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Introduction: Calcimimetics such as etelcalcetide (ET) are used to manage secondary hyperparathyroidism pa-
tients with chronic kidney disease (CKD) on dialysis. While their cardiovascular benefits—including left ven-
tricular hypertrophy (LVH) suppression—are recognized, the underlying mechanisms remain unclear. This study
investigated how ET suppresses LVH using rat models.

Methods: LVH was induced via transverse aortic coarctation, and CKD by 5/6 nephrectomy. Rats were assigned to
the sham, CKD, LVH, or CKD/LVH groups, with each pathological group further divided into vehicle- or ET-
treated subgroups. After eight weeks of treatment, echocardiography, histological, biochemical, and molecular
analyses were conducted.

Results: ET reduced serum parathyroid hormone and fibroblast growth factor 23 (FGF23) levels in the CKD and
CKD/LVH groups but not in the LVH group, where these levels were not increased. ET did not affect serum
calcium, phosphorus, or vitamin D levels in the LVH and CKD/LVH groups. Nonetheless, ET suppressed cardiac
hypertrophy and cardiomyocyte enlargement in the LVH and CKD/LVH groups despite no changes in systemic
mineral metabolism parameters. Mechanistically, ET attenuated cardiac hypertrophy, serum aldosterone levels,
and cardiac renin-angiotensin-aldosterone system (RAAS) components in the LVH and CKD/LVH groups. Cardiac
FGF23 expression, elevated in the LVH and CKD/LVH groups, was also decreased by ET. The calcineurin/nuclear
factor of the activated T-cell signaling pathway was unaffected.

Conclusion: ET effectively suppressed LVH in the LVH and CKD/LVH groups. These findings suggest that ET’s
cardioprotective effects are mediated via the modulation of the RAAS and cardiac FGF23 expression rather than
solely through the correction of CKD-mineral bone disorder abnormalities.

1. Introduction

The leading cause of death in patients with chronic kidney disease
(CKD) is cardiovascular disease (CVD) [1]. Left ventricular hypertrophy
(LVH), a cardiac structural abnormality [2], is associated with CVD
pathogenesis [3], and patients with CKD have a high prevalence of LVH
[4]. According to a previous study, even in the early stages of CKD (stage
1-2), 51 % of patients exhibit LVH, increasing to 78 % in CKD stages 3-5
[5]. Furthermore, LVH has been identified as a significant risk factor for
CVD not only in patients without CKD but also in patients with CKD.
Although the progression of CVD has been reported to involve multiple
contributing factors, including hemodynamic stress, neuroendocrine
activation, and metabolic abnormalities [2,5,6], the underlying patho-
physiology remains complex and incompletely understood.

The mechanisms underlying LVH progression in CKD include

hypertension, volume overload, activation of the renin-angiotensin-
aldosterone system (RAAS), anemia, and diabetes [1,4,7]. Among
them, CKD-mineral bone disorder (CKD-MBD) has also been identified
as critical [8]. A significant correlation between parathyroid hormone
(PTH) levels and LVH has been demonstrated [9]. Elevated PTH acti-
vates pathways such as protein kinase C (PKC) and transforming growth
factor-beta 1 (TGF-p1), promoting LVH progression [10]. Additionally,
elevated serum phosphate levels independently contribute to LVH pro-
gression, separate from PTH elevation [11]. The phosphaturic hormone
fibroblast growth factor 23 (FGF23) also has been implicated in LVH
progression in clinical and basic research studies [12,13]. Furthermore,
Klotho—another key factor—has also been reported to play a role in
LVH pathogenesis [14]. LVH improvement has been reported to poten-
tially mitigate the risks of all-cause and cardiovascular mortality in
patients with CKD [15]. Thus, addressing LVH in patients with CKD is
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considered crucial; however, effective treatment options for this are not
yet fully established.

Active vitamin D deficiency has been implicated in LVH progression,
and vitamin D analogs have been reported in both basic and observa-
tional clinical studies to inhibit LVH progression [16-18]. Unfortu-
nately, several randomized controlled trials could not prove the efficacy
of these treatments [19,20].

In recent years, calcium-sensing receptor (CaSR) agonists, widely
used as therapeutic agents for CKD-MBD, have been shown to reduce not
only PTH but also FGF23 levels [21]. This dual effect has raised ex-
pectations for their potential to suppress cardiac hypertrophy. Indeed,
some studies have demonstrated that CaSR agonists improve LVH [22,
23] and suppress heart failure onset [24]. Thus, CaSR agonists are
considered to potentially exert beneficial effects on the heart; however,
the underlying mechanisms remain insufficiently understood. There-
fore, this study aimed to investigate the effects of a CaSR agonist, etel-
calcetide (ET), on LVH and elucidate its pharmacological mechanisms
using CKD and pressure overload-induced LVH model rats.

2. Materials and methods
2.1. Animals

We purchased Male Sprague-Dawley (SD) rats from SLC Japan Inc.
These rats were housed under controlled light and temperature condi-
tions, with free access to food and water. At 8 weeks of age, the rats were
randomly divided into seven groups as follows: sham-operated rats
treated with vehicle (sham, n=6), CKD-induced rats treated with vehicle
(CKD, n=6), CKD-induced rats treated with ET (CKD+ET, n=6), LVH-
induced rats treated with vehicle (LVH, n=6), LVH-induced rats
treated with ET (LVH+ET, n=6), CKD- and LVH-induced rats treated
with vehicle (CKD/LVH, n=6), and CKD- and LVH-induced rats treated
with ET (CKD/LVH+ET, n=6). All groups were fed a high-phosphate
diets containing 1.0 % calcium and 1.2% phosphate. At 8 weeks of
age, transverse aortic constriction (TAC) was performed on rats in the
LVH and CKD/LVH groups. Briefly, anesthesia was induced with iso-
flurane, followed a mixture of medetomidine, midazolam, and butor-
phanol was administered intraperitoneally. The rats underwent tracheal
intubation using 17-gauge vascular catheters and were mechanically
ventilated with a small animal ventilator (MK-V100, Muromachi Kikai).
After thoracotomy, a 5-0 silk suture was placed around the transverse
aorta between the innominate artery and the left common carotid artery.
The aorta was constricted by tying the suture firmly around it with a 25-
gauge needle positioned as a spacer. At 9 weeks of age, a left two-thirds
nephrectomy was performed on the CKD and CKD/LVH groups, fol-
lowed by a right nephrectomy at 10 weeks of age. Sham operations were
performed on rats in the sham group at the corresponding ages (8, 9, and
10 weeks).

