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Inhibition of the STIM1/Orai1 Signaling Pathway by Glycine
Betaine Mitigates Myocardial Hypertrophy in
Spontaneous Hypertension Rats
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Abstract

Background: Spontaneous hypertension is a leading risk factor for
cardiovascular diseases morbidity and mortality. Glycine betaine
(GB) is a natural vitamin that has the potential to lower blood pres-
sure. This work attempted to investigate the role and mechanisms of
GB in spontaneous hypertension.

Methods: Spontaneously hypertensive rats (SHRs) were administrat-
ed with 100, 200, or 400 mg/kg of GB by gavage or combined with
by injection of lentivirus-mediated STIM1 overexpression vector.
The heart rate (HR), systolic blood pressure (SBP), diastolic blood
pressure (DBP) and heart weight/body weight (HW/BW) of rats were
monitored. The pathological changes in myocardium were examined
by hematoxylin and eosin staining and Masson staining. The expres-
sion of genes and proteins was detected by quantitative real-time
PCR, western blotting, and immunohistochemistry.

Results: GB at 200 and 400 mg/kg reduced the HR, SBP, DBP and
HW/BW in SHRs. GB decreased the cross-sectional area and fi-
brotic area in the myocardium and downregulated the expression of
atrial natriuretic peptide (ANP) and B-myosin heavy chain (B-MHC)
in the myocardium of SHRs. It indicated that GB treatment effec-
tively alleviated myocardial hypertrophy in SHRs. Additionally, GB
treatment repressed the expression of stromal interaction molecule
1 (STIM1) and calcium release-activated calcium channel protein
1 (Orail) in the myocardium of SHRs. STIMI overexpression re-
versed GB treatment-mediated inhibition of myocardial hypertro-
phy in SHRs.

Conclusions: In conclusion, GB repressed STIM1/Orail signaling
pathway, which contributed to alleviating myocardial hypertrophy in
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SHRs. Thus, our study provides a theoretical basis for GB as an anti-
hypertensive drug.
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Introduction

Primary hypertension, also known as spontancous hyperten-
sion, is a cardiovascular syndrome with elevated systemic ar-
terial pressure as the main clinical manifestation. Poor long-
term blood pressure control will lead to corresponding changes
in the heart structure, that is, left ventricular hypertrophy [1].
Left ventricular hypertrophy increases the risk of myocardi-
al ischemia, sudden cardiac death, heart failure, arrhythmia,
and other cardiovascular diseases in hypertensive patients [2].
Hypertension affects more than 1.2 billion individuals world-
wide, and the incidence of hypertension is increasing year by
year [3]. As a result, spontaneous hypertension has become the
most critical and expensive public health problem. Therefore,
it is of great significance to find therapeutic targets and drugs
that can delay or even reverse left ventricular hypertrophy for
the treatment of spontaneous hypertension.

Glycine betaine (GB; N, N, N-trimethyl amine) is a natu-
ral vitamin that exists widely in animals and plants. GB has
dual physiological functions of regulating osmotic pressure
and methyl donor [4]. As an osmotic buffer, GB maintains the
normal osmotic pressure of cells, inhibits the denaturation of
proteins and enzymes, thus protecting cells from osmotic dam-
age caused by environmental stress [5]. In addition, GB plays
a biological role as a methyl donor in the methionine cycle
biochemical reaction [6]. Under the action of GB and homo-
cysteine methyltransferase, GB decreases the levels of plas-
ma homocysteine by promoting the process of homocysteine
methylation, thus reducing the risk factors of cardiovascular
diseases, including hypertension [7, §].

Stromal interaction molecule 1 (STIM1) is mainly distrib-
uted on the endoplasmic reticulum (ER) membrane, which is
a calcium ion sensor for store-operated calcium channels [9].
Calcium release-activated calcium channel protein 1 (Orail)
is a calcium channel localized on the cytoplasmic membrane,
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which mediates short-term calcium homeostasis and long-
term calcium signaling [10]. STIM1 and Orail work together
to maintain intracellular and extracellular Ca2* balance [11].
STIMI1 and Orail function can be modulated by a wide range
of different types of post-translational modification, including
phosphorylation, glycosylation, and oxidation by reactive oxy-
gen species (ROS) [12-14]. A previous study has confirmed
that silencing of STIM1 in smooth muscle attenuates angio-
tensin II-induced pathological features such as hypertension
and myocardial hypertrophy in mice [15]. STIM1 promotes
vascular smooth muscle contraction and store-operated calci-
um entry by physically and functionally interacting with tropo-
myosin 3, and thus contributes to high-salt intake-induced hy-
pertension in rats [16]. All these findings suggest that STIM1/
Orail is involved in the pathological progression of spontane-
ous hypertension. In this study, we speculated that GB could
improve hypertension-induced myocardial hypertrophy by
regulating STIM1/Orail signaling pathway.

