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Abstract. Diabetic cardiomyopathy (DCM) is a major
complication of diabetes and myocardial fibrosis is its major
pathological feature. Calcium‑sensing receptor (CaSR) is a
G protein‑coupled receptor and participates in the regulation
of calcium homeostasis; it is implicated in a range of diseases,
including myocardial ischemia/reperfusion injury, myocardial
infarction and pulmonary hypertension. However, whether
CaSR is associated with myocardial fibrosis in DCM has
remained elusive. In the present study, type 1 diabetic (T1D)
rats and primary neonatal rat cardiac fibroblasts (CFs) were
used to observe changes in CaSR to assess its potential as
an indicator of myocardial fibrosis. The in vivo experiments
revealed that in the T1D and CaSR agonist (R568) groups,
evident collagen (Col)‑I and ‑III deposition was present after
12 weeks. Furthermore, the in vitro experiment indicated that
the levels of transforming growth factor (TGF)‑β1, phosphorylated (p‑) protein kinase C, p‑p38, p‑Smad2, TβRI, TβRII,
along with the intracellular Ca 2+ levels and the content of
TGF‑β1 in the culture medium were significantly increased
in a high‑glucose (HG) group and an R568‑treated group.
Treatment with the CaSR inhibitor Calhex231 significantly
inhibited the abovementioned changes. Collectively, the
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results indicated that the increase of CaSR expression in CFs
may induce intracellular Ca2+ increases and the activation of
TGF‑β1/Smads, and enhance the proliferation of CFs, along
with the excessive deposition of Col, resulting in myocardial
fibrosis. The present results indicate an important novel
mechanism for HG‑induced myocardial fibrosis and suggest
that CaSR may be a promising potential therapeutic target for
DCM.
Introduction
In recent years, the incidence of diabetes and associated
mortalities have exhibited a trend of rapid growth worldwide (1).
Diabetic cardiomyopathy (DCM) is a major complication
of diabetes. The major pathological changes involved are
myocardial hypertrophy, apoptosis and myocardial interstitial
fibrosis (2). Of these, myocardial fibrosis is the major pathological feature, and may eventually induce cardiac remodeling,
cardiac dilatation, cardiac dysfunction, arrhythmia and congestive heart failure (3). According to recent data (4), cardiac
fibroblasts (CFs) are highly activated during diabetes, which
results in a disorder of the dynamic balance of cardiac extracellular matrix synthesis and deposition, along with the excessive
deposition of collagen (Col), thus leading to myocardial fibrosis
and cardiac dysfunction (5,6). However, the exact mechanisms
underlying myocardial fibrosis in DCM remain elusive.
The calcium‑sensitive receptor (CaSR) is a member of the
C family of the G protein coupling receptor superfamily and
is widely expressed in prokaryotic and eukaryotic cells. CaSR
is involved in regulating the homeostasis of calcium and other
metal ions, proliferation, differentiation, chemotaxis, apoptosis, gene expression, membrane potential, and aging (7,8).
Studies by our group and other research groups have
demonstrated that the CaSR is involved in myocardial ischemia/reperfusion injury, myocardial infarction and pulmonary
hypertension (9,10). A recent study by our group indicated that
the expression of CaSR in the myocardium tissues of diabetic
rats, and CFs treated with high concentrations of glucose was
significantly increased (11). However, whether CaSR participates in diabetic myocardial fibrosis has remained elusive.
In the present study, a rat model of type 1 diabetes (T1D)
and CFs cultured under high‑glucose (HG) conditions were
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subjected to treatment with a CaSR agonist or inhibitor in order
to explore the functional role of CaSR in diabetic myocardial
fibrosis and the underlying mechanisms.
Materials and methods
Animal experimental protocol. Male Wistar rats (weight,
250±50 g; age, 8 weeks) were provided by the Animal Research
Institute of Harbin Medical University (HMU; Harbin, China).
The study was approved by the HMU Medical Science Ethics
Committee. All rats were maintained under a 12‑h light/dark
cycle and fed with standard chow and clean water ad libitum.
