co. 
Ltd., Shanghai, China) at room temperature for 1 h, washed with 
PBS, and incubated with an anti-UBIAD1 antibody (1:50 dilu-
tion) at 4˚C overnight. Thereafter, the slides were washed with 
PBS and incubated with horseradish peroxidase-conjugated 
donkey anti-goat immunoglobulin G antibody (cat. no. A0181; 
Beyotime Institute of Biotechnology; 1:200) for 30 min at 
37˚C. Staining was visualized with DAB and observed under 
an ordinary light microscope (Olympus BX53; Camera system: 
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DP73; magnification, x200). In total, five randomly selected 
fields per section were scored and quantified using Image‑Pro 
Plus 5.0 image analysis software (National Institutes of Health, 
Bethesda, MD, USA).

TUNEL staining. Myocardial cell apoptosis was assessed 
by TUNEL staining according to the protocol provided by 
the manufacturer (Beyotime Institute of Biotechnology). 
The number of apoptotic cardiomyocytes was scored in five 
randomly selected fields under a microscope (magnifica-
tion, x400). Apoptotic index was calculated as the number of 
apoptotic cells/number of cardiomyocytes x100.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the left ventricles with TRIzol® 
reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
according to the manufacturer's protocol. Purified RNA was 
dissolved in DEPC water and frozen at ‑80˚C following the 
determination of RNA concentration. RNA (1 µg) was used for 
the RT reaction in a final volume of 20 µl using PrimeScript 
RT Enzyme Mix (Takara Bio, Inc.) at 37˚C for 15 min and 85˚C 
for 5 sec. All primers were designed based on gene sequences 
using primer 5.0 software (Primer Premier 5.0; Premier Biosoft 
International, Palo Alto, CA USA), and the primer sequences 
used are listed in Table I. qPCR was performed using SYBR 
Premix Ex Taq (Takara Bio, Inc.) in a final volume of 50 µl on 
an ABI7500 amplifier. The PCR conditions were as follows: 
95˚C for 30 sec, 40 cycles of 95˚C for 5 sec, 60˚C for 30 sec 
and 72˚C for 30 sec, and 4˚C for 5 min. Relative quantification 
was performed using the reference gene GAPDH as an internal 
control. The relative expression was assessed and converted to 
fold changes using the 2-ΔΔCq method (17).

Western blotting. Total protein was purified from rat hearts 
in radioimmunoprecipitation assay lysis buffer (Beyotime 
Institute of Biotechnology) and stored at ‑80˚C. Protein 
concentrations were determined using a bicinchoninic acid 
protein assay kit. Proteins (20 µg/lane) were separated by 
10% SDS‑PAGE, transferred to polyvinylidene difluoride 
membranes and blocked in 5% fat‑free dry milk for 1 h at 
room temperature. The membrane was subsequently incu-
bated with UBIAD1 (1:1,000), CoQ10 (1:1,000), Enos (1:1,000) 
and GAPDH (1:500) primary antibodies at 4˚C overnight, 
followed by three washes with Tris‑buffered saline with 0.1% 
Tween and another incubation with goat-antibody rabbit or 
goat-anti-mouse horseradish peroxidase conjugated-secondary 
antibodies (1:5,000) for 1 h at room temperature. Protein bands 
were visualized using an enhanced chemiluminescence detec-
tion system (GE Healthcare Life Sciences, Shanghai, China).

Determination of serum and myocardial NO content. Serum 
samples were collected from animals under anesthesia. 
Following collection, the serum was stored at 4˚C for 1 h, 
and subsequently centrifuged at 625 x g at 4˚C for 10 min. 
Serum and myocardial samples were diluted in PBS to a final 
concentration of 2 µg/µl. Samples were boiled for 5 min and 
centrifuged at 10,005 x g at 4˚C for 5 min. Supernatants were 
collected for NO measurement (Griess method) using the 
Total Nitric Oxide Measurement kit (cat. no. S0023; Beyotime 
Insitute of Biotechnology). The standard NO curve was 

prepared by diluting 10 mM KNO2 to 1, 10, 20, and 50 µmol/l 
with PBS (pH 7.4), respectively. Supernatants were incubated 
with lactate dehydrogenase (LDH) Buffer and LDH at 37˚C 
for 30 min. Subsequently, Griess Reagent I and Griess Reagent 
II were added directly to the above solution and incubated for 
10 min at room temperature, followed by optical measurement. 
Optical density was measured spectrophotometrically at an 
absorbance of 540 nm as previously described (18).