Materials and Methods

Animals

Male Wistar-Kyoto (WKY) rats and spontaneously hyperten-
sive rats (SHRs) (7 - 8 weeks old, weighting 200 - 230 g) were
purchased from Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. (China). Rats were housed under (specific patho-
gen free) SPF conditions with a constant temperature (20 - 24
°C) and humidity (40-60%). After 4 weeks of adaptation, the
experiment protocol started when rats were at 11 - 12 weeks.

All protocols were approved by the Ethics Committee of
the Second Hospital of Hebei Medical University (No. 2022-
AE154). Animal experiments were followed the Guidelines
for the Ethical Review of Laboratory Animal Welfare (China
National Standard GB/T 35892-2018).

Animal groups

Rats were randomly divided into seven groups that had eight
rats per group. GB (98% purity, MCE, Shanghai, China) was
freshly prepared in 0.1 M citrate buffer, pH 4.5. The vector
pcDNA3.1 carrying full length of STIM1 (pcDNA3.1-STIM1)
and negative control vector (pcDNA3.1-NC) were packaged
into lentivirus (LV) particles, generating LV-STIM1 and LV-
NC (GenePharma, Shanghai, China). SHR rats were injected
with LV-STIM1 or LV-NC into the caudal vein at 2 x 10'°
transducing units (TU)/dose per rat. Treatment started as fol-
lows: 1) Control group treated with phosphate buffered saline
(PBS) (WKY) (n = 8): WKY rats received PBS via oral gav-
age daily for 21 days; 2) Hypertension group treated with PBS
(SHR) (n = 8): SHR rats received PBS via oral gavage daily
for 21 days; 3) Hypertension group treated with 100 mg/kg/
day GB (SHR + 100 mg/kg/day GB) (n = 8): SHR rats received
100 mg/kg GB via oral gavage daily for 21 days; 4) Hyperten-
sion group treated with 200 mg/kg/day GB (SHR + 200 mg/
kg/day GB) (n = 8): SHR rats received 200 mg/kg GB via oral
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gavage daily for 21 days; 5) Hypertension group treated with
400 mg/kg/day GB (SHR + 400 mg/kg/day GB) (n = 8): SHR
rats received 400 mg/kg GB via oral gavage daily for 21 days;
6) Hypertension group treated with 400 mg/kg/day GB and
LV-NC (GB + LV-NC) (n = 8): SHR rats was injected with
LV-NC into the caudal vein at the first day and received 400
mg/kg GB via oral gavage daily for 21 days; 7) Hypertension
group treated with 400 mg/kg/day GB and LV-STIM1 (GB +
LV-STIM1) (n = 8): SHR rats was injected with LV-STIM1
into the caudal vein at the first day to overexpress STIM1 and
received 400 mg/kg GB via oral gavage daily for 21 days.

The treatment protocol of the groups and the methods were
shown here (Supplementary Material 1, www. cardiologyres.
org). During the modeling process, the heart rate (HR), systolic
blood pressure (SBP) and diastolic blood pressure (DBP) in
rats were monitored every 2 days utilizing the noninvasive tail
cuff method (CODA Eight-Channel High Throughput Non-In-
vasive Blood Pressure System, Kent Scientific, Boston, MA,
USA) as previous reported [17]. At the end of the 3-week pe-
riod (21 days), the rats were euthanized with an overdose of
pentobarbital sodium (200 mg/kg). Heart tissues were separat-
ed from the euthanized rats. The heart weight (HW) and body
weight (BW) were weighted to calculate the ratio of HW/BW.
The left ventricular myocardium was collected for histological
analysis, quantitative real-time PCR (qRT-PCR), western blot-
ting and immunohistochemistry (IHC) staining.