The rats were randomly divided into four groups (n=8/group):
i) control group: age‑matched non‑diabetic Wistar rats were
injected with citric acid‑citrate sodium buffer; ii) T1D group:
intraperitoneal injection of streptozotocin (STZ; 60 mg/kg;
Sigma‑Aldrich; Merck KGaA) (12); iii) T1D+R568 group: T1D
rats were subcutaneously injected with R568 (10 µmol/kg/day
in saline); iv) T1D+Calhex231 group: T1D rats were subcutaneously injected with Calhex231 (10 µmol/kg/day in saline).
Rats in the four groups were sacrificed after 12 weeks and a
range of indices were assessed.
Isolation and incubation of neonatal rat CFs. Neonatal rat
CFs were isolated from the hearts of 1‑3‑day‑old Wistar rats.
In brief, the heart was quickly removed, immediately placed in
D‑Hank's solution, cut into pieces (0.5 mm3) and digested with
trypsin (Beyotime Institute of Biotechnology) for 8 min. The
digestion was then terminated by adding Dulbecco's modified
Eagle's medium (DMEM). After the same process had been
repeated 8 times, cells were collected by centrifugation at
800 x g for 10 min and a temperature of 4˚C. After 2 h of incubation, the unattached cells were discarded; the attached cells
(CFs) were plated in a petri dish and maintained at 37˚C in a
5% CO2 humidified incubator in DMEM containing 10% fetal
bovine serum and 1% penicillin‑streptomycin. The media was
changed two times/week. To ensure the purity of the CFs, the
cells were passaged for three generations and then CFs were
treated with HG (40 mM), the CaSR agonist R568 (5 µM), the
CaSR inhibitor Calhex231 (3 µM), the transforming growth
factor (TGF)‑β‑type I/II receptor (TβRI/II) kinase inhibitor
LY2109761 (20 µM) or TGF‑β1 (5, 10, 20 ng/ml; Shanghai San
Shu Biotechnology, Ltd.).
Analysis of serum and culture media. Blood samples obtained
from the aorta were centrifuged at 1,200 x g for 20 min and
serum was stored at ‑80˚C until assayed. Random serum
insulin levels were determined using a commercially available
ultrasensitive ELISA kit (cat. no. 201804A; Beyotime Institute
of Biotechnology). Serum levels of triacylglycerol (TG)
and total cholesterol (TC) were analyzed using a standard
biochemistry panel (cat. no. 201812AS/201812ED; Beyotime
Institute of Biotechnology). Blood glucose in blood samples
from the tail vein was measured using a blood glucose analyzer
(ACCU‑CHEK; Roche Diagnostics GmbH).
Culture media of the CFs were collected to determine
TGF‑β1, Col‑I/III and matrix metallopeptidase (MMP)‑2/9
levels (Wuhan Boster Biological Technology, Ltd.). These
cytokines were determined by ELISA using commercially
available detection kits (cat. nos. EK0513, EK0411, EK0424,

EK0467, EK0459, EK0465), following the supplier's protocols.
Hematoxylin and eosin (H&E), Masson trichrome and Sirius
red staining. The rats were sacrificed with 200 mg/kg pentobarbital sodium by intraperitoneal injection and the heart
was quickly removed and washed with phosphate buffer. The
cardiac tissue was fixed in 10% buffered formaldehyde at 4˚C
for 12 h, embedded in paraffin, sliced at 4 mm and used for
morphological assessment. Pathological changes in cardiac
tissues were observed by H&E, paraffin sections were stained
with 0.5% hematoxylin at room temperature for 10 min and
0.5% eosin for 3 min. The extent of myocardial fibrosis was
determined by Masson trichrome (1%) and Sirius red staining
(0.5%); sections were stained for 10 min at 55˚C and for 30 min
at room temperature, respectively. Analysis was conducted
with an optical microscopy (BX61; Olympus Corporation).
Western blot analysis. The rat hearts and CF cells were
homogenized in 0.5 ml radioimmunoprecipitation assay buffer
(Beyotime Institute of Biotechnology) prior to transfer to small
tubes and rotation for 1 h at 4˚C. Solubilized proteins were
collected after centrifugation at 3,000 x g for 30 min at 4˚C.
