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A B S T R A C T

Background. Vitamin D (VD) and phosphate (Pi) load are
considered as contributors to cardiovascular disease in
chronic kidney disease and the general population, but inter-
active effects of VD and Pi intake on the heart are not clearly
illustrated.
Methods. We fed normal male rats with three levels of dietary
VD (100, 1100 or 5000 IU/kg chow) and Pi (0.2, 0.6 or 1.6%)
(3X3 design) for 8 weeks and examined renal and cardiac func-
tion and histology.
Results. High dietary Pi decreased plasma and renal Klotho
and plasma 25-hydroxyvitamin D, and increased plasma Pi,
fibroblast growth factor 23 and parathyroid hormone without
affecting renal function, while low Pi increased plasma and re-
nal Klotho. Both low and high VD diets enhanced high Pi-re-
duced Klotho expression. Low dietary VD reduced-plasma
Klotho was rescued by a low Pi diet. High dietary Pi reduced-
cardiac ejection fraction was not modified by a low or high
VD diet, but the dietary VD effects on cardiac pathologic
changes were more complex. High dietary Pi-induced cardiac
hypertrophy was attenuated by a low VD and exacerbated by
a high VD diet. In contrast, high dietary Pi -induced cardiac
fibrosis was magnified by a low VD and attenuated by a high
VD diet.
Conclusions. High Pi diet induces hypertrophy and fibrosis in
left ventricles, a low VD diet accelerates high Pi-induced fibro-
sis, and a high VD diet exacerbated high Pi -induced hypertro-
phy. Therefore, cardiac phosphotoxicity is exacerbated by either
high or low dietary VD in rats with normal kidney function.

Keywords: cardiac fibrosis, cardiac hypertrophy, Klotho,
phosphate, vitamin D

I N T R O D U C T I O N

Extracellular phosphate (Pi) serves as an exchange pool among
various Pi depots (intracellular, extracellular and calcified tis-
sues) and Pi-regulating organs (kidney, intestine and bone) and
is tightly regulated by a network of calciophosphotropic hor-
mones—parathyroid hormone (PTH), fibroblast growth factor
23 (FGF23), 1,25-dihydroxyvitamin D [1,25(OH)2D] and
Klotho [1, 2]. Disturbed Pi metabolism measured clinically as
either high or low serum Pi is associated with a variety of acute
and chronic diseases. Epidemiological studies have shown that
high serum Pi is a risk factor for cardiovascular morbidity and
mortality in both patients with chronic kidney disease (CKD)
and the general population [2–4]. The nephrotoxic, cardiotoxic
and vasculotoxic potentials of Pi overload have been demon-
strated in animals [5–8]. In humans, Pi-lowering therapy in
predialytic CKD patients did not show unequivocal clinical
benefit, suggesting that the vasculopathy and progressive nature
of CKD are not a simple function of dietary Pi intake or serum
Pi levels [9, 10]. Therefore other factors such as vitamin D (VD)
status may modulate Pi toxicity (see below). Equivalent inter-
vention data in the general population are not available.

The active form of VD, 1,25(OH)2D, contributes to Pi ho-
meostasis along with PTH, FGF23 and Klotho [2, 11, 12]. In
addition to mineral metabolism, VD has a panoply of non-
mineral effects based on both epidemiologic and laboratory evi-
dences [13–16]. For the cardiovascular system, VD supplement
may be beneficial for hypertension [17] and left ventricular hy-
pertrophy [18, 19]. VD deficiency is prevalent in CKD patients,
which coexists with Pi overload, and is associated with CKD–
mineral and bone disorder [20, 21]. VD supplementation has
been prescribed for CKD patients and VD-deficient patients
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with normal kidney function routinely for decades, but improve-
ment of clinical outcomes and life quality are still debated [16].
Overdosage of calcitriol is associated with side effects including
vascular calcification [22]. Currently VD is neither proven nor
approved to treat cardiovascular disease (CVD) [21].

The effect of VD on cardiovascular complications, in partic-
ular in the context of high Pi, and the interaction between VD
and Pi in normal renal function is largely unknown. It is con-
ceivable that VD status can modulate phosphotoxicity. On the
one hand, VD exerts a cardioprotective effect against phospho-
toxicity based on VD’s putative effects on blood pressure and/
or left ventricular hypertrophy. On the other hand, VD might
aggravate phosphotoxicity by increasing the absorption of exog-
enous Pi load by virtue of VD’s stimulatory effect on intestinal
Pi absorption [23]. To explore the combined and interactive
effects of dietary VD and Pi intake on cardiac morphometry
and function, we fed normal male Sprague Dawley rats with
three levels of dietary VD (low, 100; normal, 1100; high,
5000 IU/kg chow) and Pi (low, 0.2; normal, 0.6; high,
1.6 g/100 g chow) (3 � 3 design; nine groups) in rodent chows
for 8 weeks (Supplementary data, Figure S1 and Supplementary
data, Table S1) and examined the mineral parameters and hor-
mones and cardiac function and structure.