Treatment with vehicle or ET began at 11 weeks of age and
continued daily until sacrifice at 19 weeks of age (Fig. 1). ET was
administered subcutaneously at a dose of 0.5 mg/kg/day. The 24-hour
urine was collected from each rat housed individually in metabolic
cages, and echocardiographic parameters were measured prior to
euthanasia at 19 weeks of age. Blood samples for serum analysis were
collected from the left ventricle, and the hearts were harvested for RNA
and protein extraction, as well as histomorphological analysis.

All procedures were performed in accordance with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals. The
experimental protocol was approved by the Ethics Committee of the
Animal Experiment Facility at the Kobe University Graduate School of
Medicine (Permit No.: P190795-R1). All surgical procedures were car-
ried out under anesthesia using 1.5 % isoflurane, supplemented with
intraperitoneal premedications of midazolam (2 mg/kg), medetomidine
(0.375 mg/kg), and butorphanol (2.5 mg/kg). All efforts were made to
minimize animal suffering, in accordance with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines for reporting

Biomedicine & Pharmacotherapy 196 (2026) 119054

TAC Lt2/3Nx RtNx Sacrifice
8W 9w 10w 11w 19w
Sham —Tre—
(n=6)
ckD 1 1 oosscroesl
(n=6)
CKD+ET 1 1 etelcalcetide 0.5mg/kg/day 1
(n=6)
me 4 —r—
L]
(n=6)
TAC+ET 1 etelcalcetide 0.5mg/kg/day }
(n=6)
mecko & 4 4 rrrre—
(n=6)
TAC+CKD +ET 1 1 1 etelcalcetide 0.5mg/kg/day 1
(n=6) I !>

v

High phosphate diet (Ca 1.0%, P 1.2%)

Fig. 1. Protocol of the experiments.
animal research [25].
2.2. Biochemical analysis

Blood and urine samples were centrifuged at 3000 rpm for 10 min,
and the supernatants were stored at —80°C until analysis. Serum levels
of blood urea nitrogen and creatinine were measured using the Fuji Dri-
Chem 3500 system (FUJIFILM, Tokyo, Japan). Serum calcium, phos-
phorus, and urinary creatinine levels were measured using the Calcium
E-Test Wako, Phospha C-Test Wako, and LabAssay Creatinine Kkits
(FUJIFILM Wako Pure Chemical Industries, Osaka, Japan), respectively.
Serum 1,25(0OH); vitamin D and 25(0H) vitamin D levels were analyzed
by SRL Inc. (Tokyo, Japan). Serum intact parathyroid hormone (iPTH)
levels were quantified using Rat Bioactive intact PTH ELISA kit (Quidel
Corporation, San Diego, CA, USA). Serum intact fibroblast growth factor
23 (iFGF23) levels were measured using FGF23 ELISA kit (KAINOS
laboratories, Inc., Tokyo, Japan). Serum aldosterone, and urinary 8-
hydroxy-2’-deoxyguanosine (8-OHdG) levels were quantified using
Aldosterone ELISA kit (Abcam, Cambridge, UK) and 8-OHdG ELISA kit
(KOG-200SE, Japan Institute for the Control of Aging, Shizuoka, Japan),
respectively.

2.3. Blood pressure measurement

Tail-cuff plethysmography (MK-2000; Muromachi Kikai Co., Ltd.,
Tokyo, Japan) was used for the measurement of systolic blood pressure.
To minimize stress-induced hypertension, rats were allowed to accli-
matize to the testing environment for no less than 15 min prior to blood
pressure measurement. A total of 10 readings were taken and averaged
to obtain the final value.

2.4. Echocardiographic measurements

Transthoracic echocardiography (F37 and UST-5299 ultrasound
transducer probe; Hitachi Aloka Medical, Ltd., Tokyo, Japan) was per-
formed under 1.5 % isoflurane anesthesia. A two-dimensional short-axis
image of the left ventricle was obtained at the level of the papillary
muscles.

2.5. Histological and immunohistochemical analysis

Hearts were excised, fixed in 10 % formaldehyde, and embedded in
paraffin blocks. Sections from the paraffin blocks were stained with
Sirius Red for morphometric measurements. The remaining heart tissue
was embedded in OCT compound, frozen, and cryosectioned. These
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cryosections were stained with Alexa Fluor 488-labeled wheat germ
agglutinin (WGA; Thermo Fisher Scientific, Carlsbad, CA, USA;
W11261) according to the protocol provided by the manufacturer. The
percentage of positive regions in Sirius Red staining and the cross-
sectional area of myocardial fibers in WGA staining were analyzed
using image analysis software (imageJ, National Institutes of Health,
USA).