Statistical analysis. Data are expressed as the mean ± standard 
deviation. Comparisons between two groups were performed 
with Student's t-test, and comparisons among multiple groups 
were performed using one-way analysis of variance followed 
by Fisher's Least Significant Difference test. All statistical 
analyses were performed with SPSS 17.0 software (SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

SHRs have higher blood pressure, increased cardiac hyper‑
trophic index and impaired cardiac function. Initially, blood 
pressure and the cardiac hypertrophic index was compared 
between SHR and WKY rats at 8, 16 and 28 weeks of age. 
In every age group, SHRs exhibited higher blood pres-
sure (Fig. 1A; *P<0.05 vs. WKY) and increased cardiac 
hypertrophic index (Fig. 1B; *P<0.05 vs. WKY). Blood 
pressure in SHRs increased with aging (#P<0.05 vs. SHRs 
at 8 and 16 weeks). In addition, SHRs had a higher LVEDP, 
as well as a lower LVSP, +dv/dt and -dv/dt, compared with 
age-matched WKY rats (Table II), indicating cardiac 
functional impairment in SHRs. Consistent with the above 
findings, H&E staining demonstrated disorganized sarco-
meres in the hearts of SHRs, compared with well-organized 
myocardial tissue in age-matched WKY rats (Fig. 1C). 
Subsequently, myocardial cell apoptosis was assessed with 
TUNEL staining, which revealed increased apoptosis in SHR 

Table I. Primer sequences used in the quantitative polymerase 
chain reaction.

Gene name Direction Sequence (5'-3')

UBIAD1 Forward AACGACTGTCCCGAGCAA
 Reverse CGGCACAACCCACCAA
ANF Forward AGCCGAGACAGCAAACA
 Reverse GCCTGGGAGCCAAAA
CoQ10 Forward GACCATAATGCCTCACC
 Reverse ATGCGTTCATCACCAA
eNOS Forward GCAGAGGAGTCCAGCGAACA
 Reverse TGGGTGCTGAGCTGACAGAGTA
GAPDH Forward GAGGCTCTCTTCCAGCCTTC
 Reverse AGGGTGTAAAAGCAGCTCA

UBIAD1, UbiA prenyltransferase domain-containing protein 1; ANF, 
atrial natriuretic factor; CoQ10, coenzyme Q10; eNOS, endothelial 
nitric oxide synthase.
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hearts, compared with age-matched WKY hearts (Fig. 1D-a 
and -b; *P<0.05). In addition, increased myocardial cell apop-
tosis was observed with increasing age in SHRs (#P<0.05 vs. 
8 and 16 weeks). In agreement with the above observations, 
RT-qPCR demonstrated significant upregulation of atrial 
natriuretic factor (ANF), a cardiac disease marker, in the 
hearts of SHRs compared with WKY rats. Furthermore, this 

upregulation increased with age in SHRs (Fig. 1E; *P<0.05 
vs. WKY; #P<0.05 vs. 8 and 16 week SHRs). Collectively, 
these findings supported previous studies (19,20) demon-
strating that SHRs exhibit age-associated hypertension and 
cardiac hypertrophy, as well as impaired cardiac function, 
accompanied by disorganized myocardium and increased 
cell death.

Figure 1. Blood pressure, cardiac hypertrophy and cardiac dysfunction is increased in SHRs. Measurements were obtained at 8, 16 and 32 weeks. (A) Blood 
pressure of SHR with aging. Blood pressure was measured using a non-invasive tail cut-off multi-channel blood measurement device (B) Cardiac index 
was determined by the ratio of the left ventricle weight and body weight. (C) H&E staining was performed on 5 µm thick cardiac sections prepared from 
hearts of SHRs and WKY rats. Magnification, x200. (D‑a) TUNEL staining was performed on cardiac sections prepared from SHR and WKY rats. Five 
randomly selected fields per section were scored and (D‑b) the apoptotic rate was calculated. (E) Quantitative polymerase chain reaction was performed 
to determine ANF expression in the hearts of SHRs and age-matched WKY rats. Each experiment was performed in triplicate. *P<0.05 vs. age matched 
WKY; #P<0.05 vs. SHR at 8 weeks. n=8/group. SHRs, spontaneously hypertensive rats; WKY, Wistar‑Kyoto; H&E, hematoxylin & eosin; TUNEL, terminal 
deoxynucleotidyl-transferase-mediated dUTP nick end labeling.
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Table II. Cardiac function parameters in SHRs and WKY rats.