The supernatant was then collected and stored at ‑80˚C. The
protein concentration of each sample was quantified using a
Bicinchoninic Acid Protein Assay kit (Beyotime Institute
of Biotechnology). Protein lysates (20 µg/lane) from cells
of each group were separated by SDS‑PAGE (12.5%) and
electro‑transferred onto polyvinylidene difluoride membranes
(EMD Millipore). Non‑specific proteins on membranes were
blocked with 5% non‑fat dried milk for 2 h at room temperature. Subsequently, the membranes were incubated overnight
at 4˚C with the following primary antibodies (1:1,000 dilution): CaSR (cat. no. sc‑47741), TGF‑β1 (cat. no. sc‑130348);
TβRI/II (cat. nos. sc‑518045 and sc‑17799); and Col‑I/III (cat.
nos. sc‑59772 and sc‑271249; all Santa Cruz Biotechnology,
Inc.); Smad2 and phosphorylated (p)‑Smad2 (cat. nos. 5339
and 18338; Cell Signaling Technology, Inc.); protein kinase C
(PKC; cat. no. 2056); p‑PKC (cat. no. 2060); p38 (cat. no. 9212);
p‑p38 (cat. no. 9215); and matrix metallopeptidase (MMP)2/9
(cat. nos. 4022 and 3852; all Cell Signaling Technology, Inc.);
and β ‑actin (cat. no. sc‑69879) and β‑tubulin (cat. no. sc
55529; Santa Cruz Biotechnology, Inc.). The membranes
were then incubated with horseradish peroxidase‑conjugated
anti‑mouse/anti‑rabbit immunoglobulin G antibodies (cat.
nos. bs‑0295M‑HRP and bs‑0296R‑HRP; BIOSS) at a 1:5,000
dilution for 1 h at room temperature. The specific complex
was visualized using an enhanced chemiluminescence plus
western blot detection system (Immobilon Western HRP; EMD
Millipore). The relative intensities of protein bands were finally
quantified using a Bio‑Rad Chemi EQ densitometer (Bio‑Rad
Laboratories, Inc.) and the band density was semi‑quantified
using AlphaView v3.2.2 software (ProteinSimple; Bio‑Techne).
Detection of cell proliferation and migration by Cell Counting
Kit (CCK)‑8 and a scratch wound repair assay. CFs were
plated onto 96‑well plates at a density of 2x103 cells/well. After
12 h, the medium was replaced with an antibiotic‑free medium
and the wells were divided into four groups: control (5.5 mM),
HG (40 mM), HG+R568 (40 mM + 5 µM), and HG+Calhex231
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Figure 1. Successful modeling of type 1 diabetic cardiomyopathy. (A) Random blood glucose was assessed at weeks 2, 4, 8 and 12. Other indicators were
analyzed at week 12 after successful modeling. Blood glucose, TG, TC and insulin levels in the serum. (B) HW/BW. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
vs. the Control; #P<0.05 vs. T1D rats (n=8). TG, triacylglycerol; TC, total cholesterol; HW/BW, heart weight to body weight ratio; T1D, type 1 diabetes.

(40 mM + 3 µM), with five replications/group. Finally, cell
proliferation was detected according to the CCK‑8 assay kit
(cat. no. AR1199, Wuhan Boster Biological Technology, Ltd.)
instructions (absorbance at 450 nm).
Rat CFs treated with HG (40 mM), R568 (5 µM) or
Calhex231 (3 µM) were then subjected to scratch assays as
previously described (13). Images were captured at 0 and 24 h
after scratching using phase‑contrast microscopy.
Measurement of intracellular Ca2+ using Fluo‑3/AM probes.
CFs treated with HG (40 mM), R568 (5 µM) or Calhex231
(3 µM) were stained using 5 mM Fluo‑3/AM (cat. no. ab145254;
Abcam) for 30 min at 37˚C in the dark. Subsequently, the
cells were washed with Ca2+‑free Tyrode's solution to remove
residual dye. The fluorescence of Ca2+ was then measured by
fluorescence microscopy (BX61; Olympus Corporation). The
excitation wavelength was 488 nm and the emission wavelength was 530 nm.