Immunohistochemical staining was performed to evaluate the
expression of angiotensin-converting enzyme (ACE), ACE2, angiotensin
II (Ang 1), FGF23 and calcium-sensing receptor (CaSR). The following
primary antibodies were used: anti-ACE antibody (SantaCruz Biotech-
nology, Inc., CA, USA; sc-23908), anti-ACE2 antibody (Abcam, Cam-
bridge, UK; ab108252), anti-Ang II antibody (Novus Biologicals,
Littleton, CO, USA; NB100-62346), anti-FGF23 antibody (MybioSource,
Inc, San Diego, CA, USA; MBS854462), anti-CaSR antibody (Life Tech-
nology, Carlsbad, CA, USA; MA1-934), and anti-8-OHdG monoclonal
antibody (Japan Institute for the Control of Aging, Shizuoka, Japan;
MOG-020P). The sections were incubated with the primary antibodies
for 60 min at room temperature (ACE2 and CaSR) or overnight at 4°C
(ACE, Ang II, FGF23, and 8-OHdG). For the immunohistochemistry of
ACE, ACE2, Ang II, and FGF23, a universal immunoperoxidase polymer
(Nichirei Biosciences Inc., Tokyo, Japan; NIC-414191F) was used. For 8-
OHdG, a biotinylated anti-mouse immunoglobulin G secondary anti-
body (Vector Laboratories, Newark, CA, USA; BA-2000) was applied,
followed by detection using the ABC reagent (Vector Laboratories,
Newark, CA, USA; PK-6100). In all immunohistochemical procedures,
color development was achieved using 3,3-diaminobenzidine as the
chromogenic substrate.

The regions with positive immunohistochemical staining were
quantified using ImageJ software. The number of 8-OHdG-positive cells
was expressed as the number of positive cells per 0.01 mm? of the
analyzed area.

2.6. RNA extraction and real-time polymerase chain reaction

Total RNA was extracted from frozen heart tissues using RNAiso Plus
(Takara Bio Inc., Shiga, Japan), and complementary DNA was synthe-
sized using the ReveTra ACE gqPCR RT Kit (TOYOBO Co., Ltd., Osaka,
Japan). Real-time polymerase chain reaction (RT-PCR) was conducted
using a SYBR Green assay on the Applied Biosystems 7500 real-time PCR
system (Thermo Fisher Scientific, Waltham, MA, USA) with Thunderbird
SYBR qPCR Mix (TOYOBO Co., Ltd., Osaka, Japan). Quantitative anal-
ysis of mRNA expression was conducted using the relative quantification
algorithm implemented in the Applied Biosystems 7500 Real-Time PCR
Software. Target gene expression was normalized to GAPDH, which
served as the reference gene. The primer sequences used for amplifica-
tion were as follows: GAPDH: forward 5-TGGGAAGCTGGTCATCAAC-3,
reverse 5-GCATCACCCCATTTGATGTT-3'; FGF23; forward 5-TTGG
ATCGTATCACTTCAGC-3/, reverse 5-TGCTTCGGTGACAGGTAG-3’; a-m
yosin heavy chain (a-MHC): forward 5-GAGCAGGAGCTGATCGAGAC-
3/, reverse 5-CCTCTGCGTTCCTACACTCC-3'; f-myosin heavy chain (8-M
HC): forward 5-CTCCAGAAGAGAAGAACTCC-3, reverse 5-CCACCTGC
TGGACATTCTGC-3; atrial natriuretic peptide (ANP): forward 5-AGG-
CAGTCGATTCTGCTTGA-3/, reverse 5-CGTGATAGATGAAGGCAGGAA
G-3; brain natriuretic peptide (BNP): forward 5-CCAGAACAATC
CACGATGC-3, reverse 5-TCGAAGTCTCTCCTGGATCC-3; angiotensi-
nogen (AGT): forward 5-TTGTGTGAGGAGGGCTGTAT-3/, reverse 5-
TGCTGAGAGTGTAGGTCCTG-3'; angiotensin II type 1 receptor (AT1R):
forward 5-CTCAAGCCTGTCTACGAAAATGAG-3/, reverse 5-GTGAATG
GTCCTTGGTCGT-3; angiotensin 1 converting enzyme (ACE): forward 5'-
TGCCTAGATCCCAAGGTGAC-3/, reverse 5-CAACTTCATGGCATCTGC-
CAGCA-3’; angiotensin 1 converting enzyme 2 (ACE2): forward 5-
CCCAGAGAACAGTGGACCAAAA-3, reverse 5-GCTCCACCACACCAAC
GAT-3’; renin: forward 5-CTGTGCATACTGGCTCTCCA-3/, reverse 5'-
GGCTTGGCCTAAAACTAGGG-3; connective tissue growth factor
(CTGF): forward 5-GCGGCGAGTCCTTCCAA-3', reverse 5-CCACG
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GCCCCATCCA-3'; CaSR: forward 5-TGACGAGCCTCAGAAGAATGC-3,
reverse 5-CCTCCACCACTAATGACGAAGC-3; sarcoplasmic/endoplas
mic reticulum Ca®" ATPase 2a (SERCA2a): forward 5-CTGGCCGAC-
GACAACTTCTC-3/, reverse 5-TGAGGTAGCGGATGAACTGCTT-3’; rya-
nodine receptor 2 (RyR2): forward 5-TGCTGCGAGCCGGG-3, reverse 5'-
TGGCGGTGGCGTAGGA-3; protein phosphatase 3 catalytic subunit
alpha (Ppp3ca): forward 5-TGCAAAGCGCTACTGTTGAG-3/, reverse 5'-
GCTGTCTGTGCCGTTAGTCT-3'; regular of calcineurin 1 (Rcanl); for-
ward 5-TTGGGAACTGTTGGTTGACA-3, reverse 5-ATGGCTACGGCA-
TACTCCAC-3'.