A, 8 weeks

Experimental group LVSP, mmHg LVEDP, mmHg +dv/dt max, mmHg/msec ‑dv/dt max, mmHg/msec

WKY 127±5.3 2.53±0.2 5.32±1.12 5.15±1.13
SHR 97±3.8a 6.65±0.5a 4.35±0.72a 4.12±0.75a

B, 16 weeks

Experimental group LVSP, mmHg LVEDP, mmHg +dv/dt max, mmHg/msec ‑dv/dt max, mmHg/msec

WKY 122±4.6 2.97±0.5 4.95±0.95 4.44±0.94
SHR 91±3.6a 7.43±0.6a 3.79±0.68a 3.38±0.71a

C, 28 weeks

Experimental group LVSP, mmHg LVEDP, mmHg +dv/dt max, mmHg/msec ‑dv/dt max, mmHg/msec

WKY 118±3.7 3.74±0.8 4.56±0.86 4.37±0.79
SHR 86±2.9a,b 8.37±0.5a,b 2.56±0.62a,b 2.32±0.58a,b

aP<0.05 vs. WKY group; bP<0.05 vs. 8 and 16 week SHR groups. LVSP, left ventricular systolic pressure; LVEDP, left ventricular end diastolic 
pressure; WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats.

Figure 2. UBIAD1 expression is reduced in SHR hearts. Immunohistochemical analysis was performed using a specific antibody against UBIAD1 on cardiac 
sections prepared from SHRs and age‑matched WKY rats, and the results were statistically analyzed. In total, five randomly selected fields were scored 
and quantified with Image‑Pro Plus 5.0. *P<0.05 vs. age matched WKY rats; #P<0.05 vs. SHRs at 8 weeks; ^P<0.05 vs. SHR at 16 weeks. n=8/group. SHRs, 
spontaneously hypertensive rats; WKY, Wistar-Kyoto; UBIAD1, UbiA prenyltransferase containing 1.
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UBIAD1 expression decreases in SHR hearts. To determine 
the potential involvement of UBIAD1 in hypertensive cardiac 
hypertrophy, the expression of UBIAD1 in the hearts of SHR 
and age-matched WKY rats was initially evaluated by immu-
nohistochemistry. As presented in Fig. 2, UBIAD1 staining was 
weaker in SHR hearts compared with WKY hearts, at each age 
examined (*P<0.05 vs. WKY). Additionally, UBIAD1 expres-
sion in SHR hearts decreased with aging (#P<0.05 vs. SHR 
at 8 and 16 weeks). These data demonstrated that UBIAD1 
expression is downregulated in SHR hearts, compared with 
age-matched WKY hearts, and that this downregulation 
increased over time.

UBIAD1, CoQ10 and eNOS expression decrease in SHR 
hearts. UBIAD1 has been observed to be involved in medi-
ating CoQ10 activity, which mediates eNOS expression (5). 
Therefore, the gene and protein expression of CoQ10, eNOS 
and UBIAD1 was measured using RT-qPCR and western 

blotting, respectively. In line with the immunohistochemical 
findings, UBIAD1 mRNA expression was downregulated in 
SHR hearts compared with WKY rat hearts, and this down-
regulation was age-dependent in SHRs (Fig. 3A; *P<0.05 vs. 
WKY; #P<0.05 vs. SHRs at 8 and 16 weeks). CoQ10 (Fig. 3B) 
and eNOS (Fig. 3C) expression was significantly lower in the 
SHR hearts compared to WKY hearts at 8, 16 and 28 weeks 
(P<0.05 vs. WKY; #P<0.05 vs. SHRs at 8 and 16 weeks). 
Furthermore, a similar trend in UBIAD1, CoQ10 and eNOS 
protein expression was observed (Fig. 3D). Taken together, 
these results demonstrated that downregulated UBIAD1 
expression in SHR hearts was associated with decreased 
CoQ10 and eNOS expression.

Circulating and myocardial NO are decreased in SHR. As 
eNOS is an important regulator of NO production (21), the 
NO content in the serum and myocardial tissue of SHR and 
WKY rats was determined. As present in Fig. 4A, it was 

Figure 4. Decreased circulating and myocardial NO in SHRs. Reduced NO was detected in the (A) myocardial tissue and (B) serum of SHRs, compared with 
age-matched WKY rats. *P<0.05 vs. age matched WKY rats; #P<0.05 vs. SHRs at 8 weeks; ^P<0.05 vs. SHR at 16 weeks. n=3/group.