Reverse transcription‑quantitative polymerase chain reaction
(RT‑qPCR) analysis. To determine the mRNA expression of
Col‑I, Col‑III, MMP‑2 and MMP‑9, total RNA was extracted
from CFs using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
Complementary DNA was synthesized from 2 µg total RNA
by using a Superscript Reverse Transcription kit (TaqMan™;
cat. no. 4366596; Thermo Fisher Scientific, Inc.). For the quantification of the mRNA levels of Col‑I/III and MMP‑2/9, PCR
was performed using a SYBR Green PCR Reagent kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.) in a Light Cycler®
480 Sequence Detection System (Roche Applied Science).
β‑actin served as the internal control and the relative expression was determined. The primer sequences used in the present
study were as follows: Col‑I forward, 5'‑ATGTTCAGCTTT

GTGGAC‑3' and reverse, 5'‑GGATGCCATCTTGTCCAG‑3';
Col‑III forward, 5'‑CAAAGGAGAGCCAGGAGCAC‑3' and
reverse, 5'‑CTCCAGGCGAACCATCTTTG‑3'; MMP‑2
forward, 5'‑TCAAATCGGACTGGCTGGGC‑3' and reverse,
5'‑AACCAGGCCTCTTCACGTCC‑3'; MMP‑9 forward,
5'‑GAGGGGGAGGAGCTAGTTTGCC‑3' and reverse, 5'‑AA
GGACAGCGTGCAGAGAGGG‑3'; β‑actin forward, 5'‑CCG
GCTTCGCGGGCGACG‑3' and reverse, 5'‑TCCCGGCCA
GCCAGGTCC‑3'.
Statistical analyses. All experiments were performed at
least three times independently. All data are expressed as the
mean ± standard error of the mean. Statistical analysis was
performed by a two‑tailed Student's t‑test or one‑way analysis
of variance, followed by the Bonferroni multiple comparisons
test using SPSS 18.0 software (SPSS Inc.). P<0.05 was considered to indicate a statistically significant difference.
Results
Successful modeling of T1D cardiomyopathy. Blood glucose at
weeks 2, 4, 8 and 12, along with insulin levels, the ratio of heart
weight to body weight (HW/BW), as well as serum TGs and
TCs on week 12 were determined. The results indicated that
compared with the control group, the blood glucose levels at
each time‑point were higher, the insulin level was significantly
decreased, and TG and TC were significantly increased in the
T1D group, T1D+R568 group and T1D+Calhex231 group.
Notably, compared with that in the control group, HW/BW
was significantly increased in the T1D and T1D+R568 groups,
but compared with that in the T1D group, it was significantly
decreased in the T1D+Calhex231 group (Fig. 1).
Masson staining and Sirius red staining revealed large
amounts of collagen deposition in the interstitial and perivascular
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Figure 2. (A) Effects of CaSR on collagens and morphological changes of myocardial tissue in rats. Masson's trichrome staining (collagen deposition displayed
in blue) and Sirius red staining (collagen fibers displayed in red). Representative images of H&E staining examined by transmission electron microscopy.
(B) Representative western blots for the detection of CaSR, Col‑I, Col‑Ⅲ and TGF‑ β1 in comparison with β ‑actin expression in rats. *P<0.05, **P<0.01,
****
P<0.0001 vs. Controls; #P<0.05, ##P<0.01, ###P<0.001 vs. T1D rats (n=8). TGF, transforming growth factor; T1D, type 1 diabetes; CaSR, calcium‑sensing
receptor; Col, collagen.

areas, particularly in denatured and necrotic areas; H&E staining
further indicated that the cardiac myocytes were disordered
and hypertrophic in the T1D group, T1D+R568 group and
T1D+Calhex231 group (Fig. 2A).
Effects of CaSR on collagen in T1D rats. At week 12, western
blot analysis of cardiac tissue homogenate indicated that
compared with that in the control group, the expression of
Col‑I, Col‑III and TGF‑β1 was increased in the T1D group
and T1D+R568 groups, and the expression of CaSR was
significantly increased in the T1D+R568 group. However, the
opposite results were observed in the T1D+Calhex231 group
(Fig. 2B).
Effects of CaSR on proliferation and migration of CFs. The
effect of osmotic control was detected using mannitol (40 mM),
and the results revealed that mannitol had no effect on the
viability of cardiac fibroblasts (data not shown), however, CFs
treated with high glucose (40 mM) exhibited an increase in
viability in a time‑dependent manner (data not shown). These
results indicated that the effect of high glucose on viability
may not be attributed to high osmolarity and treatment with
40 mM glucose was considered as the high glucose group in
subsequent experiments.
The results of the scratch wound repair assay indicated
that the rate of CF migration was higher in the HG group

and the HG+R568 group compared with that in the control
group, while the migration was significantly reduced in the
HG+Calhex231 group (Fig. 3A). The proliferation (cell
viability) of CFs at 24 h was detected using CCK‑8 assays.
