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Abstract

Activation of the vitamin D-vitamin D receptor (VDR) axis has been shown to reduce 
blood pressure and left ventricular (LV) hypertrophy. Besides cardiac hypertrophy, 
cardiac fibrosis is a key element of adverse cardiac remodeling. We hypothesized 
that activation of the VDR by paricalcitol would prevent fibrosis and LV diastolic 
dysfunction in an established murine model of cardiac remodeling.

Mice were subjected to transverse aortic constriction (TAC) to induce cardiac 
hypertrophy. Mice were treated with paricalcitol, losartan, or a combination of both 
for a period of four consecutive weeks. 

The fixed aortic constriction caused similar increase in blood pressure, both in 
untreated and paricalcitol- or losartan-treated mice. TAC significantly increased LV 
weight compared to sham operated animals (10.2±0.7 vs. 6.9±0.3 mg/mm, p<0.05). 
Administration of either paricalcitol (10.5±0.7), losartan (10.8±0.4), or a combination 
of both (9.2±0.6) did not reduce LV weight. Fibrosis was significantly increased in 
mice undergoing TAC (5.9±1.0 vs. sham 2.4±0.8%, p<0.05). Treatment with losartan 
and paricalcitol reduced fibrosis (paricalcitol 1.6±0.3% and losartan 2.9±0.6%, both 
p<0.05 vs. TAC). This reduction in fibrosis in paricalcitol treated mice was associated 
with improved indices of LV contraction and relaxation, e.g. dPdtmax and dPdtmin 
and lower LV end diastolic pressure, and relaxation constant Tau. Also, treatment 
with paricalcitol and losartan reduced mRNA expression of ANP, fibronectin, collagen 
III and TIMP-1.

Treatment with the selective VDR activator paricalcitol reduces myocardial fibrosis 
and preserves diastolic LV function due to pressure overload in a mouse model. This 
is associated with a reduced percentage of fibrosis and a decreased expression of 
ANP and several other tissue markers. 

5 Chapter 5 
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Introduction
Heart failure (HF) is a progressive condition involving activation of regulatory systems 
like the sympathetic nervous system (SNS) and the renin-angiotensin system (RAS) (1). 
It has become apparent that deregulated vitamin D homeostasis may be of considerable 
importance for the cardiovascular (CV) system. Patients with CV disease in general, and 
with HF in particular, often have vitamin D deficiency (2,3). We and others have reported 
that vitamin D deficiency is associated with a poor prognosis in HF (2,4). The vitamin D 
receptor (VDR) is a nuclear hormone receptor that specifically binds to vitamin D and 
is expressed in (human, rat and murine) heart tissue (5,6). Systemic and cardiospecific 
deletion of the VDR is associated with cardiac hypertrophy (7,8). Various mechanisms 
have been proposed to explain the association between VDR signaling and myocardial 
hypertrophy. It has been shown that vitamin D is a negative transcriptional regulator 
of renin by binding the VDR (7,8,10). Furthermore, vitamin D has been linked to pro-
hypertrophic pathways (9) and natriuretic peptide expression (11,12). So, the vitamin 
D-VDR axis may be a target for therapy in HF. Evidence for this hypothesis was obtained 
in experimental pharmacological studies, using paricalcitol, a selective vitamin D receptor 
activator, which was shown to exert anti-hypertrophic effects and to attenuate adverse 
cardiac remodeling in hypertensive rat models (13-15). Altogether, these data suggest a 
potentially important role of the vitamin D-VDR axis in cardiac remodeling and hypertrophy. 
It remains unclear if VDR activation may reduce LV hypertrophy independent of blood 
pressure. Furthermore, VDR activation has been best studied for its putative effects on 
myocytic remodeling, however, besides the antihypertrophic effects, beneficial effects on 
the matricellular matrix have also been observed (14). We therefore evaluated the effects of 
paricalcitol in an established experimental model of cardiac hypertrophy, namely transverse 
aortic constriction (TAC), and focused on the anti-fibrotic effects of paricalcitol.