2.7. Protein extraction and western blot analysis

Frozen heart samples were homogenized in PRO-PREP (Cosmo Bio
Co., Ltd., Tokyo, Japan), a protein extraction reagent, supplemented
with PhosSTOP (Roche Diagnostics, Mannheim, Germany), a phospha-
tase inhibitor. After centrifugation at 13,000 rpm for 5 min, the super-
natant of the homogenate was collected to obtain the lysate. The lysate
was mixed with LDS Sample Buffer (4x) and Reducing Agent (10x)
(Thermo Fisher Scientific, Waltham, MA, USA), followed by heat
treatment at 70°C for 10 min. Protein was separated by SDS-PAGE using
Tris-based Mini Protein Gels (Thermo Fisher Scientific, Waltham, MA,
USA) and transferred onto PVDF membrane (Bio-Rad, Richmond, CA,
USA) via electroblotting. The membranes were blocked with either TBS-
T (150 mM NaCl, 50 mM Tris-HCl and 0.05 % Tween 20) containing 5 %
skimmed milk or Blocking One-P (Nacalai Tesque, Inc., Kyoto, Japan).
The following primary antibodies were used for incubation: anti-p-actin
antibody (SantaCruz Biotechnology, Inc., CA, USA; sc-47778), anti-
NFAT (nuclear factor of the activated T-cell) c4 antibody (SantaCruz
Biotechnology, Inc., CA, USA; sc-271597), and anti-p-NFATc4 antibody
(SantaCruz Biotechnology, Inc., CA, USA; sc-135771). After incubation
with the primary antibody for 30 min at room temperature or overnight
at 4°C, the membrane was washed and then incubated with the sec-
ondary antibody, m-IgGk BP-HRP (SantaCruz Biotechnology, Inc, CA,
USA; sc-516102), for 30 min at room temperature. Protein signals ware
visualized using the chemiluminescent reagent Chemi-Lumi super one
(Nacalai tesque, Kyoto, Japan) and captured with the Amersham Imager
600 (GE Healthcare Bioscience, Piscataway, NJ, USA). Results were
analyzed using image analysis software (ImageJ, National Institutes of
Health, USA).

2.8. Statistical analysis

All statistical analyses were performed using IBM SPSS statistics
software version 29.0 (IBM Corp., Armonk, NY, USA). All data are
expressed as the mean + standard error. To evaluate the effects of ET in
the CKD, LVH, and CKD/LVH groups, data were analyzed using a two-
way analysis of variance (ANOVA) with group (CKD, LVH, CKD/LVH)
and treatment (vehicle vs. ET) as factors. When a significant interaction
was detected, simple effects were examined by comparing the vehicle-
and ET-treated rats within each group, with adjustment for multiple
comparisons using the Sidak method. Comparisons among the vehicle-
treated sham, CKD, LVH, and CKD/LVH groups were performed using
one-way ANOVA followed by Dunnett’s test, with the sham group as the
reference. A P-value of less than 0.05 was considered statistically
significant.

3. Results
3.1. Animal characteristics and biochemical data

Table 1 summarizes the characteristics and biochemical parameters
of the rats at 19 weeks of age. Among the groups, blood pressure was
higher in the CKD group than in the sham group, whereas no significant
differences were observed between the LVH or CKD/LVH groups and the
sham group. Heart rate was comparable across all groups. Serum blood
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Table 1
Animal characteristics at 19 weeks.
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Sham CKD CKD + ET LVH LVH + ET CKD/LVH CKD/LVH + ET

N=6 N=6 N=6 N=6 N=6 N=6 N=6
BW (g) 524.8 +13.4 445.2 + 8.2* 442.2 +£12.7 461.0 + 18.5 526.3 +13.3 439.3 + 27.9% 458.2 £ 8.8
sBP (mmHg) 117.4 £ 0.9 126.9 + 0.8% 125.0 + 2.1 119.2 + 2.4 119.7 £ 1.6 119.7 £ 1.3 118.0 = 2.8
HR (/min) 448.3 +10.0 475.4 £ 11.9 446.8 +£11.9 436.7 +18.3 419.3 +£15.8 433.5+9.0 428.2 +10.7
BUN (mg/dL) 13.1+1.3 29.6 + 1.8% 284 +1.9 14.5+0.8 151 +£0.5 30.5 + 2.4% 30.3+1.7
Cr (mg/dL) 0.26 £ 0.01 0.70 + 0.04* 0.70 £ 0.05 0.28 £ 0.01 0.28 4 0.01 0.76 + 0.05* 0.62 + 0.04
Ca (mg/dL) 10.5+0.2 9.1 +0.1% 8.5+0.3* 10.3+£0.2 10.1 £0.2 9.2+ 0.1% 89+0.2
P (mg/dL) 6.8 £0.3 9.4 £ 0.4* 9.3+0.5 7.1+£0.3 7.1+£0.2 9.6 + 0.3* 10.0 £ 0.5
1.25(0H),VitD (pg/mL) 363.2 +28.2 291.2 +30.8 289.5+11.1 315.7 £ 23.9 352.3+17.1 222.7 + 4.1% 269.3 +21.5
25(OH)VitD (pg/mL) 43.7 £ 1.5 42.5 + 3.2 44.3 £ 3.1 47.2 + 3.4 443+ 1.6 44.0 £ 1.6 41.8 £ 5.5

Abbreviations: CKD, chronic kidney disease; LVH, left ventricular hypertrophy; ET, etelcalcetide; BW, Body Weight; sBP, systolic blood pressure; HR, heart rate; BUN,
blood urea nitrogen; Cr, creatinine; Ca, calcium; P, phosphate; 1,25(0H),VitD, 1,25-dihydroxyvitamin D; 25(OH)VitD, 25-hydroxyvitamin D.
#; P < 0.05, vs. sham group, a; P < 0.05, CKD group vs. CKD + etelcalcetide (ET) group, b; P < 0.05, LVH group vs. LVH + ET group, ¢; P < 0.05, vs. CKD/LVH group

vs. CKD/LVH + ET group.

urea nitrogen (BUN) and creatinine (Cr) levels were elevated in the CKD
and CKD/LVH groups compared to the sham group, while these levels in
the LVH group were similar to those in the sham group. Furthermore, ET
did not significantly affect blood pressure, heart rate, BUN, or Cr levels
in any group.