Compared with that in the control group, the cell proliferation
was greater in the HG group and the HG+R568 group, but was
significantly decreased in the HG+Calhex231 group (Fig. 3B).
Effects of CaSR on intracellular calcium concentration and
the amount of TGF‑ β1 secreted by CFs. To further study the
mechanism of diabetic myocardial fibrosis, cytosolic Ca2+ was
determined with Fluo‑3/AM staining and assessment of the
fluorescence intensity. The results indicated that the fluorescence intensity was higher in the HG and HG+R568 groups,
and was lower in the HG+Calhex231 group (Fig. 4A). The
protein levels of p‑PKC and p‑P38 were significantly increased
in the HG and HG+R568 groups. However, the opposite result
was obtained in the Calhex231 group (Fig. 4B). The expression
of TGF‑β1 was higher in the HG and HG+R568 groups but was
significantly lower in the HG+Calhex231 group (Fig. 4C).
Signaling pathways associated with myocardial fibrosis.
Western blot analysis indicated that the protein levels of TGF‑β1,
TβRI, TβRII and p‑Smad2 were significantly upregulated in
the HG and R568 groups, and were markedly downregulated
in the HG+Calhex231 and HG+R568+LY2109761 groups
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Figure 3. Proliferation and migration of diabetic CFs. CFs were cultured for 24 h in a control group (5.5 mM), HG group (40 mM), HG+R568 (5 µM) group and
HG+Calhex231 (3 µM) group. CF migration and proliferation (cell viability) were detected by (A) scratch wound repair assays, as well as (B) a CCK‑8 assay,
respectively. ***P<0.001, ****P<0.0001 vs. the Control; #P<0.05, ##P<0.01, ###P<0.001 vs. HG (n≥16). HG, high glucose; CFs, cardiac fibroblasts.

Figure 4. Measurement of intracellular Ca2+ in CFs, the level of p‑PKC/p38 and the expression of TGF‑β1 in the culture medium. CFs were cultured for 24 h
at 37˚C in a control group (5.5 mM), HG group (40 mM), HG+R568 (5 µM) group and HG+Calhex231 (3 µM) group. (A) Cytosolic Ca2+ was stained with
Fluo‑3/AM and assessed by measuring the fluorescence intensity. (B) The protein levels of p‑PKC and p‑p38 were evaluated by western blot analysis. (C) The
expression of TGF‑β1 in the culture supernatants of the CFs was determined using ELISA. *P<0.05, **P<0.01, ***P<0.001 vs. the Control; #P<0.05, ##P<0.01,
###
P<0.001 vs. HG (n≥16). TGF, transforming growth factor; p‑PKC, phosphorylated protein kinase C; HG, high glucose; CFs, cardiac fibroblasts.
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Figure 5. Effects of TβRI/II kinase inhibitor (LY2109761) on TGF‑β1/Smads pathway in CFs. CFs were cultured for 48 h at 37˚C in an HG group (40 mM),
R568 (5 µM), HG+Calhex231 (3 µM) and HG+R568+LY2109761 (20 µM) group. Representative western blots of TGF‑β1, TβRI, TβRII in comparison with
β ‑actin expression and p‑Smad2 in comparison with t‑Smad2 expression in CFs are provided. **P<0.01, ***P<0.001, ****P<0.0001 vs. the Control; #P<0.05,
##
P<0.01, ###P<0.001 vs. HG; @@P<0.01 vs. R568 (n≥3). HG, high glucose; p‑/t‑Smad, phosphorylated/total Smad; TGF, transforming growth factor; TβRI,
TGF‑β‑type I receptor; CFs, cardiac fibroblasts.

compared to the HG and R568 groups, except for the expression of TGF‑β1 in the LY2109761 group (Fig. 5).
Effects of TGF‑β1 on extracellular matrix (ECM) of CFs. Since
excessive ECM is the major cause of myocardial fibrosis, the
changes in the mRNA and the protein levels of Col‑I, Col‑III,
MMP‑2 and MMP‑9 after treatment with HG (40 mmol) and
TGF‑β1 (0, 5, 10 or 20 ng/ml) were assessed (Fig. 6A and B).