The vitamin D receptor activator paricalcitol prevents fibrosis and diastolic dysfunction in a murine model of pressure overload
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Materials and Methods
Animals. We studied 10 week old male C57Bl/6J mice (Harlan, The Netherlands). Animals 
were housed under standard conditions. All animal studies were approved by the Animal 
Ethical Committee of the University of Groningen, The Netherlands, and conducted in 
accordance with existing guidelines for the care and use of laboratory animals. 

Experimental procedures. Mice were subjected to transverse aortic constriction (TAC). In 
brief, mice were anesthetized using isoflurane (2% in O2). After opening the thorax between 
the second and third rib, the aorta was constricted at the aortic arch between both carotid 
arteries and sutured onto a 27-gauge needle with a 7.0 nylon suture. Immediately thereafter 
the needle was removed, creating a reproducible stenosis of the aorta about 50%. Control 
mice were subjected to a sham procedure. Sham operations were performed by isolation 
of the aorta without ligation of the aorta; the suture was removed instead of knotted. All 
animals were treated with analgesia (carprofen) for 48 hours.

Design of the study. After TAC or sham surgery, a subset of the mice was treated with 
paricalcitol, a selective vitamin D receptor activator (provided by Abbott, Deerfield, IL, USA), 
which activates the VDR, at a final dose of 300 ng/kg/day. Paricalcitol was dissolved in a 
95% propylene glycol and 5% ethyl alcohol solution. Mice were intraperitoneally injected 
with paricalcitol (or vehicle only) three times per week on Monday, Wednesday and Friday 
for five consecutive weeks. We also included an established anti-hypertrophic and anti-
fibrotic treatment, namely the angiotensin II receptor blocker (ARB) losartan. Previous 
experiments have shown it is feasible and efficacious to dissolve losartan in the drinking 
water at a concentration of 30 mg/kg/day (15); mice were treated for five consecutive 
weeks. So, in total eight groups were studied. Sham (n=10), TAC (n=10), Sham+losartan 
(Sham-los, n=10), TAC+losartan (TAC-los, n=10), Sham+paricalcitol (Sham-pari, n=10), 
TAC+paricalcitol (TAC-pari, n=10), Sham+paricalcitol+losartan (Sham-combi, n=10) and 
TAC+paricalcitol+losartan (TAC-combi, n=10). 

Enzyme-linked immunosorbent assay (ELISA). Parathyroid hormone (PTH) was analyzed 
in plasma using a commercial Enzyme Linked Immunosorbent Assay according to 
manufacturer’s protocol (mouse intact PTH ELISA Kit, #60-2300, Immunotopics Inc, San 
Clemente, CA).

Plasma Aldosterone (pg/mL) was analyzed using a commercial Enzyme Linked 
Immunosorbent Assay according to manufacturer’s protocol (mouse intact Aldosterone 
ELISA Kit, ABIN367767, Antikoerper, Aachen, Germany).

5 Chapter 5 
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Echocardiography and hemodynamic measurements. Two (data not shown) and four weeks 
(before sacrifice) after TAC or sham surgery, echocardiography was performed using 
a transthoracic echocardiography with a 14 MHz transducer (Vivid 7, GE Healthcare, 
Diegem, Belgium), as described previously (17). Mice were anaesthetized (2% isoflurane) 
and body temperature was maintained by placing the mouse on a heating pad. Short-axis 
view and M-mode tracings were used to measure cardiac hypertrophy and dimensions. 
Echocardiographic data at sacrifice are shown in the supplemental data.

Furthermore, prior to sacrifice, hemodynamic function was measured, using an indwelling 
pressure tip catheter (Millar Instruments, Houston, TX, USA), that is introduced in the right 
carotid artery and advanced into the LV as described previously (18). First, blood pressure 
was recorded in the aortic arch, proximal to the aortic constriction. Then, once advanced 
into the LV, dPdtmax and dPdtmin, as indices of LV contraction and relaxation, were 
measured. Furthermore, intracardiac pressures including LV end diastolic (LVEDP) and end 
systolic (LVESP) were recorded. Tau, an isovolumetric relaxation constant, was measured 
according to the Glantz method.