3.2. Echocardiographic parameters and cardiac weight

The echocardiographic parameters and heart weight at 19 weeks of
age are shown in Table 2. Significant increments in interventricular
septal thickness at end-diastole and left ventricular posterior wall
thickness in diastole were observed in the LVH and CKD/LVH groups.
Treatment with ET significantly suppressed these increments in the
CKD/LVH group. Additionally, the CKD, LVH, and CKD/LVH groups
showed significant reductions in the left ventricular ejection fraction
and fractional shortening, both of which were significantly attenuated
with ET in the LVH and CKD/LVH groups. The heart weight-to-body
weight ratio was also significantly elevated in the LVH and CKD/LVH
groups. ET treatment tended to attenuate this ratio in the LVH group and
significantly attenuated it in the CKD/LVH groups.

3.3. Assessment of cardiac hypertrophy and fibrosis

In WGA-stained myocardial tissue, the cardiomyocyte area was
significantly increased in the LVH and CKD/LVH groups (Fig. 2a), and
ET significantly attenuated cardiomyocyte hypertrophy in both groups.

In the LVH and CKD/LVH groups, myocardial mRNA expression
levels of ANP, BNP, and B-MHC were significantly elevated, while
a-MHC expression was significantly reduced (Fig. 2b, c, d, and e). ET
treatment led to significant improvements in these expression levels.

Cardiac fibrosis (assessed using Sirius Red staining) was significantly
worsened in the LVH and CKD/LVH groups (Fig. 3a). ET treatment

Table 2

significantly prevented cardiac fibrosis in both groups. Additionally, in
the CKD/LVH group, myocardial mRNA expression of CTGF was
significantly increased; however, ET treatment significantly reduced its
expression (Fig. 3b).

3.4. CKD-MBD-related parameters in the serum and heart

No significant differences in serum phosphate, 1,25(OH)5 vitamin D5
and 25(0OH) vitamin D levels were observed between the vehicle- and
ET-treated groups across the CKD, LVH, and CKD/LVH groups. Serum
calcium levels were suppressed in the CKD group and tended to be lower
in ET-treated rats than in the vehicle-treated rats in the CKD/LVH group
(Table 1).

As shown in Fig. 4a, serum intact PTH levels were elevated in the
CKD and CKD/LVH groups compared to the sham group. Treatment with
ET suppressed the elevation of serum intact PTH levels significantly in
the CKD/LVH group and tended to suppress them in the CKD group.
Similarly, serum intact FGF23 levels were elevated in the CKD and CKD/
LVH groups compared to the sham group, and ET treatment significantly
suppressed these levels in the CKD and CKD/LVH groups (Fig. 4b). In the
LVH group, neither serum intact PTH nor serum intact FGF23 levels
were elevated, and no changes were observed with ET treatment.

Cardiac mRNA expression of FGF23 was significantly elevated in the
CKD/LVH group, and ET treatment significantly reduced its expression
in the EVH-and CKD/LVH groups (Fig. 4c). Inmunohistochemical ana-
lyses revealed that cardiac expression of FGF23 significantly increased
in the LVH and CKD/LVH groups and significantly decreased by ET
treatment in both groups (Fig. 4d).

Results of the echocardiogram at 19 weeks and heart weight/body weight ratio at the time of sacrifice.

Sham CKD CKD + ET LVH LVH + ET CKD/LVH CKD/LVH + ET
N=6 N=6 N=6 N=6 N=6 N=6 N=6
LVDd (mm) 7.95 + 0.07 8.43 +0.17 8.50 + 0.13 8.15 + 0.20 8.22+0.15 9.03 + 0.26* 8.52 +0.16
LVDs (mm) 4.65 + 0.03 5.23 + 0.10* 5.13 £ 0.10 5.67 + 0.11% 5.28 + 0.13" 6.77 + 0.16* 5.65 + 0.10°
IVSTd (mm) 1.65 + 0.05 1.77 + 0.05 1.72 + 0.05 2.03 + 0.03" 1.92 + 0.08 2.25 + 0.07% 1.92 + 0.05°
LVPWd (mm) 1.73 £ 0.02 1.83 + 0.05 1.75 + 0.04 2.03 + 0.04* 1.88 + 0.06 2.33 + 0.10% 2.08 + 0.03°
EF (%) 80.0 + 0.5 76.1 + 0.47 78.0 £ 0.5 66.3 + 0.97 73.1+1.9° 57.7 + 1.7% 70.6 + 1.9
FS (%) 415+ 0.5 38.2 + 0.6% 39.7 £ 0.5 30.4 + 0.7% 35.7 +£1.5° 25.0 +1.1% 33.6 + 1.4
HW/BW 2.38 + 0.07 3.03 + 0.03 2.81 + 0.04 3.59 + 0.08% 3.10 + 0.07 5.72 + 0.49% 3.55 + 0.07°

Abbreviations: CKD, chronic kidney disease; LVH, left ventricular hypertrophy; ET, etelcalcetide; LVDd, left ventricular diastolic diameter; LVDs, left ventricular
systolic diameter; IVSTd, interventricular septal thickness at end-diastole; LVPWd, left ventricular posterior wall thickness in diastole; EF, ejection fraction; FS,

fractional shortening; HW/BW. Heart weight/Body weight.