Furthermore, the release of Col‑I, Col‑III, MMP‑2 and
MMP‑9 was determined by ELISA. HG and TGF‑β1 (5, 10
and 20 ng/ml) stimulation caused a significant increase in the
production of these factors by CFs compared to the control and
HG groups (Fig. 6C).
Discussion
Diabetes is a metabolic disease characterized by hyperglycemia due to impaired insulin secretion or insulin resistance.
Persistent hyperglycemia and metabolic disorders may lead to
the impairment of tissues and organs, particularly the cardiovascular system, nervous system and kidneys. DCM is a heart
disease independent of congenital heart disease, coronary
heart disease, and valvar heart disease, and is also a significant
cause of the increased mortality in patients with diabetes (14).

Myocardial tissue mainly consists of cardiomyocytes
and non‑cardiomyocytes. CFs account for 90% of the total
non‑cardiomyocytes and are not only the structural scaffolds of the heart, but also link myocardial cells, endothelial
cells and blood vessels (15). CFs are involved in maintaining
homeostasis and the remodeling of ECM, electrophysiological
activity and the production of cell growth factors (16). Col‑I
and ‑III are two major components of the ECM, and have an
important role in maintaining the structure and function of the
heart (17).
According to the existing literature, HG levels may
stimulate the proliferation of fibroblasts, promote myofibroblast trans‑differentiation and activate the transcription
and secretion of ECM proteins via the activation of angiotensin II, TGF‑β, the extracellular signal‑regulated kinase
signaling pathway and reactive oxygen species production
in vitro (18‑20). However, these previous studies did not yield
any conclusive evidence, and the precise mechanisms of
hyperglycemia in the remodeling and fibrosis of the diabetic
heart still remain elusive.
To further elucidate the role of CaSR in myocardial fibrosis
in DCM, a rat model of T1D was generated. Polydipsia,
polyuria, evident emaciation, increased blood glucose, TC
and TG, and decreased insulin activity were observed in rats
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Figure 6. Effects of TGF‑β1 in culture medium on the changes of extracellular matrix components. Cardiac fibroblasts were treated with HG (40 mM) in the
presence or absence of TGF‑β1 (5, 10, 20 ng/ml) for 48 h at 37˚C. (A) After different treatments, the protein expression of Col‑I, Col‑Ⅲ, MMP‑2 and MMP‑9
was evaluated by western blot analysis. (B) The changes in the mRNA levels of Col‑I, Col‑Ⅲ, MMP‑2 and MMP‑9 were measured by RT‑qPCR, and the
mRNA levels were normalized to β‑actin, which was used as the housekeeping gene. (C) The cell supernatants were collected for the determination of Col‑I,
Col‑Ⅲ, MMP2 and MMP9 expression using ELISA. *P<0.05, **P<0.01 vs. the Control; #P<0.05, ##P<0.01, ###P<0.001 vs. HG (n≥8). Col, collagen; SMA, smooth
muscle actin; MMP, matrix metallopeptidase; TGF, transforming growth factor; HG, high glucose.
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Figure 7. Schematic diagram illustrating the role of CaSR in the activation of high glucose‑treated cardiac fibroblasts. CaSR, calcium‑sensing receptor.

treated with STZ, and optionally with R568 or Calhex231,
thus indicating that the T1D rat model had been successfully
generated.
At 12 weeks after modeling, the HW/BW was significantly
increased in the T1D group and the T1D+R568 group, which
may have been associated with the weight loss and an increase
in the myocardial ECM. This speculation is supported by the
results of the analysis of cardiac morphology and determination of associated proteins. H&E staining indicated that the
cardiac myocytes of T1D rats were disordered and hypertrophic. Masson staining and Sirius red staining revealed large
amounts of Col deposition in the interstitial and perivascular
areas, particularly in denatured and necrotic areas, while the
CaSR agonist and the CaSR inhibitor respectively promoted
and inhibited these changes. The expression of Col‑I and
Col‑III proteins in the myocardial tissue was significantly
increased in the T1D group and the T1D+R568 group, but was
significantly decreased in the T1D+Calhex321 group. These
results demonstrated that myocardial remodeling and myocardial fibrosis had clearly occurred in the T1D rats and CaSR
may be associated with the increased ECM and deposition of
Col.