After measuring invasive hemodynamics, blood was drawn via cardiac puncture and hearts 
were rapidly excised and weighed. Myocardial tissue was dissected transversally and 
processed for immunohistochemistry or snap frozen for molecular analyses.

Immunohistochemistry. To measure fibrosis score, Masson’s trichrome staining was 
performed on paraffin sections of all experimental animals. Whole stained sections were 
scanned by a scanning system, ScanScope (Aperio Technologies, Vista, CA, USA). Total 
fibrosis was calculated automatically by the software under 20x magnifications for entire 
section and expressed as percentage of total area.

To measure capillary density and cardiomyocyte size, endothelial cells were stained with 
CD31 (PECAM-1, BD-Pharm, #550274). CD31 positive cells stain, depending on fluorescent 
label, red, cell membranes green and nuclei blue. Tissuefaxs was used to photograph the 
complete sections. Tissuefaxs software allows standardized counting of nuclei and the 
amount of capillaries by use of counting and measuring-macros in ImageJ. Number of 
capillaries was measured per mm2. Cardiomyocyte size is expressed as cross sectional area 
(CSA).

Quantitative real-time PCR. Total RNA from LV tissue was extracted using TRIzol reagent 
(Invitrogen Corporation, Carlsbad, CA, USA). cDNA synthesis and quantitative real time PCR 
(RT-qPCR) were performed as previously described with using 0.5 µg total RNA (19). mRNA 

The vitamin D receptor activator paricalcitol prevents fibrosis and diastolic dysfunction in a murine model of pressure overload
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levels were expressed in relative units based on a standard curve obtained with serial 
dilutions of a calibrator cDNA mixture. To normalize expression data, reference genes were 
used (GAPDH, 36B4). A list of primers is displayed in the supplemental data. We assayed 
transcript abundance of fibronectin, a connective tissue marker involved in many cellular 
processes including tissue repair, collagens I and III, and atrial natriuretic peptide (ANP), an 
established marker of cardiac remodeling.

Statistical analysis. Results are reported as means±SEM. Statistical analysis among groups 
was performed by ANOVA with the Dunnett post hoc test if distributed normally or with the 
Kruskall-Wallis test followed by Mann-Whitney U test when skewed distributed. All p values 
are two-tailed and p values <0.05 were considered significant. All analyses were performed 
using SPSS version 18.0 software (SPSS, Chicago, IL, USA).

Results
Paricalcitol and losartan did not exert any effects in the sham operated mice (Sham-los, 
Sham-pari and Sham-combi groups); data from these groups are not shown.

Paricalcitol effectively activates the VDR. Administration of paricalcitol significantly reduced 
the PTH levels, both in the TAC-pari (34±10 mmol/l, p<0.05) and in the TAC-combi (25±7 
mmol/l, p<0.05) groups compared to TAC only mice (246±45 mmol/l) (Figure 1A). 
Administration of losartan did not exert any effect on the PTH levels. Administration of 
losartan was associated with a non-significant increase in renal renin mRNA expression in 
the TAC-los and TAC-combi groups compared to the sham group, (2.4±0.6 and 3.3±1.2 vs. 
1.0±0.1 respectively, p=NS) (Figure 1D).

Transverse aortic constriction results in left ventricular hypertrophy and hypertension. 
TAC significantly increased LV weight compared to sham operated animals (10.2±0.7 vs. 
6.9±0.3 mg/mm, p<0.05, LV weight normalized to tibia length) (Figure 2). Administration 
of either paricalcitol (10.5±0.7 mg/mm) or losartan (10.8±0.4 mg/mm) or a combination of 
paricalcitol and losartan (9.2± 0.6 mg/mm) did not significantly reduce LV weight.
Mean arterial pressure (MAP) (Table 1), measured in the aortic arch before the constriction 
was significantly increased by TAC. Neither treatment significantly lowered MAP, although 
mice treated with the combination (paricalcitol+losartan) tended to have lower MAP 
(p=0.08).