M A T E R I A L S A N D M E T H O D S

Animal experiments

Experiments were performed in male Sprague Dawley rats at
the age of 8–10 weeks (Charles River Laboratories, Wilmington,
MA, USA). Animals were housed in a temperature-controlled
room with a 12:12 h light:dark cycle with ad libitum access to
tap water and standard rodent chow prior to assignment of ex-
perimental diets. After a 1-week adaptation in the University of
Texas Southwestern Medical Center Animal Resource Center,
rats were randomly divided into nine (3� 3) groups of custom-
ized rodent pellet diets (Supplementary data, Figure S1 and
Supplementary data, Table S1; Harlan Teklad, Indianapolis, IN,
USA) for 8 weeks. Each group was composed of six rats. We

chose a 0.6% inorganic Pi and 1100 IU/kg VD chow
(TD120555, Harlan Teklad), identical to natural normal rodent
chow (TD2016, Harlan Teklad), to be the control diet. All rats
had free access to tap water and experimental rodent chows.
The rats’ body weight at the beginning (0 week) and at the end
of the experiment (8 weeks) was recorded (Supplementary data,
Table S2).

All animal work was conducted following the Guide for the
Care and Use of Laboratory Animals by the National Institutes
of Health and was approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of Texas
Southwestern Medical Center.

Blood, urine, kidney and heart samples collection

Prior to and at 8 weeks after dietary treatment, rats were
placed individually in metabolic cages (Hatteras Instruments,
Cary, NC, USA) for 24-h urine collections. The daily food in-
take by individual rat was also recorded (Supplementary data,
Table S2). Urine samples were centrifuged (1000 g � 10 min at
20�C) and the supernatants were stored at�20�C until analysis.
Rats were anesthetized with isoflurane and blood samples were
collected in heparinized tubes and centrifuged (3000 g � 5 min
at 4�C) and plasma was separated and stored at �80�C until
analysis. At termination, rats were euthanized under anesthesia
and the hearts and kidneys were isolated and sliced. One slice
was fixed with 4% paraformaldehyde for histological and im-
munohistochemical studies; the remaining parts of the hearts
and kidneys were instantly snap-frozen in liquid N2 and stored
at�80�C for RNA or protein extraction and analysis.

Plasma and urine chemistry, plasma Klotho, FGF23,
25(OH)D and PTH assays

Plasma and urine chemistries of animals were analyzed by a
Vitros Chemistry Analyzer (Ortho-Clinical Diagnosis,
Rochester, NY, USA). Plasma and urine creatinine concentra-
tions were measured with a P/ACE MDQ Capillary
Electrophoresis System and photodiode detector (Beckman-
Coulter, Fullerton, CA, USA) at 214 nm [6].

FIGURE 1: Effects of sustained (8 weeks) variation of Pi and VD intake in normal rats on (A) plasma Pi concentrations and (B) renal FEPi.
Data are the means 6 SDs from six rats in each of the nine groups. Statistical significance was analyzed with one-way ANOVA followed by a
post hoc Student–Newman–Keuls test when applicable. Significance tests are as follows: (a) P< 0.05, (b) P< 0.01 versus 0.6% Pi at the same
VD diet, (c) P< 0.01 versus 0.2% Pi at the same VD diet, (d) P< 0.05, (e) P< 0.01 versus 1100 IU/kg at the same Pi diet, (f) P< 0.05,
(g) P< 0.01 versus 100 IU/kg at the same Pi diet.
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Plasma Klotho was measured with an immunoprecipita-
tion–immunoblot assay [6, 24]. Soluble Klotho protein, synthe-
sized in our laboratory containing the ectodomain of mouse
Klotho (amino acid 31-982), was used for calibration. Briefly,
100 lL of rat plasma were subjected to immunoprecipitation
with 1 lg of anti-Klotho synthetic antibody sb106 [6, 8, 24, 25]
and the immune complex was captured with M2 beads and was
eluted with 2.5� Laemmli sample buffer after washing.
Proteins were fractionated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
polyvinylidene fluoride (PVDF) membranes and immunoblot-
ted with rat anti-human Klotho monoclonal antibody
(KM2076, TransGenic, Kobe, Japan). Intact PTH was quanti-
fied by enzyme-linked immunosorbent assay (ELISA) (Alpco,
Salem, NH, USA), 25-hydroxyvitamin D [25-(OH)D] by en-
zyme immunoassay (Immunodiagnostic Systems, Scottsdale,
AZ, USA) and intact FGF23 by ELISA kit (Kainos, Tokyo,
Japan) following the manufacturer’s instructions.