#; P < 0.05, vs. sham group, a; P < 0.05, CKD group vs. CKD + etelcalcetide (ET) group, b; P < 0.05, LVH group vs. LVH + ET group, c¢; P < 0.05, vs. CKD/LVH group

vs. CKD/LVH + ET group.
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Fig. 2. Evaluation of myocardial hypertrophy. (a) Histological analysis of the cardiomyocyte cross-sectional area using wheat germ agglutinin (WGA) staining. (b)
Cardiac mRNA expression of atrial natriuretic peptide (ANP). (c) Cardiac mRNA expression of brain natriuretic peptide (BNP). (d) Cardiac mRNA expression of
a-myosin heavy chain (a-MHC). (e) Cardiac mRNA expression of p-myosin heavy chain (3-MHC). Data are presented as the mean + SEM. #: P < 0.05 vs. Sham group;
a: P < 0.05, CKD group vs. CKD + etelcalcetide (ET) group; b: P < 0.05, LVH group vs. LVH + ET group; c¢: P < 0.05, CKD/LVH group vs. CKD/LVH + ET group.
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Fig. 3. Evaluation of myocardial fibrosis. (a) Histological assessment of myocardial fibrosis using Sirius Red staining. (b) Cardiac mRNA expression of connective
tissue growth factor (CTGF). Data are presented as the mean + SEM. #: P < 0.05 vs. Sham group; a: P < 0.05, CKD group vs. CKD + Etelecalcetide (ET) group; b:
P < 0.05, LVH group vs. LVH + ET group; c: P < 0.05, CKD/LVH group vs. CKD/LVH + ET group.

3.5. Evaluation of the CaSR, CaN-NFAT signaling pathway and
intercellular calcium regulators in the heart

The mRNA expression of cardiac CaSR was significantly elevated in
the CKD, LVH, and CKD/LVH groups (Fig. 5a). ET treatment signifi-
cantly reduced its expression in the CKD, LVH, and CKD/LVH groups.
Immunohistochemical analyses further confirmed that cardiac CaSR
expression was significantly increased in the LVH and CKD/LVH groups,
and ET treatment led to a significant decrease in CaSR expression in the
LVH and CKD/LVH groups (Fig. 5b). Additionally, the mRNA expression
levels of SERCA2a and RyR2—intracellular calcium regulators—were
evaluated. There were no statistically significant differences among the
groups (Fig. 6a and b).

To assess ET’s impact on the cardiac calcineurin (CaN)-NFAT
signaling pathway, the expression of the pathway-related factors in the
heart was evaluated. The mRNA expression levels of Ppp3ca, a subunit
of calcineurin Aa, and Rcanl, regulators of the CaN-NFAT pathway,

were significantly elevated in the CKD/LVH group. However, ET treat-
ment did not significantly change these expressions (Fig. 6¢ and d).

In terms of NFAT dephosphorylation, as indicated by the p-NFATc4/
NFATc4 ratio, significant reductions were observed in the LVH and
CKD/LVH groups. However, no significant changes were detected
following ET treatment (Fig. 6e).

3.6. Serum aldosterone and cardiac expressions of RAAS-related factors

Serum aldosterone levels were significantly elevated in the LVH and
CKD/LVH groups. ET significantly reduced aldosterone levels in the LVH
and CKD/LVH groups (Fig. 7a).

The mRNA expression of cardiac ACE was significantly increased in
the CKD/LVH group; however, ET significantly suppressed its expression
in the LVH and CKD/LVH groups (Fig. 7b). Furthermore, the mRNA
expression of cardiac AGT was significantly increased in the LVH and
CKD/LVH groups, and ET significantly suppressed its expression in both



H. Okamoto et al.

d
- C
1S
w #
& 1200— B
P .
3]
>
2 800 e
- #
[ .
o .
400— T
£ I e
=] . . " ° .
E . ) I s . I H i ' . I
@ q® €@ e ax®
o o o® W e 0’~°‘ o® |\.\‘
c c
1)
2 20+ #
© .
5 .
5 15—
@]
L
< 10— I
= ole
OEC :
5- : R i
%2 . R .- :I' . e I
iy oI L . s
o 0
[N

o

Sham : CKD
CKD +ET
1
o 10 #
©
o %8 I—b—|
.2c6
"5;_%’ #
85 4 ﬁ T
522 - [ []
N
L
o L= [
. <

Biomedicine & Pharmacotherapy 196 (2026) 119054

= c
£
g 1 #
& 6000 e
o #
: - 1
— 4000 N L
Q 1 :
o . . .
g 2000— I
£ cge TE e,
s o
<
v < RN RC
ae®  o® o ©~ e o W C“\o\\("“&‘\_\\\'\
LVH CKD/LVH
LVH +ET CKD/LVH+ET

Fig. 4. Evaluation of serum intact parathyroid hormone (iPTH), and intact fibroblast growth factor 23 (iFGF23) in serum and heart tissue. (a) Serum levels of intact
parathyroid hormone (iPTH). (b) Serum levels of intact fibroblast growth factor 23 (iFGF23). (c) Cardiac mRNA expression of FGF23. (d) Cardiac FGF23 expression
evaluated by immunohistochemical staining. Data are presented as the mean + SEM. #: P < 0.05 vs. Sham group; a: P < 0.05, CKD group vs. CKD -+ etelcalcetide
(ET) group; b: P < 0.05, LVH group vs. LVH + ET group; c¢: P < 0.05, CKD/LVH group vs. CKD/LVH + ET group.

groups (Fig. 7d). Additionally, in the CKD/LVH group, the mRNA
expression of cardiac AT1R was also significantly elevated, and it tended
to decreased with ET treatment (Fig. 7e). In contrast, the mRNA
expression of cardiac ACE2 was significantly suppressed in the LVH and
CKD/LVH groups, and ET significantly increased its expression (Fig. 7c).
There were no significant differences in renin mRNA expression in all
groups (Fig. 7f).

Protein expression in tissue, evaluated

cardiac through

immunohistochemical analyses, revealed that the expression levels of
ACE and Ang II were significantly increased in CKD/LVH groups and
significantly decreased following ET treatment in the LVH and CKD/
LVH groups (Fig. 7g and h). Additionally, cardiac ACE2 expression was
significantly reduced in the CKD, LVH, and CKD/LVH groups and ET
treatment tended to increase its expression (Fig. 7i).
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Fig. 5. Evaluation of calcium sensing receptor (CaSR) expression in the heart. (a) Cardiac mRNA expression of CaSR. (b) Cardiac CaSR expression evaluated by
immunohistochemical staining. Data are presented as the mean + SEM. #: P < 0.05 vs. Sham group; a: P < 0.05, CKD group vs. CKD + etelcalcetide (ET) group; b:
P < 0.05, LVH group vs. LVH + ET group; c: P < 0.05, CKD/LVH group vs. CKD/LVH + ET group.