Paricalcitol prevents LV dysfunction. Table 1 shows body weight, organ weights, and 
hemodynamic data at sacrifice. TAC surgery causes typical changes of LV diastolic 

5 Chapter 5 
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Figure 1 - Downstream targets of paricalcitol and losartan treatment. A. levels of parathyroid hormone 
(PTH) in the different treatment groups. Treatment with the selective vitamin D receptor activator paricalcitol 
(pari) significantly decreased PTH levels in blood. B. levels of aldosterone in the different treatment groups. C. 
mRNA levels of PTH receptor in the heart. D. mRNA levels of renin in the kidney. Treatment with losartan (los) 
non-significantly increased the expression of renin mRNA in the kidney. TAC = transverse aortic constriction, 
combi = treatment with both paricalcitol and losartan. All data are presented as mean±SEM. * p<0.05 vs. sham, 
# p<0.05 vs. TAC, n=7-11 hearts per group.

dysfunction, as expressed by decreased dPdtmax and dPdtmin, increased LVEDP and 
increased Tau. Echocardiography (supplemental data) shows that systolic function is 
relatively preserved. Treatment with paricalcitol, losartan or the combination normalized 
dPdtmax and dPdtmin. LVEDP was not significantly decreased by paricalcitol; however, 
the combination treatment normalized LVEDP. Treatment with paricalcitol significantly 
decreased Tau, compared to TAC mice, and in the TAC combi group, Tau was decreased even 
further.

The vitamin D receptor activator paricalcitol prevents fibrosis and diastolic dysfunction in a murine model of pressure overload
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TAC = transverse aortic constriction, los = losartan, pari = paricalcitol, combi = treatment with both paricalcitol 
and losartan, BW = body weight, LV = left ventricle, HW = heart weight, TL = tibia length, HR = heart rate, bpm = 
beats per minute, SBP = systolic blood pressure, DBP = diastolic blood pressure, MAP = mean arterial pressure, 
LVEDP = left ventricular end diastolic pressure, dPdtmax and dPdtmin are indices of maximal contraction and 
relaxation of the left ventricle, Tau is an isovolumetric relaxation constant, measured according to the Glantz 
method. All data are presented as means±SEM. * p<0.05 Sham vs. TAC (any condition), # p<0.05 TAC vs. TAC-los 
or TAC-pari or TAC-comb

Sham

(n=8-16)

BW (g) 27.1±0.6 26.6±0.7 27.9±0.3 28.4±0.5 28.5±0.5

LV weight (mg) 120±4.7 179±11.4 * 187±6.2 * 185±11.6 * 173±7.8 *

HW (mg) 175±7.7 220±12.6 * 248±10.1 * 243±15.5 * 222±11.4 *

TL (mm) 17.3±0.3 17.2±0.4 17.3±0.2 17.7±0.1 17.8±0.1

HR (bpm) 489±17 513± 8 518± 6 576± 17 *# 551±18 *

SBP (mmHg) 98±2 136±9 * 137±5 * 130±7 * 125±9 *

DBP (mmHg) 65±2.4 72±3 * 64±4 63±4 61±6

MAP (mmHg) 76±2 94±4 * 88±4 * 85±5 81±3

LVEDP (mmHg) 4.7±1.6 18.7±1.5 * 8.8±1.8 # 9.8±2.3 * 6.8±2.8 #

dPdtmax (mmHg/s) 7351±381 5907±467 * 7333±190 # 7627±484 # 8448±528 #

dPdtmin (mmHg/s) -6331±537 -4757±278 * -5694±226 # -6967±402 # -7984±502 *#

Tau (ms) 16.4±2.5 19.9±1.3 * 17.6±1.0 # 15.3±1.8 # 11.4±2.1 #

TAC

(n=6-13)

TAC-los

(n=8-15)

TAC-pari

(n=8-10)

TAC-combi

(n=8-12)

Table 1 - Body weight, organ weights, and hemodynamic data at sacrifice

5 Chapter 5 

Non-myocytic effects of paricalcitol: effects on fibrosis and angiogenesis. TAC resulted in a 
1.5-fold increase in number of capillaries in the myocardium (Figure 3A). Neither treatment 
regimen significantly affected capillary density, however the increase of capillaries was 
lower in TAC groups treated with paricalcitol, losartan or both. Thereby, a significant 
increase in cardiomyocyte size is present in the TAC animals (1.01±0.2 vs. sham 0.65±0.1, 
p<0.05). 