Cardiac magnetic resonance imaging (MRI)

After 8 weeks of dietary treatment, cardiac function was
evaluated by MRI using a 7T small animal magnetic resonance
scanner (Varian, Palo Alto, CA, USA) with a 38-mm birdcage
radiofrequency (RF) coil as described [8, 26]. Under inhala-
tional anesthesia (1.5–2% isoflurane), MRI acquisitions were
gated by both cardiac and respiratory triggering [8, 26].
Epicardial and endocardial borders were manually traced by a
blinded operator for calculation of left ventricular end-systolic
and end-diastolic volume using ImageJ software. Left ventricu-
lar ejection fraction and left ventricular wall thickness at systolic
phase and diastolic phase were calculated as described [8, 26].
One investigator performed MRI acquisition and two analyzed
the data independently; both were blinded to the experimental
conditions. Average data from the two analysts were used.

Assessment of cardiomyocyte size

To measure cardiomyocyte surface areas, paraffin-embedded
sections were labeled with Alexa Fluor 555–conjugated wheat
germ agglutinin (WGA; Invitrogen, Carlsbad, CA, USA) as de-
scribed previously [8, 26]. Immunofluorescent images were
taken on a Zeiss laser scanning microscope (Carl Zeiss Micro-
Imaging, Thornwood, NY, USA). ImageJ software was used to
quantify the cross-sectional cell surface area along the
midchamber free wall based on WGA-positive staining [8, 26].

Chemicals and antibodies

The following antibodies (Ab) were used for immunoblot-
ting and/or immunohistochemistry: rat monoclonal anti-
aKlotho antibody (KM2076, TransGenic, Kobe, Japan), mouse
monoclonal anti-Flag M2 (Sigma-Aldrich, St. Louis, MO,
USA), mouse monoclonal antibody against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Sigma-Aldrich), mouse
monoclonal antibody against a-smooth muscle actin (a-SMA;
Sigma-Aldrich), mouse monoclonal antibody against a-actinin
(a-actinin; Sigma-Aldrich), rabbit polyclonal antibody against
MYH6 [a-myosin heavy chain (MHC); Santa Cruz
Biotechnology, Dallas, TX, USA] and mouse monoclonal

antibody against b-MHC (Sigma-Aldrich). Secondary antibod-
ies coupled with horseradish peroxidase for immunoblotting or
with fluorescein isothiocyanate, Alexa Fluor or Cy5 and Syto-61
fluorescent nuclear acid stain for immunohistochemistry was
purchased from Molecular Probes/Invitrogen (Eugene, OR,
USA). Rhodamine-labeled WGA was purchased from Vector
Laboratories (Burlingame, CA, USA).

Immunohistochemistry and immunoblot of hearts

Four-micrometer sections of paraffin-embedded heart tis-
sues were deparaffinized for immunofluorescence. After block-
ing, primary Abs were incubated at 4�C overnight followed by
secondary antibodies conjugated to fluorescein isothiocyanate
or Alexa red. Sections were visualized using a Zeiss LSM-510 la-
ser scanning microscope.

Heart lysates from the left ventricles were prepared as de-
scribed [8, 26]. Thirty micrograms of total protein lysate was sol-
ubilized in Laemmli’s buffer, fractionated by SDS-PAGE,
transferred to PVDF membrane and blotted using specific pri-
mary antibodies and monoclonal mouse antibody for GAPDH.
Primary antibodies were incubated overnight at 4�C. After wash-
ing, membranes were incubated with secondary antibodies con-
jugated with horseradish peroxidase (Thermo Fisher Scientific,
Piscataway, NJ, USA). Specific signal was visualized using Pierce
ECL immunoblotting substrate (Thermo Fisher Scientific).

Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from mouse kidneys using the
RNAeasy kit (Qiagen, Germantown, MD, USA). Complimen-
tary DNA was generated with oligo-dT primers using the
SuperScript III First-Strand Synthesis System (Invitrogen).
Primers used for quantitative PCR (qPCR) were rat Klotho
forward-50-AACCAGCCCCTTGAAGGGAC-30 and Klotho
reverse-50-TGCACATCCCACAGATAGAC-30; GAPDH for-
ward-50-CAGTGCCAGCCTCG TCTCAT and GAPDH re-
verse-50-AGGGGCCATCCACAGTCTTC-30, rat a-actinin
forward-50-CCTGCTGTTGGACCCGGC-30 and a-actinin re-
verse-50-GGAAGTCCTCA TCGATGTTC-30, rat a-SMA for-
ward-50-GATCACCATCGGGAATGAACGC-30 and a-SMA
reverse-50-CTTAGAAGC ATTTGCGGTGGAC-30; rat a-
MHC forward-50-TGTGGT GCCTCGTTCCA-30 and a-MHC
reverse-50-TTTCGGAGGTACTGGGCTG-30; and rat b-
MHC forward-50-GCATTCT CCTGCTGTTTCCTT-30 and
b-MHC reverse-50-TGGATT CTCAAACGTGTCTAGTGA-
30. Real-time PCR was conducted with the standard condition
of SYBR Green Master Mixes (Roche Applied Science,
Mannheim, Germany) [27] in triplicate for each sample. Data
were expressed at an amplification number of 2�DDCt normal-
ized to GAPDH and compared with controls.