3.7. Systemic and cardiac oxidative stress

Urinary 8-OHdG levels, a marker of systemic oxidative stress, were
elevated in the LVH and CKD/LVH groups, with the highest levels
observed in the CKD/LVH group. ET significantly reduced urinary 8-
OHAG levels in all groups (Fig. 8a). Local oxidative stress in myocar-
dial tissue was assessed using immunohistochemical analyses. Oxidative
stress was elevated in the CKD, LVH, and CKD/LVH groups, with the
CKD/LVH group showing the most pronounced increase, consistent with
the urinary 8-OHdG results (Fig. 8b). ET treatment alleviated systemic
and cardiac oxidative stress across all groups.

4. Discussion

This study demonstrated that 1) ET improved LVH regardless of the

presence of CKD; 2) ET suppressed RAAS elevations in the circulation
and cardiac tissue in the LVH and CKD/LVH groups; 3) cardiac CaSR
expression was upregulated in the LVH and CKD/LVH groups, and this
upregulation was attenuated by ET administration; 4) although the
CaN-NFAT pathway was activated in the LVH and CKD/LVH groups, ET
treatment did not affect this activation; 5) oxidative stress was sup-
pressed by ET administration in the CKD, LVH, and CKD/LVH groups.
Calcimimetics are widely used as therapeutic agents for hyperpara-
thyroidism and are known to reduce serum PTH and FGF23 levels [21,
26]. PTH and FGF23 are both considered key factors involved in LVH
progression [27]. Clinical studies have reported a correlation between
elevated PTH levels and increased left ventricular mass [9]. In basic
research using mouse models, PTH administration has been shown to
exacerbate cardiac hypertrophy and upregulate cardiac vascular endo-
thelial growth factor and TGF-f1 expression, suggesting a possible role
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Fig. 6. Cardiac expression of factors related to intracellular calcium regulation and the calcineurin-nuclear factor of activated T cells (CaN-NFAT) signaling
pathway. (a) Cardiac mRNA expression of sarcoplasmic/endoplasmic reticulum Ca®" ATPase 2a (SERCA2a). (b) Cardiac mRNA expression of ryanodine receptor 2
(RyR2). (c) Cardiac mRNA expression of protein phosphatase 3 catalytic subunit alpha (Ppp3ca). (d) Cardiac mRNA expression of the regulator of calcineurin 1
(Rcanl). (e) Cardiac protein expression of the nuclear factor of activated T-cells 4 (NFATc4) and phosphorylated NFATc4 (p-NFATc4) by Western blot analysis. Data
are presented as the mean + SEM. #; P < 0.05, vs. sham group, a; P < 0.05, CKD group vs. CKD + etelcalcetide (ET) group, b; P < 0.05, LVH group vs. the LVH + ET

group, ¢; P < 0.05, vs. the CKD/LVH group vs. CKD/LVH + ET group.

in LVH progression [28]. Similarly, elevated FGF23 levels have been
demonstrated in clinical studies to be associated with LVH indepen-
dently of traditional risk factors such as reduced eGFR, diabetes, and
hypertension [12]. Moreover, in experimental models, FGF23 has been
reported to activate the CaN-NFAT signaling pathway via FGF receptor
4, independently of klotho [13,29]. In the present study, ET adminis-
tration led to reductions in serum PTH and FGF23 levels in the CKD and
CKD/LVH groups. However, in the LVH group, these parameters
remained unchanged despite a notable improvement in LVH. These
findings suggest that while the antihypertrophic effects of ET may be
partially mediated through the suppression of PTH and FGF23, the
primary mechanisms likely involve other pathways.

In our study, cardiac hypertrophy progression was associated with
increased cardiac CaSR expression, and this change was suppressed by

ET. Previous studies have reported that cardiac CaSR expression is
upregulated in response to hypertrophic stimuli such as Ang II or
isoproterenol [30,31]. In addition, treatment with a CaSR antagonist
(NPS 2143) has been shown to ameliorate cardiac hypertrophy and
suppress the upregulation of cardiac CaSR expression [32]. These find-
ings suggest that cardiac CaSR expression increases with cardiac hy-
pertrophy progression and that ET may counteract this upregulation.
CaSR activation is known to increase intracellular calcium concen-
trations [33], which activates the CaN-NFAT signaling pathway [34].
Gadolinium (Gd*), a CaSR agonist, together with Ang II, induced
greater cardiac hypertrophy compared to Ang II alone in rat car-
diomyocytes, and this was associated with CaN-NFATc4 signaling
pathway activation [35]. However, in our study, ET did not attenuate
CaN-NFAT signaling pathway activation. While calcium is a well-known
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Fig. 7. Evaluation of serum aldosterone levels, cardiac mRNA expression of RAAS-related factors, and their expression by immunohistochemical staining in the
heart. (a) Serum Aldosterone levels. (b) Cardiac mRNA expression of angiotensin-converting enzyme (ACE). (c) Cardiac mRNA expression of angiotensin-converting
enzyme 2 (ACE2). (d) Cardiac mRNA expression of angiotensinogen (AGT). (e) Cardiac mRNA expression of angiotensin II type 1 receptor (AT1R). (f) Cardiac mRNA
expression of Renin. (g) Cardiac protein expression of Angiotensin II (Ang II) by immunohistochemical staining. (h) Cardiac protein expression of ACE by immu-
nohistochemical staining. (i) Cardiac protein expression of ACE2 by immunohistochemical staining. Data are presented as the mean + SEM. #; P < 0.05, vs. sham
group, a; P < 0.05, CKD group vs. CKD + etelcalcetide (ET) group, b; P < 0.05, LVH group vs. LVH + ET group, c; P < 0.05, vs. CKD/LVH group vs. CKD/LVH

+ ET group.
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Fig. 7. (continued).