Fibrosis was measured in the LV by Masson staining (Figure 3C). Fibrosis was significantly 
increased in mice undergoing TAC (5.9±1.0 vs. sham 2.4±0.8%, p<0.05). Treatment with 
losartan, and especially paricalcitol, reduced the percentage of fibrosis (paricalcitol 
1.6±0.3% and losartan 2.9±0.6%, both p<0.05 vs. TAC). 
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Figure 2 -  Left ventricular weight (LV) normalized to tibia length. TAC = transverse aortic constriction, 
los = losartan, pari = paricalcitol, combi = treatment with both paricalcitol and losartan. Data are presented as 
mean±SEM. * p<0.05 vs. sham, n=12-16 hearts per group.

Figure 3 - A. number of capillaries in the left ventricle measured per mm2. B: cardiomyocyte size in 
the left ventricle. C: percentage of fibrosis in the left ventricle. TAC = transverse aortic constriction, los = 
losartan, pari = paricalcitol, combi = treatment with both paricalcitol and losartan. All data are presented as 
mean±SEM. * p<0.05 vs. sham, # p<0.05 vs. TAC, n=4-5 hearts per group.

The vitamin D receptor activator paricalcitol prevents fibrosis and diastolic dysfunction in a murine model of pressure overload
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5

Figure 4 - mRNA expression of different genes. A. atrial natriuretic peptide (ANP). B. Fibronectin. C. collagen I. 
D. collagen III. E. TIMP-1. mRNA expression is expressed as fold change. TAC = transverse aortic constriction, los 
= losartan, pari = paricalcitol, combi = treatment with both paricalcitol and losartan. All data are presented as 
mean±SEM. * p<0.05 vs. sham, # p<0.05 vs. TAC, n=4-8 hearts per group.

Chapter 5 
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Paricalcitol reduces mRNA expression of ANP, fibronectin and collagen III. ANP mRNA 
expression was significantly higher in TAC mice (7.6±2.3 fold, p<0.05) compared to sham 
mice. After treatment with paricalcitol, ANP was decreased significantly in the TAC-pari 
group compared to the TAC mice (3.2±0.4 vs. 7.6±2.3 fold, p<0.05). 

mRNA expression of fibronectin was increased in TAC compared to sham (4.1±1.4 fold, 
p<0.05). Fibronectin was normalized in the TAC-pari group as compared to the TAC group 
(1.5±0.3 vs. 4.1±1.4 fold, p<0.05). Collagen III was also significantly increased in the TAC 
mice, compared to sham mice (3.1±0.7 fold, p<0.05). Treatment with paricalcitol reduced 
collagen mRNA expression in the TAC-pari group compared to the TAC group (1.9±0.2 
vs. 3.1±0.7 fold, p<0.05). The mRNA expression of TIMP-1 (tissue inhibitor-1 of matrix 
metalloproteases) increased significantly in the TAC mice, compared to sham mice (9.4 fold 
p< 0.01) and this was reduced by paricalcitol, losartan or both (P<0.05 vs. untreated TAC).

Again, treatment with paricalcitol reduced collagen mRNA expression in the TAC-pari group 
compared to the TAC group (9.4±3.9 vs. 3.7±1.1 fold, p< 0.05).

Treatment with losartan showed similar results compared to treatment with paricalcitol, 
but a combination of both treatments did not further decrease the gene expression of 
matricellular proteins. Treatment with losartan showed similar results compared to 
treatment with paricalcitol, but a combination of both treatments did not further decrease 
the gene expression of matricellular proteins.

Discussion
The main findings of our study are that administration of paricalcitol is associated with 
a reduction in cardiac fibrosis and lower expression of pro-fibrotic genes in the heart. 
Thereby, it effectively improves diastolic function in a well-established murine model 
of pressure overload. These effects are comparable with the ARB losartan. Combined 
treatment of paricalcitol and losartan did not further ameliorate fibrosis or LV dysfunction. 
These beneficial effects were observed without clear effects on myocardial hypertrophy, and 
without effects on systemic blood pressure. 