Statistical analyses

Data are expressed as means 6 standard deviation (SD).
Statistical analysis was performed with an unpaired Student’s
t-test or one-way analysis of variance (ANOVA) followed by
a post hoc Student–Newman–Keuls test when applicable.
P-values� 0.05 were considered statistically significant.
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Compliance with ethical standards

All applicable international, national and/or institutional
guidelines for the care and use of animals were followed. All an-
imal procedures were approved by IACUC of the University of
Texas Southwestern Medical Center and performed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals by the National Institutes of Health.

R E S U L T S

Pi and calcium homeostasis

To investigate the effects of dietary Pi, VD and the interac-
tive effects of the two on the heart, we fed normal male Sprague
Dawley rats with nine dietary combinations (Supplementary
data, Figure S1 and Supplementary data, Table S1). High Pi in-
creased plasma Pi regardless of dietary VD levels (Figure 1A). A
high VD diet increased plasma Pi only in the rats fed a low or
normal Pi diet and not in ones on a high Pi diet who already
had high plasma Pi (Figure 1B). As expected, lower fractional
excretion of phosphate (FEPi) was seen in the low Pi diet,
and higher FEPi in the high Pi diet rats (Figure 1B). High dietary
Pi–induced elevation of FEPi was blunted by a high VD diet.

The effect of dietary Pi and VD on plasma calcium (Ca2þ) is
modest compared with their effect on plasma Pi. Only in the
normal VD diet group did the low and high Pi diet change
plasma Ca2þ levels. Note that the low VD diet induced a statisti-
cally significant but numerically modest increase in plasma
Ca2þ in rats fed with normal or high Pi diets (Supplementary
data, Figure S2).

Calciophosphotropic hormones

The low Pi diet, which lowered plasma Pi, increased plasma
Klotho concentration irrespective of dietary VD levels, whereas
the high Pi diet decreased plasma Klotho, which was further re-
duced by the low VD diet (Figure 2A). The reduction of plasma
Klotho with the low VD diet in rats during normal or high Pi
intake was fully prevented when rats were fed a low Pi diet
(Figure 2A). Unexpectedly, a high VD diet did not elevate
plasma Klotho in rats fed a low or high Pi diet compared with
rats fed a normal VD diet (Figure 2A). Therefore a low VD and
high Pi diet independently and synergistically downregulated
plasma Klotho.

The kidney is the major organ contributing to soluble
Klotho in the circulation [28, 29]. We examined Klotho protein
and messenger RNA (mRNA) expression in the kidney and
found that the low Pi diet–induced increase in plasma Klotho
was largely congruent with the associated high renal Klotho
protein (Figure 2B). Moreover, levels of renal Klotho protein
(Figure 2B) and mRNA (Figure 2C) were lower in the rats fed a
high Pi diet compared with rats on a normal Pi diet in the con-
text of high or normal VD diet. Notably, the effect of the low
VD diet on renal Klotho protein expression was dependent on
dietary Pi. Low VD decreased renal Klotho protein under nor-
mal Pi intake, had no effect under a low Pi diet and increased
renal Klotho protein under a high Pi diet (Figure 2A–C).
Interestingly, we saw an inhibitory rather than stimulatory

effect of high dietary VD on the Klotho expression in the kidney
possibly due to a very high dose of dietary VD.

Because kidney dysfunction leads to low Klotho expression
in the kidney and low plasma Klotho [6, 8, 26, 30, 31], we exam-
ined kidney function in the nine groups of rats but did not see
differences in plasma creatinine, creatinine clearance and urine
output (Supplementary data, Figure S3). Therefore the change
in renal and soluble Klotho levels due to Pi and VD diets did
not result from alterations of kidney function, that is, glomeru-
lar filtration rate.

As expected, there was lower plasma 25(OH)D in low VD–
fed rats at all levels of dietary Pi. The high Pi diet decreased and
the low Pi diet increased plasma 25(OH)D levels with the ex-
ception of the 5000 IU/kg VD groups, where 25(OH)D levels
were maintained high (Figure 2D). The low Pi diet reduced and
the high Pi diet increased plasma FGF23 levels, whereas the
high VD diet increased plasma FGF23 levels except for rats fed
the low Pi diet, indicating that low Pi diet–induced suppression
of FGF23 synthesis overcomes the stimulatory effect of the high
VD diet (Figure 2E). When one compares plasma FGF23 levels
between the high VDþ low Pi versus the low VDþ low Pi diet,
plasma FGF23 levels were negatively correlated to VD content
in rodent chow (Figure 2E). In general, the change in plasma
PTH (Figure 2F) was similar to that of plasma FGF23 in rats on
the low Pi and high Pi diets (Figure 2E). Dietary Pi increased
PTH at all dietary VD levels while VD suppressed PTH, mainly
in the background of high Pi, and it seems to have an ‘inverted
U’ relationship with PTH when given a low Pi diet (Figure 2F).