Figure 3. UBIAD1, CoQ10 and eNOS expression is decreased in SHR hearts. (A) Quantitative polymerase chain reaction demonstrated that UBIAD1, 
(B) CoQ10 and (C) eNOS mRNA expression was decreased in SHR hearts, compared with age-matched WKY rat hearts. (D) Western blotting demonstrated 
that UBIAD1, CoQ10 and eNOS protein expression was decreased in SHR hearts, compared with WKY rat hearts. Each experiment was performed in tripli-
cate. *P<0.05 vs. age matched WKY rats; #P<0.05 vs. SHRs at 8 weeks; ^P<0.05 vs. SHR at 16 weeks. UBIAD1, UbiA prenyltransferase containing 1; CoQ10, 
coenzyme Q10; eNOS, endothelial nitric oxide synthase; SHRs, spontaneously hypertensive rats; WKY, Wistar-Kyoto.
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demonstrated that NO content was decreased in SHR hearts, 
compared with age-matched WKY hearts (*P<0.05 vs. WKY), 
in agreement with the eNOS results. The NO content in the 
SHR hearts also decreased with aging (#P<0.05 vs. SHRs at 
8 and 16 weeks). Further, it was demonstrated that serum NO 
levels were significantly lower in SHRs, compared with WKY 
rats (Fig. 4B; *P<0.05 vs. WKY), and that NO was further 
reduced with aging (#P<0.05 vs. SHRs at 8 and 16 weeks). 
Therefore, it was demonstrated that NO expression in the 
hearts and serum of SHRs was substantially downregulated, 
and that this effect further increases with aging.

Discussion

Although UBIAD1 has been reported to be involved in a 
number of human diseases (1,2,4-6), its potential contribution 
to cardiovascular disorders remains unclear. In the present 
study, it was confirmed that SHR exhibited age‑associated 
increases in blood pressure and myocardial apoptosis, accom-
panied by cardiac dysfunction deterioration. Furthermore, 
increased expression of ANF, a cardiac disease marker, was 
detected. Immunohistochemical analysis, RT-qPCR and 
western blotting also revealed decreased UBIAD1 expres-
sion in SHR hearts, compared with the control group. This 
decrease was associated with decreased myocardial CoQ10 
and eNOS expression. In addition, serum and myocardial 
tissue NO expression levels were significantly lower in 
SHRs. Furthermore, expression of the aforementioned factors 
decreased in SHRs in an age-dependent manner. Given the 
role of UBIAD1 in eNOS and CoQ10 signaling regulation (5), 
the data obtained in the present study indicated that UBIAD1 
had critical functions in decreasing eNOS, CoQ10 and NO 
expression in hypertensive cardiac hypertrophy.

The principal finding of the present study was that myocar-
dial UBIAD1 expression was significantly downregulated in 
SHRs, and that this downregulation was associated with age. 
A previous study suggested that high UBIAD1 expression 
in human heart tissue was indicative of its potential role in 
heart disease (7). Indeed, as a biosynthetic enzyme for both 
vitamin K2 and MK-4 (6), a UBIAD1 mutant caused a number 
of phenotypes, including cardiac edema in zebrafish, which 
were rescued by re-repressing wild-type human UBIAD1 (7). 
UBIAD1‑/‑ mouse embryos die before embryonic day 10.5; 
however, it remains unclear if these mutants exhibited cardiac 
structural defects prior to death (22). To the best of our 
knowledge, the present study was the first to demonstrate that 
UBIAD1 expression is decreased in hypertension-associated 
hypertrophic hearts. This merits further examination, in order 
to determine whether UIBAD1 expression is altered in other 
myocardial disease states, including ischemia/reperfusion and 
pressure-overload induced cardiac hypertrophy. In addition, it 
would be of great interest to investigate if UBIAD1 expression 
is altered in human cardiac muscle disorders and heart failure.

Another question that requires addressing is how UBIAB1 
expression is regulated in hearts. A recent study suggested that 
transcriptional repressor protein YY1, which is additionally a 
ubiquitously expressed factor like UBIAB1, is a positive regu-
lator of UBIAD1 expression (23). YY1 serves an important 
role in early cardiac development, cardiac muscle disorders 
and heart failure (24-26). YY1 additionally offers protection 

against pathological hypertrophy (27). Therefore, the role 
of YY1 in regulating UBIAD1 expression in hypertrophic 
myocardium warrants further research.