Hematoxylin and eosin (H&E) staining

The heart and left ventricular myocardia tissues were fixed in 4%
paraformaldehyde for 24 h, and then embedded in paraffin. Fol-
lowing dewaxing and hydration, serial myocardium sections with
4 um were collected. Sections of heart tissues were stained with
hematoxylin for 5 min and then stained with eosin for 30 s ap-
plying H&E Staining Kit (Beyotime, Shanghai, China). Sections
of left ventricular myocardia tissues were stained with Modified
Masson’s Trichrome Stain Kit (Solarbio, Beijing, China).

Wheat germ agglutinin (WGA) staining

Following dewaxing and hydration, serial myocardium sec-
tions with 4 um were collected. After sections of heart tis-
sues are slightly dry, draw a circle on the objective tissue with
a liquid blocking pen. Cover the marked area with diluted
WGA solution (W21405, Thermo Fisher Scientific, Waltham,
MA, USA) and incubate in a dark place at 37 °C for 30 min.
The rocker unit was washed three times with PBS (pH 7.4)
for 5 min each time, and then incubated with 4’°,6-diamidi-
no-2-phenylindole (DAPI) solution at room temperature for
10 min for nuclear re-staining and storage away from light.
Wash three times with PBS (pH 7.4) in a Rocker device, 5 min
each. Throw away liquid slightly, then coverslip with anti-
fade mounting medium. The sections were observed under a
fluorescent microscope, and analyzed using Image J software
(NIH, Bethesda, MD, USA). Five fields were randomly se-
lected from each myocardial tissue section for cross-sectional
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Table 1. Primers Used in qRT-PCR

Gene Forward (5’ -3°) Reverse (5’ - 3%)
ANP GAGGAGAAGATGCCGGTAG CTAGAGAGGGAGCTAAGTG
p-MHC TGTGAAGGAGGACCAGGTGATG ATAGGCGTTGTCAGAGATGGAGAA

STIM1 AGCTGAAGGCTCTGGACACAGT
Orail CATGGTAGCGATGGTGGAAGT
GAPDH GTCCCCGAGACACGATGGTGAAGGT

CACCCACACCAATCACGATAGA
GGCGCTGAAGACGATGAGTAAC
TTCTCAGCCTTGACCGTGCCG

Oraif: calcium release-activated calcium channel protein 1; gqRT-PCR: quantitative real-time PCR; STIM1: stromal interaction molecule 1; ANP: atrial
natriuretic peptide; B-MHC: 3-myosin heavy chain; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

area statistics, and each field had at least 50 cells. After cal-
culating the average cross-sectional area of cardiomyocyte in
each field, the average value of the five fields was taken as
the final result.

IHC staining

Paraffin sections of left ventricular myocardium tissues were
treated with 3% H, O, for 10 min, followed by antigen retrieval
with citrate buffer. Nonspecific sites were blocked with bovine
serum albumin (BSA; Meilunbio, Dalian, China). Sections
were incubated with anti-STIM1 (1:100; MA1-19451, Thermo
Fisher Scientific, Waltham, MA, USA) and then treated with
biotin-conjugated immunoglobulin G (IgG) antibody (1:1,000;
PA1-29634, Thermo Fisher Scientific, Waltham, MA, USA).
Sections were stained with diaminobenzidine and then coun-
terstained with hematoxylin. The sections were observed un-
der an optical microscope. To evaluate fibrosis, areas of inter-
est (perivascular, and interstitial areas) were defined in Image
J. Five fields were randomly selected, and the average value
was used as the value of fibrosis area. The extent of fibrosis
was determined by calculating the area of perivascular fibro-
sis, the sum of the interstitial fibrosis areas as a percentage of
the total area of the entire section.

Plasma homocysteine measurement

During blood collection, the anesthetized rats were supine
fixed on the fixation plate, the hair in the anterior cardiac area
was cut off, the skin was disinfected with iodine alcohol, the
chest was opened, the heart was exposed, and the right ventri-
cle was pierced with a needle to suck blood. After the blood
is removed from the heart, it is centrifuged at 3,500 rpm for
15min, the supernatant is absorbed as plasma. Plasma homo-
cysteine concentration was determined using the Homocyst-
eine Colorimetric Assay Kit (E-BC-K854-M, ElabScience,
Waltham, MA, USA) by spectrophotometry using an enzyme-
linked immunosorbent assay (ELISA) reader (Multiskan FS,
Thermo Fisher Scientific, Waltham, MA, USA).

qRT-PCR

Total RNA was extracted from the left ventricular myocardium
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applying TRIzol reagent (Invitrogen). RNA integrity was ex-
amined by performing 1.5% agarose gel electrophoresis. Total
RNA was served as template and was reversed transcribed to
cDNA using PrimeScript™ RT reagent Kit (Takara, Tokyo,
Japan). TB Green® Premix Ex Taq™ II (Takara) was used to
detect the relative expression of genes. PCR reaction mixture
(25 pL) contained 12.5 uL TB Green® Premix Ex Taq™, 0.5
uL forward primer, 0.5 uL reverse primer, 2 uL. cDNA and 9.5
pL sterile water. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as internal control. The primer sequences
were listed in Table 1. The results were analyzed using 2-2ACT
method for quantification.