Our results suggest that activation of the VDR axis may be particularly important in HF with 
preserved ejection fraction (HFPEF). HFPEF is more and more recognized as an important 
disease, with high prevalence and poor outcome, and without rational therapy (19). 
HFPEF is characterized by preserved LV systolic function, increased filling pressures and 
impaired LV relaxation. Although the precise pathophysiology of HFPEF remains unclear, 

The vitamin D receptor activator paricalcitol prevents fibrosis and diastolic dysfunction in a murine model of pressure overload

Proefschrift_final_zonder.indd   107 22-10-15   15:08



108

5 Chapter 5 

it has become evident that markers of matrix turnover are increased in HFPEF patients 
(20), and they may help in prognostication of patients (21,22) and that myocardial fibrosis 
adds to myocardial stiffness, common in HFPEF (23). In HFPEF, biomarkers of fibrosis are 
increased, and a recently a trial in patients with HFPEF with an anti-fibrotic agent has been 
launched (24). 

Fibrosis is acknowledged as a key mediator in adverse cardiac remodeling and may be 
a feasible target for therapy (25-27). Vitamin D inhibits renal myofibroblast activation, 
and reduces production of matricellular proteins (28). Likewise, in various renal injury 
models, the use of paricalcitol was accompanied by reduced glomerulosclerosis and renal 
fibrosis (29-31). Also in the heart, it has been suggested that paricalcitol may reduce cardiac 
fibrogenesis (14) in a study presenting data of a gene array experiment, showing that a 
cluster of fibrotic genes was regulated by paricalcitol, including matrix metalloproteinases 
(MMPs) and tissue inhibitors of MMPs (TIMPs). It was previously suggested that VDR 
may be an important regulatory receptor for MMP gene expression (32). However, for 
myocardial fibrosis, the data are less convincing.  In a rat model of 5/6 nephrectomy, a 
cardiorenal model that provokes myocardial remodeling including fibrosis, it was shown 
that that paricalcitol does not reduce but rather aggravates myocardial fibrosis and 
profibrotic gene expression (33,34). Bodyak et al. (13) also showed no effects on cardiac 
fibrosis in their study in hypertensive rats. So, the precise role of paricalcitol in myocardial 
fibrogenesis remains to be proven. In our current study, we do show that paricalcitol 
reduces myocardial fibrosis. This was accompanied by decreases in fibrotic genes, such as 
fibronectin (previously reported in kidney injury (26,30)) and collagen type III (as reported 
in kidney injury models (28,30)).

It may be clear that LV hypertrophy was not affected by treatment with paricalcitol; 
however other changes typically seen in adverse cardiac remodeling were affected by 
paricalcitol. First, ANP, a hallmark gene in adverse remodeling, was reduced by paricalcitol, 
despite neutral effects on LV hypertrophy and blood pressure. It has been shown that 
vitamin D through binding to the VDR is a negative regulator of the ANP gene (11,12,35), so 
that this possibly reflects a direct transcriptional effect rather than regulation in response 
to cardiac stress. On the other hand, paricalcitol (or losartan) did not increase the numbers 
of myocardial capillaries. Insufficient cardiac angiogenesis, not keeping pace with the rate 
of myocyte hypertrophy, has been shown to play a role in the transition from compensated 
to decompensated cardiac hypertrophy (36,37). Early, compensated hypertrophy, as in our 
model, is associated with compensatory angiogenesis (36,37). 

Vitamin D homeostasis involves many more factors than vitamin D alone. Vitamin D 
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deficiency leads to secondary hyperparathyroidism (38) and both primary and secondary 
hyperparathyroidism are associated with CV pathology (39-43). Chronic PTH elevation 
is increasingly being viewed as maladaptive because of its direct hypertrophic effect on 
cardiomyocytes and its pro-fibrotic effects (44). However, to what extent PTH-related risk is 
vitamin D dependent is uncertain (45).