In the present study, while a decrease in UBIAD1 expres-
sion in the SHRs was observed, it remains unclear whether this 
decrease was the consequence of hypertrophy or if it was an 
underlying cause. It could also not be concluded that decreased 
UBIAD1 expression directly exacerbated cardiac dysfunction 
in SHRs with age. In the future, the effects of UBIAD1 on 
the earlier stages of SHR prior to the development of overt 
cardiac hypertrophy will be used, as well as a cardiac‑specific 
UBIAD1 knockout to further address these questions.

In addition to its role in vitamin K synthesis, UBIAD1 cata-
lyzes the biosynthesis of CoQ10 and mediates eNOS activity 
in zebrafish and humans. The role for CoQ10 in cardiac hyper-
trophy and heart failure has been well investigated clinically 
and in animal models (28). CoQ10 expression is deficient in a 
number of cardiac diseases (29). Consistently, CoQ10 pretreat-
ment is thought to be protective against isoproterenol-induced 
rat model of cardiac hypertrophy (30), and previous clinical 
studies have demonstrated the beneficial effects of CoQ10 
administration in patients with heart failure (31,32). In the 
present study, it was demonstrated that CoQ10 expression was 
substantially decreased in hypertension-induced hypertrophic 
myocardial tissue, which was accompanied by decreased 
expression of its downstream effector, eNOS (33,34). It has 
been well documented that NO is catalyzed by eNOS, and 
is released by vascular endothelial cells and cardiomyocytes 
where it functions as a vasodilator (11). eNOS is widely 
expressed in vascular endothelial cells, cardiomyocytes and 
platelets and serves an important role in the maintenance of 
cardiovascular homeostasis, predominantly through regu-
lating NO expression (35). NO has a variety of biological 
activities, including platelet aggregation inhibition, cardiac 
function regulation, vascular smooth muscle relaxation (36). 
NO has critical functions in vascular tone maintenance and 
blood pressure regulation, as evidenced by the findings that 
inhibition of NO synthesis increases blood pressure in healthy 
humans (37). It has been reported that hypertensive patients 
have decreased serum NO levels and eNOS gene expres-
sion (38). In line with previous findings, the present study 
demonstrated that circulating and myocardial NO levels were 
decreased in SHRs compared with age-matched control WKY 
rats, and that this decrease was exacerbated with aging. Given 
the role of UBIAD1 in mediating CoQ10 activity, the find-
ings of the present study collectively pointed to the potential 
contribution of the UBIAD1-CoQ10-eNOS-NO axis in the 
pathogenesis of hypertensive cardiac hypertrophy, by which 
reduced levels of UBIAD1 resulted in insufficient expression 
of CoQ10, subsequently diminishing eNOS expression and 
NO levels. This hypothesis should be further investigated in 
future studies.

Previous studies have suggested that UBIAD1 regulates 
apoptosis through multiple mechanisms. For instance, 
UBIAD1 was reported to promote apoptosis through mediating 
Golgi function in a number of human cancer cell lines (39), 
and another study indicated that UBIAD1 induces apoptosis 
in bladder tumor cells through regulating cellular choles-
terol (40). Consistent with the above findings, the present study 
revealed that decreased UBIAD1 expression was accompanied 
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by increased apoptosis in SHR hearts. However, a direct link 
between these two factors remains to be established.

Certain limitations of the present study require acknowl-
edgement. As mentioned above, future studies must be 
performed to reveal the causative relationship between 
decreased UBIAD1 expression and the pathogenesis of 
hypertension-related cardiac hypertrophy. One way to address 
this would be to rescue cardiac function and hypertrophy by 
administering UBIAD1 to SHRs. Another limitation was 
that a direct link between decreased UBIAD1 expression and 
decreased CoQ10 and eNOS levels was not established. Given 
that a previous study using UBIAD1 knockout mice suggested 
that UBIAD1 may not be a major regulator of CoQ10 expres-
sion in mice (22), establishment of such direct evidence is 
important to understand the exact function of UBIAD1 pin the 
development and progression of hypertensive cardiac hyper-
trophy.

In conclusion, it was demonstrated that UBIAD1 expres-
sion was decreased in SHR hearts in an age-dependent 
manner, compared with those of age-matched controls. 
Altered UBIAD1 expression was accompanied by reduced 
CoQ10, eNOS, and NO expression in SHRs. Given the 
well‑recognized benefits offered by CoQ10 for cardiovascular 
diseases, UBIAD1 may represent a potential therapeutic target 
for the clinical treatment of hypertension-induced cardiac 
hypertrophy.
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