Western blotting

Total protein was extracted from the left ventricular myocar-
dium utilizing Total Protein Extraction Kit (Solarbio). Protein
samples were separated by 10% sodium dodecyl-sulfate po-
lyacrylamide gel electrophoresis (SDS-PAGE) gel electro-
phoresis and transferred onto the nitrocellulose membranes.
The membranes were incubated with the primary antibodies,
anti-atrial natriuretic peptide (ANP) (1:1,000 dilution; PAS5-
29559, Thermo Fisher Scientific, Waltham, MA, USA), anti-f3-
myosin heavy chain (3-MHC) (1:1,000 dilution; ab37484, Ab-
cam, Cambridge, MA, USA), anti-STIM1 (1:1,000 dilution;
MA1-19451, Thermo Fisher Scientific, Waltham, MA, USA),
anti-Orail (1:1,000 dilution; ab111960, Abcam, Cambridge,
MA, USA) at 4 °C overnight after blocking with 5% skimmed
milk. The membranes were stained with horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG antibody (1:5,000;
ab270144, Abcam, Cambridge, MA, USA) or HRP-conjugated
anti-rat IgG antibody (1:5,000; ab7097, Abcam, Cambridge,
MA, USA) at room temperature. GAPDH antibody (1:5,000;
ab8245, Abcam, Cambridge, MA, USA) served as internal
control. The bands were developed by enhanced chemilumi-
nescence reagent (Yeasen, Shanghai, China), and the data were
analyzed by Image J software. The resulting ratios, expressed
as fold change, were used to compare relative protein levels
across the samples on blots.

Statistical analysis

Each assay was performed three times. Data were expressed
as mean + standard deviation (SD). Statistical analysis was
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carried out applying SPSS 22.0 statistical software (IBM, Ar-
monk, NY, USA). Two-tailed Student’s #-test, one-way analy-
sis of variance (ANOVA) and two-way ANOVA was used to
analyze the statistical difference. P value less than 0.05 was
considered as a significant difference.

Results

GB alleviated myocardial hypertrophy in SHRs

To determine the biological role of GB in spontaneous hyper-
tension, SHRs were administrated with different dosages of
GB. The monitoring results of HR, SBP and DBP revealed that
SHRs exhibited higher levels of HR, SBP and DBP as com-
pared with WKY rats. GB at 100 mg/kg/day slightly reduced
HR, SBP and DBP in SHRs, while GB at 200 and 400 mg/kg/
day significantly repressed the HR, SBP and DBP in SHRs
(Fig. 1a-c). The ratio of HW/BW increased in SHRs. GB at
200 and 400 mg/kg/day effectively reduced the HW/BW ratio
in SHRs (Fig. 1d).

Additionally, H&E staining examined the impact of GB on
myocardial hypertrophy in SHRs. WKY rats exhibited orderly
arranged myocardial fibers and myocardial cells with normal
psychological structure. In SHR rats, the arrangement of myo-
cardial fibers was disordered, the myocardial cell bundle was
broken, the myocardial cells were significantly enlarged, and
the cross-sectional area of myocardial cells was significantly
increased. These pathological changes were effectively allevi-
ated by GB treatment (200 and 400 mg/kg/day) (Fig. le, g, h).
The results of Masson staining revealed that fibrosis area was
elevated in the myocardium of SHRs. The fibrosis area in the
myocardium of SHRs was severely inhibited by GB treatment
(200 and 400 mg/kg/day) (Fig. 1f, i).

Subsequent analysis of the mRNA and protein expres-
sion of hypertrophic genes (ANP and B-MHC) showed similar
trends (Fig. 1j-n). All these data indicated that GB treatment al-
leviated myocardial hypertrophy in SHRs. Plasma homocyst-
eine concentration was measured by the commercial ELISA
kit. No significant difference was observed between the groups
in plasma homocysteine concentration (Fig. 10).