Effect of dietary Pi and VD on cardiac function and
morphometry

We previously showed that high dietary Pi induces patho-
logic cardiac remodeling in normal rats and mice and also ag-
gravated uremic cardiomyopathy in CKD mice [8]. CKD
patients are at high risk for CVD, which is frequently associated
with VD deficiency. VD therapy can potentially reduce adverse
cardiovascular events and increase survival in hemodialysis
patients. The possible protective role of VD is postulated to ex-
tend beyond its effect on mineral metabolism [21], although
there are adverse effects of VD receptor agonists. Furthermore,
the effect of dietary VD on the heart in normal rodents is not
known. We examined cardiac function by MRI after 8-weeks of
dietary Pi and VD feeding and found that both the low Pi and
high Pi diets reduced the ejection fraction and both the low VD
and high VD diet reduced the ejection fraction when rats were
on a normal Pi diet, with the highest ejection fraction in rats on
a 0.6% Pi and 1100 IU/kg VD diet (Figure 3A). Therefore, both
the low and high Pi diets decreased cardiac function, which can-
not be attenuated by either low or high VD. On the other hand,
left ventricular free wall thickness at either the systolic or dia-
stolic phase was not modified by any of the diets as compared
with the control diet (Supplementary data, Figure S4). The heart
weight:body weight ratio was significantly increased in rats fed
a high Pi diet compared with normal and low Pi diets at all lev-
els of VD. It should be noted that daily food intake, urinary so-
dium and potassium excretion rate and body weight at the end
of the experiment (Supplementary data, Figures S2 and S3)
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were similar among all nine groups, indicating that the high Pi
diet did not affect dietary intake, but in fact induced cardiac hy-
pertrophy. Interestingly, high VD also increased heart weight,
and this increase was exacerbated by high Pi and alleviated by a
low Pi diet (Figure 3B).

The outlining of cardiomyocytes with WGA clearly indi-
cated that the high Pi diet induced cardiomyocyte hypertrophy,
which was worsened by both low and high VD (Figure 4A and
B). WGA was recently proposed to possibly label scar areas
[32], but the staining pattern of scars are completely different

FIGURE 2: Changes in (A) plasma and (B) renal Klotho, (C) renal Klotho mRNA expression and in plasma (D) 25(OH)D, (E) FGF23 and (F)
PTH in rats. Data are presented as means 6 SDs from six rats in each of the nine groups. Statistical significance was analyzed with one-way
ANOVA followed by a post hoc Student–Newman–Keuls test when applicable. Significance tests are as follows: (a) P< 0.05, (b) P< 0.01 versus
0.6% Pi at the same VD diet, (c) P< 0.05, (d) P< 0.01 versus 0.2% Pi at the same VD diet, (e) P< 0.05, (f) P< 0.01 versus 1100 IU/kg at the
same Pi diet, (g) P< 0.05, (h) P< 0.01 versus 100 IU/kg at the same Pi diet.

FIGURE 3: Effects of dietary Pi and VD on cardiac function and heart weight in rats. (A) Ejection fraction, (B) heart weight per body weight
(HW/BW). Data are presented as means 6 SDs from six rats in each of the nine groups. Statistical significance among nine groups was ana-
lyzed with one-way ANOVA followed by a post hoc Student–Newman–Keuls test when applicable. (a) P< 0.05, (b) P< 0.01 versus 0.6% Pi at
the same VD diet, (c) P< 0.05, (d) P< 0.01 versus 0.2% Pi at the same VD diet, (e) P< 0.05, (f) P< 0.01 versus 1100 IU/kg at the same Pi diet,
(g) P< 0.05, (h) P< 0.01 versus 100 IU/kg at the same Pi diet.
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from cardiomyocyte cell membranes. The staining pattern we
observed was the boundaries of cardiomyocytes. Compared
with the low and normal VD diets, the high VD diet alone in-
duced cardiomyocyte hypertrophy irrespective of the concen-
tration of Pi in the diet (Figure 4A and B). Quantitative analysis
of a-actinin protein (Figure 4C and D) and mRNA expression
(Figure 5A) were all in line with the changes in cardiomyocyte
cell size based on WGA staining. Therefore both the high Pi
diet and high VD diet could induce cardiac hypertrophy.

We did not see any positive Von Kossa staining in the kid-
ney, heart and aorta in all rats from nine groups (data not
shown), which is different from the high dietary Pi effect on
uremic rodents. The discrepant effect of high dietary Pi between
normal and uremic rodents will be discussed further.

Effect of dietary Pi and VD on cardiac fibrosis

We examined if dietary Pi and VD influence cardiac fibrosis
with Masson’s trichrome stain. We found more fibrosis, espe-
cially on the mitral valve leaflet (Figure 6A and B), in rats fed a
high Pi diet. However, in contrast to cardiac hypertrophy,

cardiac fibrosis was attenuated by high dietary VD, and this res-
cue was particularly pronounced in the high Pi group
(Figure 6A, right column), under a normal Pi diet, a high VD
diet induced ventricular valve fibrosis (Figure 6B, middle col-
umn). Of note is that rats fed a low Pi and low VD diet had only
slight fibrosis in the left ventricle compared with rats fed with
normal Pi and normal VD chow (Figure 6B).