CaSR agonist, other agents such as phosphate, Gd® *, and cadmium (Cd)
are also known to activate CaSR, and it has been suggested that these
agonists may differentially affect downstream signaling pathways [36].
Furthermore, previous studies have demonstrated that the CaSR agonist
suppressed Cd-induced increments in intracellular calcium levels [37].
Additionally, a study using neonatal rat cardiomyocytes demonstrated
that treatment with the calcimimetic AMG-073 under high Ca** condi-
tions led to a decrease in ANP mRNA expression, suggesting a potential
protective effect against cardiac hypertrophy [38]. Taken together, our
findings suggest that etelcalcetide may suppress cardiac hypertrophy
progression via other mechanisms independent of the CaN-NFAT
signaling pathway in the heart.

The RAAS is a key contributor to cardiac hypertrophy progression
[39,40]. Both basic and clinical studies have demonstrated that ACE
inhibitors (ACE-Is) and Ang II receptor blockers improve cardiac

11

hypertrophy [33,41]. Previous studies have reported that a CaSR agonist
(R-568) ameliorated cardiac hypertrophy in hypertensive rats by
reducing the expression of cardiac renin, AT1R, cyclic AMP (cAMP), and
Ang II, while simultaneously increasing the expression of cardiac
angiotensin (1—7) [Ang (1—7)] and angiotensin (1-9) [Ang (1-9)]
[23]. Furthermore, R-568 administration in hypertensive rats was
shown to suppress the expression of renin, Ang II, and AT1R in the
thoracic aorta [42]. One proposed mechanism is that CaSR is expressed
in the kidney, and calcimimetics may act on CaSR located in juxtaglo-
merular cells to inhibit renin secretion by suppressing adenylate cyclase
and cAMP production [43].

Additionally, elevated levels of FGF23 and PTH have been associated
with RAAS activation [44,45]. In the present study, although serum PTH
and FGF23 levels were not elevated in the LVH group, cardiac FGF23
expression was increased, and this upregulation was suppressed by ET.



H. Okamoto et al.

Biomedicine & Pharmacotherapy 196 (2026) 119054

d
S c
+ 1000 | |
= #
E
B 800 b .
©u [ |
[ - #
i>9 600 . . . I
2 400 "Ll
£ . I °
: o .
2‘200_ s = 8 ° ::IIS ool s+ 8
g [ ]
= 0
-] '} )(€‘
|2 W)
0@ o® 0¥ Wt T ol C@\N"\
Sham CKD LVH CKD/LVH
CKD +ET LVH+ET CKD/LVH +ET
£ | I
KU #
T) 12 4
o
a>) b
= s | :
G] | 2 | e T o i
5= °° . #
T #
Q 4- s 2 g S,
o0 e ° s :’[ ° °
ks . °
[ 8 == o
3
c 0
=) 2}
c Al < W Xt
o o x© x® W )
2 o™ @ T Wt T ol C\@\»\\

Fig. 8. Evaluation of oxidative stress. (a) Urinary 8-hydroxy-2-deoxyguanosine (8-OHdG) levels. (b) Number of 8-OHdG-positive cells in the heart by immuno-
histochemical staining. Data are presented as the mean + SEM. #; P < 0.05, vs. sham group, a; P < 0.05, CKD group vs. CKD + etelcalcetide (ET) group, b; P < 0.05,
LVH group vs. LVH + ET group, ¢; P < 0.05, vs. CKD/LVH group vs. CKD/LVH + ET group.
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Previous studies have demonstrated that in models of
hypertension-induced and TAC-induced cardiac hypertrophy, FGF23
expression is significantly elevated in the myocardium itself rather than
in bone. Although bone is an important site of FGF23 production,
myocardial expression of FGF23 appears to be particularly relevant in
the context of cardiac hypertrophy and fibrosis [46,47]. Moreover, have
shown that Ang II and aldosterone suppress cardiac FGF23 expression
[13,48], and that this effect is also inhibited by ACE-I in a mouse model
of cardiac hypertrophy [49]. These findings suggest that RAAS con-
tributes to the suppression of cardiac FGF23 expression. Collectively, the
results indicate that calcimimetics may delay cardiac hypertrophy pro-
gression—at least in part—through RAAS inhibition.

Oxidative stress is also known to contribute to cardiac hypertrophy
progression [50]. Previous studies have reported that calcimimetics
reduce aortic levels of 8-OHdG in CKD rats [51] and lower circulating
8-OHdG levels in hemodialysis patients with secondary hyperparathy-
roidism [52]. In this study, we evaluated the urinary excretion and
cardiac expression of 8-OHdG and observed a significant increase in
oxidative stress associated with cardiac hypertrophy progression, which
was suppressed by ET treatment. These findings suggest that the
anti-hypertrophic effects of ET may, at least in part, be mediated
through oxidative stress suppression.

This study has several limitations. First, we did not evaluate whether
the effects of ET are independent of the CaN-NFAT signaling pathway,
as experiments using CaN-NFAT transgenic rats were not performed.
Second, the detailed mechanisms underlying the effects of ET, including
its impact on the RAAS and other signaling pathways through CaSR, as
well as intracellular Ca** dynamics in cardiomyocytes, remain unclear.
Third, although Klotho is known to be involved in cardiac hypertrophy
progression in CKD, its potential association was not assessed in this
study.

5. Conclusion

ET suppressed cardiac hypertrophy progression in LVH and CKD/
LVH rat models. This effect may be mediated through the suppression of
the RAAS and oxidative stress.
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