It is well known that the proliferation and activation of
CFs represent the major pathways for Col secretion and the
increased ECM (21). A previous study by our group indicated
that CaSR is expressed in CFs (22). However, the association
of changes of CaSR expression in CFs in DCM has remained
to be fully elucidated. To address this question, a series of
experiments was performed.
In the present study, CCK‑8 assays indicated that HG treatment increased the proliferation of CFs. It was also observed
that R568 further promoted the proliferation of CFs; however,
Calhex231 significantly inhibited these changes. This indicated that CaSR is closely associated with the proliferation
of CFs.

The proliferation and activation of CFs, as well as the
increased ECM, are important mechanisms of myocardial
fibrosis (23). Intracellular calcium is an important second
messenger and the driving force of CF activation (24,25).
Studies by our group (26) and other research groups (12,27) have
demonstrated that the increase or activation of CaSR expression
increases intracellular calcium through the G protein/phospholipase C/inositol triphosphate pathway. To investigate the role
of CaSR in the activation of CFs, the effect of HG treatment on
intracellular calcium and a cell scratch assay were determined.
The results of the Fluo‑3/AM fluorescence probe analyses and
cell scratch assay indicated that HG increased intracellular
calcium release and the migration of CFs. Furthermore, R568
or Calhex231 promoted or inhibited these changes, respectively.
It is therefore evident that CaSR activation in CFs promotes the
proliferation and migration of CFs.
MMPs participate in the degradation of various protein
components of the ECM. Different types of MMPs degrade
different types of protein; MMP2 mainly degrades Col‑IV,
while MMP9 breaks down laminin and fibronectin (28). The
present study indicated that HG conditions and exogenous
TGF‑ β1 activated CFs and upregulated the expression of
MMP2 and MMP9. The upregulated MMP2 and MMP9
provided additional ECM space for cell migration and the
secretion of Col‑I and Col‑III through the degradation of
laminin and fibronectin.
TGF‑β1 is a potent cytokine with a driving role in development, fibrosis and cancer (29). It promotes differentiation
of CFs and activation of the renin angiotensin aldosterone
system, and causes an increased abundance of NADPH (30).
Furthermore, accumulation of intracellular Ca 2+, which
promotes mitosis, induces cell proliferation (25,29). More
importantly, it promotes the secretion of TGF‑β1 modulated
by mitogen‑activated protein kinase family members in
CFs (30,31). In the present study, HG and HG + R568 increased
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the levels of p‑PKC, p‑p38 and the content of TGF‑β1 in CFs
and their culture medium, while Calhex231 caused a significant reduction. To further verify the role of TGF‑β1, CFs were
treated with TβRI/II kinase inhibitor, and it was revealed that
the expression of TβRI/II and Smad2 was downregulated,
while TGF‑β1 was not affected; this indicated the regulatory
role of CaSR through alteration of the intracellular calcium
concentration. The effect of increased TGF‑β1 caused by CaSR
was further assessed, and the results demonstrated increased
mRNA levels of Col‑I, Col‑Ⅲ, MMP‑2 and MMP‑9 and
enhanced protein expression as well as release of the relevant
proteins into the culture medium.
It has previously been reported that the occurrence and
development of myocardial fibrosis is closely associated with
the activation of the TGF‑ β1/Smad pathway (32). TGF‑ β1
is associated with its receptor TβRII, which activates TβRI
kinase, causing the phosphorylation of Smad2/3, which then
combines with Smad4 and forms a complex. This complex
then translocates to the nucleus and regulates the transcription
of target genes, including Smad7. Smad7 is an inhibitory Smad,
which degrades Smad2, Smad3 and TGF‑β1 via the ubiquitin
protease degradation system (33). The present study indicated
that HG levels and CaSR agonists significantly increased
TGF‑ β1 and p‑Smad2, while CaSR inhibitors exerted the
opposite effects.
Collectively, based on the aforementioned experimental
results and previous studies, it may be hypothesized that during
diabetes (hyperglycemia), the upregulated expression of CaSR
in the CFs may lead to increases in intracellular Ca2+ (a second
messenger) (34), and further activate the TGF‑ β1/Smads
pathway. This results in the proliferation and activation of
fibroblasts, and eventually leads to myocardial fibrosis (Fig. 7).
Future studies by our group will further clarify the role and
specific mechanisms of CaSR in myocardial fibrosis, and
provide novel targets and an experimental basis for the prevention and treatment of DCM.
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