GB treatment repressed STIM1/Orail signaling pathway
in SHRs

The influence of GB on STIM1 and Orail expression in SHRs
was detected. The results of qRT-PCR showed that the expres-
sion of STIM1 and Orail was elevated in the myocardium
of SHRs. GB treatment (200 and 400 mg/kg/day) caused a
downregulation of STIM1 and Orail in the myocardium of
SHRs (Fig. 2a, b). Higher expression of STIM1 and Orail was
observed in the myocardium of SHRs, which was repressed
by GB treatment (200 and 400 mg/kg/day) (Fig. 2c-e). Ap-
plying IHC staining, GB treatment (200 and 400 mg/kg/day)
reduced the expression of STIM1 in the myocardium of SHRs
(Fig. 2f). Thus, GB repressed STIM1/Orail signaling path-
way in SHRs.
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STIM1 overexpression reversed the impact of GB on myo-
cardial hypertrophy in SHRs

Next, we investigated the molecular mechanism of GB in reg-
ulating myocardial hypertrophy by overexpressing STIM1 in
vivo. SHRs were injected with LV-STIM1 or LV-NC into the
caudal vein and administrated with 400 mg/kg/day of GB for
21 days by gavage. GB treatment notably reduced the levels of
HR, SBP, and DBP in SHRs. The influence conferred by GB
treatment was significantly abolished by STIM1 overexpres-
sion (Fig. 3a-c). Moreover, STIM1 overexpression impaired
the GB-mediated decrease of HW/BW ratio in SHRs (Fig. 3d).
The results obtained from H&E, WGA and Masson staining
uncovered that GB treatment inhibited the myocyte cross-sec-
tional area and fibrosis area in SHRs, which was effectively
abrogated by upregulated STIM1 (Fig. 4a-e). Taken together,
STIM1 overexpression reversed the impact of GB on myocar-
dial hypertrophy in SHRs.

GB alleviated myocardial hypertrophy in SHRs by regu-
lating STIM1/Orail signaling pathway

To further verify the role of STIM1/ Orail in myocardial hy-
pertrophy, we examined the level of ANP, B-MHC following
STIMI1 overexpression. As expected, GB treatment suppressed
the expression of ANP, B-MHC, STIM1 and Orail in SHRs.
STIM1 overexpression reversed GB-mediated downregula-
tion of ANP, B-MHC, STIM1 and Orail in SHRs (Fig. 5a-e).
Results of THC staining showed that GB-mediated decreased
expression of STIM1 was abrogated by LV-STIM1 (Fig. 5f).
Thus, GB alleviated myocardial hypertrophy in SHRs by regu-
lating STIM1/Orail signaling pathway.

Discussion

In this study, we investigated the role and mechanism of GB in
spontaneous hypertension. Our data showed that GB treatment
alleviated SBP, DBP, HW/BW, and myocardial hypertrophy in
a concentration-dependent manner. GB treatment repressed the
expression of STIM1 and Orail in the myocardium of SHRs.
Conversely, STIM1 overexpression reversed GB induced SBP,
DBP, HW/BW, and myocardial hypertrophy. Therefore, our
study demonstrates that GB alleviates myocardial hypertrophy
in SHRs by regulating STIM1/Orail signaling pathway.