In our study, serum PTH-levels were significantly reduced in mice treated with paricalcitol 
(and the combination therapy losartan + paricalcitol). Treatment with losartan alone did 
not result in a significant decrease of serum PTH-levels. However, paricalcitol and losartan 
treatment exerted identical anti-fibrotic effects. Altogether, we suggest that in our study 
of pressure overload the beneficial effects on myocardial structure are accountable to 
paricalcitol and not to PTH. Although we could not establish a clear relation between PTH 
and fibrosis, however, we suggest, in general, that the reciprocal suppression of PTH should 
be taken into account in the study of the vitamin D receptor analogues.

Mounting evidence points to a relevant relation between aldosterone and PTH in the 
pathogenesis of heart failure (46). It has been shown that PTH concentration dose-
dependently increases aldosterone, suggesting a cause-effect relationship between 
hyperaldosteronism and hyperparathyroidism (47-50).

In our study, we did not detect a clear relationship between PTH and aldosterone. Clearly, 
the administration with (very high dose) paricalcitol strongly suppressed PTH. However, it 
could be argued that the PTH-vitamin D biology is no longer physiological in this extreme 
model, and hence the relationship between aldosterone and PTH has become perturbed. 
PTH could also exert direct effects on the heart and the cardiovascular system via its PTH 
receptor.  PTH receptors are expressed in vascular smooth muscle cells, endothelial cells 
and cardiomyocytes (51) and cardiac PTH receptor signaling has been associated with 
sympathetic tone in the heart (52). However, given the observation that PTH receptor was 
not regulated in our model of cardiac remodeling nor by any intervention, we suggest that 
PTH receptor signaling is unlikely a major factor in explaining our results.

Our data may suggest dissociation between LV hypertrophy and LV relaxation, since 
paricalcitol improved LV relaxation while leaving LV hypertrophy unaffected. Nevertheless, 
our data clearly do not preclude a role of LVH on outcome and LV function. Such dissociation 
between LVH and LV function and outcome has been reported before. For instance, in the 
LIFE study (losartan vs. atenolol) dissociation between (modest) reduction in LVH and 
substantial reduction in event rate has been described (53).  Likely, the small effects on 
reduction of LVH were accompanied by substantial reduction in cardiac remodeling and 
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fibrosis. However, it is very difficult to measure fibrosis or reduction of fibrosis in human 
studies, as there are only few surrogate parameters. In our study, the reduced fibrosis 
was paralleled by an improvement of LV indices of diastolic function. We hypothesize 
that paricalcitol may be a useful agent in the treatment of myocardial fibrosis, diastolic 
dysfunction, and possibly HFPEF. A recently presented PRIMO study, by Thadhani and 
colleagues (54), showed, in line with our observations, that in patients with stage 3-4 
chronic kidney disease (CKD), treatment with paricalcitol does not affect LV hypertrophy 
assessed by paired cardiac MRI measurements. On the other hand, treatment with 
paricalcitol in this clinical setting tended to preserve diastolic function, which is related 
with a better clinical outcome. We suggest that in future clinical trials markers of LV fibrosis 
should be included as secondary efficacy outcomes.

So, although previous studies in several rat models showed that treatment with paricalcitol 
results in less LV hypertrophy (14,15), our results are in line with the PRIMO trial. We 
believe that the anti-hypertrophic effects of paricalcitol should be studied further.

Conclusion and Clinical Perspectives
In a well established murine model of pressure overload that leads to cardiac hypertrophy 
and remodeling, we show that the selective vitamin D receptor activator paricalcitol 
attenuated myocardial fibrogenesis and protected from diastolic dysfunction. LV 
hypertrophy was not decreased by paricalcitol. These data suggest that vitamin D receptor 
activation may affect the remodeling process, which comprises a complex of changes of 
cardiomyocytes and non-cardiomyocyte cells, such as fibroblasts. Nevertheless, from 
our data, it may be argued that in future clinical trials measures of LV fibrosis should be 
incorporated as secondary efficacy outcomes. Further studies (in rodents and humans) 
should address if this approach might benefit in heart failure with preserved ejection 
fraction. 
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