To further confirm the fibrotic changes in the heart, we ex-
amined the expression of a-SMA, a myofibroblast marker, and
found that a-SMA was increased in the left ventricular lysate by
a high Pi diet and its increase was abolished by a high VD diet
(Figure 6C). In contrast, a high VD diet upregulated a-SMA
protein in the hearts of rats fed a normal Pi diet and did not
have any impact on a-SMA expression in the rats fed a low Pi
diet (Figure 6C). qPCR examining a-SMA mRNA expression
in the left ventricle showed a comparable change to the a-SMA
protein (Figure 5B). Immunofluorescent images showed that
rats fed a high Pi diet had higher a-SMA expression, most evi-
dent in cardiomyocytes and less so in cardiac fibroblasts
(Figure 6D), suggesting that Pi-induced cardiac fibrosis might

FIGURE 4: Effects of dietary modulation (8 weeks) of Pi and VD on histologic changes and hypertrophic markers in rat cardiomyocytes. (A)
Microscopic image of WGA stain in the left ventricles of rats. (B) Quantification of cardiomyocyte area. (C) a-Actinin protein expression in
the left ventricular lysates. (D) Quantification of a-actinin and a-SMA protein expression levels in the left ventricular lysates. Scale bar ¼
50 lm. Data are presented as means 6 SDs from six rats in each group. Statistical significance among the nine groups was analyzed with one-
way ANOVA followed by a post hoc Student–Newman–Keuls test when applicable. (a) P< 0.05, (b) P< 0.01 versus 0.6% Pi at the same VD
diet, (c) P< 0.05, (d) P< 0.01 versus 0.2% Pi at the same VD diet, (e) P< 0.05, (f) P< 0.01 versus 1100 IU/kg at the same Pi diet, (g) P< 0.05.
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be derived from dedifferentiated cardiomyocytes. The high VD
diet rats had higher a-SMA expression in resident cardiac fibro-
blasts (Figure 6D), indicating that VD and Pi may have distinct
mechanisms to induce cardiac fibrosis through targeting two
different cell lineages in the heart. The detailed mechanisms be-
hind the difference remain to be explored.

Effect of dietary Pi and VD on aberrant expression of
b/a-MHC in the left ventricle

Dysregulation of b/a-MHC is associated with pathologic
remodeling in rodents. We conducted quantitative and qualita-
tive analyses of b/a-MHC expression patterns with immunoflu-
orescence and qPCR. Rats fed a high Pi diet had a higher ratio
of b/a-MHC expression, which was mildly attenuated by high
dietary VD but accelerated by low dietary VD (Figure 7A and
B). Interestingly and unexpectedly, both low and high dietary
VD elevated the b/a-MHC expression ratio compared with
normal dietary VD when rats were fed with normal and low Pi
chows (Figure 7A and B). Thus a synergistic effect on upregula-
tion of the b/a-MHC ratio in rats fed a high Pi plus low VD diet
supports pathologic cardiac remodeling.

D I S C U S S I O N

This study examined the role of dietary Pi and VD and their in-
teraction in affecting cardiac morphology and function in nor-
mal rats. Eight weeks of sustained alteration in Pi and VD
intake did not measurably affect renal function, allowing assess-
ment of dietary Pi and/or VD effects on the heart and on the
phosphocalcitropic endocrine axis independent of renal

dysfunction. The important findings of the present study are (i)
‘effects of Pi and VD intake on phosphocalcitropic hormones’:
high dietary Pi decreases plasma and renal Klotho and increases
plasma FGF23 and PTH, while low dietary Pi exerts the oppo-
site action. Decreased VD intake reduces plasma and renal
Klotho in animals concomitantly fed a normal or high Pi diet.
(ii) ‘Effects of dietary Pi and VD intake on cardiac function and
cardiac remodeling’: a high Pi diet decreases the cardiac ejection
fraction evaluated by cardiac MRI and histologically character-
ized by myocardial hypertrophy (worsened by high VD) and fi-
brosis (attenuated by high VD), whereas a low Pi diet also
decreases cardiac contractility with fibrosis, but to a much lesser
extent than the high Pi diet.