GB (N, N, N-trimethyl glycine) is a quaternary amine iso-
lated for the first time from beets [7]. Initially, GB was studied
as an osmolyte accumulated in the cells and the key to regu-
lating cell volume and swelling [18]. Later, GB was demon-
strated as the main methyl donor in the methionine cycle and
was widely used in the treatment of hyperhomocysteinemia to
prevent the development of coronary atherosclerosis, cerebro-
vascular disease, and peripheral vascular disease [7, 19-22].
GB ameliorated sulfur amino acid (SAA) metabolism, which
was involved in essential metabolic pathways like glutathione
synthesis, to protect against oxidative stress. Additionally, sev-
eral studies indicated that GB suppressed the NF-kB, NLRP3
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Figure 1. The effect of GB on myocardial hypertrophy of SHRs. SHRs were administrated with 100, 200 or 400 mg/kg/day of GB.
Normal WKY rats served as control. Each group included n = 8 rats. The HR (a), SBP (b) and DBP (c) of rats were monitored. (d)
The HW/BW of rats was detected at 21 days. (e) Images of hematoxylin and eosin (H&E) staining of the myocardial tissue. (g,
i) WGA staining examined the myocyte cross-sectional area of rats. (f, h) Masson staining detected fibrosis in the myocardium
of rats. (j-k) The gRT-PCR analyzed the expression of ANP (j) and -MHC (k) in the myocardium of rats. (I-n) Western blotting
detected the expression of ANP (m) and B-MHC (n) in the myocardium of rats. The representative blot was shown from three
independent repeats. (0) The effect of GB on plasma homocysteine of SHRs (n = 5). The values are presented as mean + SD.
**P < 0.01, ***P < 0.001 vs. WKY group; #P < 0.05, #P < 0.01, ##P < 0.001 vs. SHR group. GB: glycine betaine (N, N, N-trimethy!
glycine); SHRs: spontaneously hypertensive rats; WKY: Wistar-Kyoto; WGA: wheat germ agglutinin; BW: body weight; DBP:
diastolic blood pressure; HR: heart rate; HW: heart weight; qRT-PCR: quantitative real-time PCR; SBP: systolic blood pressure;
ANP: atrial natriuretic peptide; B-MHC: B-myosin heavy chain; SD: standard deviation.
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Figure 2. The impact of GB on the expression of STIM1 and Orai1 in SHRs. SHRs were administrated with 100, 200 or 400
mg/kg/day of GB. Normal WKY rats served as control. (a, b) The gRT-PCR analyzed the expression of STIM1 (a) and Orai1 (b)
in the myocardium of rats. (c-e) Western blotting analyzed the expression of STIM1(d) and Orai1 (e) in the myocardium of rats.
The representative blot was shown from three independent repeats. (f) IHC staining examined the expression of STIM1 in the
myocardium of rats. Each group included n = 8 rats. The values are presented as mean + SD. **P < 0.01 vs. WKY group; #P
< 0.05, P < 0.01 vs. SHR group. GB: glycine betaine (N, N, N-trimethyl glycine); IHC: immunohistochemistry; Orai1: calcium
release-activated calcium channel protein 1; gRT-PCR: quantitative real-time PCR; SHRs: spontaneously hypertensive rats;
STIM1: stromal interaction molecule 1; WKY: Wistar-Kyoto; SD: standard deviation; GAPDH: glyceraldehyde-3-phosphate
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Figure 3. The impact of STIM1 overexpression on SHRs. SHRs were administrated with 400 mg/kg/day of GB or followed by
injection of LV-STIM1 or LV-NC. Normal WKY rats served as control. The HR (a), SBP (b) and DBP (c) of rats were monitored.
(d) The HW/BW of rats was detected. Each group included n = 8 rats. The values are presented as mean + SD. **P < 0.01 vs.
WKY group; %P < 0.05 vs. %P < 0.01 vs. SHR group; #P < 0.01 vs. GB + LV-NC group. BW: body weight; DBP: diastolic blood
pressure; GB: glycine betaine (N, N, N-trimethyl glycine); HR: heart rate; HW: heart weight; LV: lentivirus; NC: negative control;
SBP: systolic blood pressure; SHRs: spontaneously hypertensive rats; STIM1: stromal interaction molecule 1; WKY: Wistar-

Kyoto; SD: standard deviation.

and TLR4 pathways, leading to a decrease in inflammatory
cytokine [23-25]. Betaine also inhibited caspase-3 to reduce
apoptosis and repair ER stress [26]. Another study showed
that betaine pretreatment protected against photochemically-
induced thrombosis in pial arterioles and venules in vivo and
platelet aggregation in vitro. They also observed that betaine
pretreatment decreased lipid peroxidation in plasma [27].

The functional role of GB in hypertension was first re-
ported as early as 1951. Hypertensive subjects experienced
transient reduced blood pressure in the combination of betaine
and guanidinoacetate [28]. In a large population-based study
of 7,074 mid-aged and elderly subjects, plasma betaine was re-
ported to have a negative relationship with blood pressure lev-
el [29]. Similar results were observed in dialysis patients that
circulating GB was negatively correlated with blood pressure
[30]. As for the animal experiments, Rosas-Rodriguez et al re-
ported that GB concentration increased during physiological
cardiac hypertrophy induced by pregnancy in Sprague-Dawley
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rats, which was regulated by the enzyme betaine aldehyde de-
hydrogenase (BADH) to protect myocytes from hyperosmotic
stress [31]. In the current study, we observed that GB reduced
both SBP and DBP, and alleviated myocardial hypertrophy in
SHRs. Our findings indicated that GB may be a potential anti-
hypertensive drug.

The influence of betaine supplementation on circulating
homocysteine concentration has been studied mainly in clini-
cal settings [32, 33]. Betaine supplementation has an effective
agent for decreasing plasma homocysteine in healthy adults.
Specifically, the daily ingestion of 6 g betaine for 6 weeks de-
creased fasting plasma homocysteine by about 11% [32]. A
meta-analysis which included 12 studies examined the overall
effect of betaine supplementation on homocysteine concentra-
tions, and the results indicated that betaine supplementation
had homocysteine-lowering effects. The minimum dosage of
betaine evaluated in the study was 1.5 g/day for 6 weeks [34].
In our study, no significant downregulation of plasma homo-
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Figure 4. The impact of STIM1 overexpression on myocardial hypertrophy of SHRs. SHRs were administrated with 400 mg/kg/
day of GB or followed by injection of LV-STIM1 or LV-NC. Normal WKY rats served as control. (a) Images of hematoxylin and
eosin (H&E) staining of the myocardial tissue. (b, c) WGA staining examined the myocyte cross-sectional area of rats. (d, €) Mas-
son staining detected cardiac fibrosis of rats. Each group included n = 8 rats. The values are presented as mean + SD. **P < 0.01
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glycine); LV: lentivirus; NC: negative control; SHRs: spontaneously hypertensive rats; STIM1: stromal interaction molecule 1;
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cysteine was observed following GB supplementation, which
may be attributed to the short evaluation time and the dosage
of GB. Additionally, betaine supplementation was reported to
have adverse effects on lipid profiles. Betaine supplementation
greater than 4 g/day had a significant effect on concentrations
of total cholesterol (TC) and low-density lipoprotein (LDL)
[34]. It is well established that improving lipid profile, one of
the major contributors to atherosclerosis, can reduce cardio-
vascular disease (CVD) risk, particularly in people with addi-
tional cardiovascular risk factors. Further clinical and experi-
mental studies must be conducted to determine the association
between betaine supplementation and its consequence on the
lipid profile.

Considerable attention has been focused on abnormali-
ties of Ca®" cycling in cardiac hypertrophy as a possible ther-
apeutic target [35]. STIM1 and Orail are major proteins of
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store-operated calcium channel, and involved in regulating the
progression of various diseases, including hypertension [36,
37]. The expression of STIM1 is increased in angiotensin II-
induced hypertension mice, and STIM1 upregulation enhanc-
es ER stress to aggravate the development of hypertension
[15, 38]. The interaction between STIM1 and tropomyosin 3
contributes to vascular smooth muscle contraction and store-
operated calcium entry, thereby accelerating high-salt intake-
induced hypertension [16]. However, as far as we are aware,
no study has examined the effect of GB on STIM1/Orail path-
way in myocardial hypertrophy. In the present work, we first
reported that GB treatment attenuated myocardial hypertrophy
by downregulating STIM1/Orail pathway in SHRs. However,
since STIM1 and Orail are major proteins to regulate intracel-
lular and extracellular Ca?" flow, whether GB can affect the
concentration of intracellular Ca>* through STIM1/Orail sign-
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calcium release-activated calcium channel protein 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

aling pathway in SHRs needs to be confirmed.

There are several limitations in this study. First, the evalu-
ation time is only 21 days in our study. Second, the effects me-
diated by GB on myocardial hypertrophy may not only via in-
hibiting inflammation and oxidative stress but also directly via
downregulated blood pressure. Whether GB plays a protective
role in a blood pressure-dependent manner is not demonstrated
in this study. Third, the protective role of GB treatment in myo-
cardial hypertrophy by regulating the STIM1/Orail pathway is
not performed at the cellular level. And the post-translational
modifications of STIM1/Orail are not examined. At last, wheth-
er GB possesses other biological activities during the pathophys-
iological process of cardiac hypertrophy, like anti-inflammation
and anti-oxidation, needs to be explored in the future.

Conclusions

In conclusion, GB represses STIM1/Orail signaling pathway,
which contributes to alleviating myocardial hypertrophy in
SHRs. Thus, our results shed new light on the mechanism of
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action of GB in spontaneous hypertension and provide a theo-
retical basis for GB as an antihypertensive drug.

Supplementary Material

Suppl 1. Timeline of animal experiments.
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