Phosphotoxicity is considered an independent risk for car-
diovascular events in CKD patients and in the general popula-
tion based on epidemiologic data [33]. These studies and
animal experiments showed that high dietary Pi intake is associ-
ated with high serum Pi in both the CKD and non-CKD popu-
lations [34]. High dietary Pi intake is associated with high
morbidity and mortality of CVD in the CKD population [35].
This effect is also demonstrable in the general population [36]
and has raised public health concerns in view of the increases in
Pi intake in large part due to increased consumption of proc-
essed food and the use of Pi as a food preservative. Dietary
Pi–induced endothelial dysfunction and injury [3], vascular cal-
cification [6] and increases in blood pressure could induce hy-
pertrophic cardiac remodeling mainly by increasing peripheral
vascular resistance. In rats with normal renal function, mod-
estly high dietary Pi (1.2%) was demonstrated to augment car-
diovascular and sympathetic responses to the muscle exercise

FIGURE 5: Cardiac hypertrophic and fibrotic markers in rats. At 8 weeks after different dietary regimens, all rats were anesthetized and their
hearts were harvested. Total RNA from the left ventricles was used for quantitative analysis of (A) a-actinin and (B) a-SMA mRNA. Data are
presented as means 6 SDs from six rats in each group. Statistical significance among the nine groups was analyzed with one-way ANOVA fol-
lowed by a post hoc Student–Newman–Keuls test when applicable. (a) P< 0.05, (b) P< 0.01 versus 0.6% Pi at the same VD diet, (c) P< 0.05,
(d) P< 0.01 versus 0.2% Pi at the same VD diet, (e) P< 0.05, (f) P< 0.01 versus 1100 IU/kg at the same Pi diet, (g) P< 0.05, (h) P< 0.01 ver-
sus 100 IU/kg at the same Pi diet.
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pressor reflex and stimulate blood pressure, heart rate and renal
sympathetic nerve activity [5]. In addition, chronic high dietary
Pi intake in healthy young human subjects significantly and re-
versibly increased the mean arterial pressure and pulse rate as-
sociated with increased sympathoadrenergic activity [34]. Mice
with and without CKD, albeit with an extremely high chronic
dietary Pi intake (2% for 8 weeks), exhibit both vascular calcifi-
cation with normal renal function and accelerated progression
of preexisting CKD and uremic cardiomyopathy [6, 8]. High di-
etary Pi loading–induced cardiac remodeling in rodents with
normal kidney function has clinical implications. The Pi

additive in processed food known as nonphytate Pi can poten-
tially have deleterious cardiovascular effects.

The absence of ectopic calcification in the heart, aorta and
kidney in the rats fed with high dietary Pi appears to be contrary
to the induction of vascular calcification in uremic rodents by
Pi [6, 37]. The discrepancy can be for two reasons. First is that
rats were loaded with modest dietary Pi (1.6%) only for a mod-
erate period (8 weeks). Second is that experimental rats had
normal renal function and histology. Therefore high Pi–
induced vascular calcification might need other triggers or
accelerators that were absent in our experimental rats.

FIGURE 6: Effects of dietary (8 weeks) Pi and VD on fibrogenic markers in rat heart. (A) Gross image of trichrome stain in the heart. Scale bar
¼ 5 mm. (B) Microscopic image of trichrome stain in the heart. Scale bar ¼ 100 lm. (C) a-SMA protein expression (a fibroblast marker) in
left ventricular lysates. Upper panel: representative blots for a-SMA and GAPDH. Bottom panel: quantification of a-SMA protein expression.
(D) Microscopic image of a-SMA staining costained with WGA. Scale bar ¼ 50 lm. Data are presented as means 6 SDs from six rats in each
group. Statistical significance among nine groups was analyzed with one-way ANOVA followed by a post hoc Student–Newman–Keuls test
when applicable. (a) P< 0.05, (b) P< 0.01 versus 0.6% Pi at the same VD diet, (c) P< 0.05, (d) P< 0.01 versus 0.2% Pi at the same VD diet,
(e) P< 0.05, (f) P< 0.01 versus 1100 IU/kg at the same Pi diet, (g) P< 0.05.
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Low plasma Klotho associates with high morbidity and high
mortality of cvd in CKD patients and in the general population
[6, 24, 38]. This study shows that low renal and plasma Klotho
is a consequence of a high Pi diet, while increases in Klotho re-
sult from a diet low in Pi, which confirmed the effects of dietary
Pi on the modulation of renal Klotho [8, 26]. It is conceivable
that cardiac phosphotoxicity may be attributable, at least in
part, to the Klotho-deficient state. However, one recent study in
normal human subjects showed small increases in plasma and
urine Klotho levels within the normal range after 6 weeks of a
modest increase in plasma Pi [34]. The mechanisms of this ap-
parent species difference need clarification in the future. On the
other hand, there was lower cardiac ejection and fibrosis in rats
fed a low Pi diet, which is similar to clinical observations, in
contrast to the condition of CKD in which lowering Pi intake
has been repeatedly shown to exert beneficial effects [39].
Moreover, hypophosphatemia resulting from any genetic or ac-
quired diseases is associated with low energy metabolism in
skeletal muscles [40] and in cardiac muscles, as shown in this
study. Therefore the deleterious effect of 8 weeks of low dietary
Pi on the heart in rats with normal renal function is of concern.

Pi-induced elevation of circulating FGF23 is well established
[5, 8, 41, 42]. High FGF23 may induce cardiomyopathy both di-
rectly and indirectly [25, 43]. The present in vivo Pi-modulating
experiments cannot rule out a pathogenic role of high FGF23 in
cardiac remodeling induced by high Pi. PTH is another uremic
toxin and hyperparathyroidism has been shown to be associ-
ated with left ventricular hypertrophy in renal patients and the
general population [44]. Although this study cannot confirm or
refute a direct effect of high PTH induced by chronic Pi loading
on cardiac remodeling, it at least provides in vivo evidence
about the association of dietary Pi–upregulated PTH with car-
diac remodeling.

VD deficiency is linked to increased mortality and may be a
detrimental factor in left ventricular hypertrophy and cardiac
dysfunction in CKD patients [18, 19]. We found that low VD in

combination with a low Pi diet stimulates FGF23, providing at
least one potential mechanism for the high cardiac morbidity
and ventricular hypertrophy in VD deficiency. In further sup-
port, higher 25(OH)D levels were associated with significantly
improved survival in CKD patients [45] and VD treatment was
associated with a reduction in cardiovascular death and an im-
provement in left ventricular hypertrophy in dialysis patients
[20, 46] in most, but not all, studies [47]. This study does not
confirm the beneficial effect of high dietary VD on high Pi diet–
induced cardiovascular toxicity. In contrast, a high VD diet
appears to exacerbate Pi toxicity on the cardiovascular system.
Therefore extremely high VD loading (5000 IU/kg) is harmful.

On the basis of high Pi–induced cardiac hypertrophy, both
low and high dietary VD reduce the ejection fraction with a di-
lated left ventricle, resembling dilated cardiomyopathy in CKD
patients [48]. Unfortunately our MRI technique without con-
trast medium did not allow us to provide precise left ventricular
volume. Furthermore, high VD induces cardiac hypertrophy
and fibrosis while low dietary VD induces modest cardiac atro-
phy in rats with a normal Pi diet. Therefore either extremely
low or high dietary VD is harmful to the rat heart when renal
function is not impaired. These observations might also explain,
at least in part, the observation in humans that excessively high
VD supplementation augmented the risk of hypercalcemia, vas-
cular calcification and reduced survival in CKD patients [19].

Left ventricular fibrosis is a striking feature of pathologic car-
diac remodeling, impairs cardiac function and induces arrhyth-
mia [49]. Cardiac fibrosis can be derived from endothelial
dedifferentiation [50], resident cardiac fibroblast proliferation
[51] or cardiomyocyte dedifferentiation [52]. Because high Pi
diet induced massive fibrotic changes mainly in cardiomyo-
cytes, whereas high VD diet induced fibrosis in cardiac fibro-
blasts, there are distinct cellular targets for a fibrotic process in
the heart for high Pi as compared with low VD. The molecular
mechanism and signaling pathway of cardiac fibrosis induced
by Pi or VD remain to be illustrated.

FIGURE 7: Effects of dietary Pi and VD (8 weeks) on b/a-MHC mRNA and protein expression in rat hearts. (A) Microscopic image of
b/a-MHC protein expression in left ventricles costained with WGA. (B) b/a-MHC transcripts expression. Scale bar ¼ 20 lm. Data are pre-
sented as means 6 SDs from six rats in each of the nine groups. Statistical significance among nine groups was analyzed with one-way
ANOVA followed by a post hoc Student–Newman–Keuls test when applicable. (a) P< 0.05, (b) P< 0.01 versus 0.6% Pi at the same VD diet,
(c) P< 0.05 (d) P< 0.01 versus 0.2% Pi at the same VD diet, (e) P< 0.05 (f) P< 0.01 versus 1100 IU/kg at the same Pi diet, (g) P< 0.05.
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There are several limitations in this in vivo experiment. First,
we were unable to measure plasma 1,25(OH)2D because of lim-
ited plasma samples. Although we already confirmed that both
low dietary VD and high dietary Pi induced VD deficiency in
the rats, we are still unable to determine if the changes in
plasma 1,25(OH)2D are similar to those of plasma 25(OH)D.
Second, we did not find a stimulatory effect of high dietary VD
on renal and plasma Klotho, probably due to an extremely high
dose of 25(OH)D, which may reach toxic levels. Third, although
we found that rats treated with a high Pi diet had plasma PTH,
this study does not allow us to conclude the detrimental effect
of high PTH on pathologic cardiac remodeling in rats fed a
high dietary Pi.

In conclusion, a high Pi diet induces cardiac dysfunction
and pathologic remodeling consisting of cardiac hypertrophy
and fibrosis and reduces renal and circulating Klotho, which
can synergistically enhance Pi cardiotoxicity. High FGF23 may
also participate in pathologic cardiac remodeling in the rats
with high Pi. A low VD diet accelerates high Pi–induced cardio-
toxicity, whereas a high VD diet attenuates cardiac fibrosis but
exacerbates cardiac hypertrophy. Therefore this study provides
experimental evidence to demonstrate a complex interactive re-
lationship between Pi and VD and shows that the overall effect
of either extremely high or low dietary VD intake is harmful to
the heart when animals are chronically Pi loaded.
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