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Abstract
Iron cardiomyopathy in β-thalassemia major patients is associated with vitamin D deficiency.
Stores of 25-OH-D3 are markedly reduced, while the active metabolite, 1-25-(OH)-D3, is normal
or increased. Interestingly, the ratio of 25-OH-D3 to 1-25-(OH)-D3 (a surrogate for parathyroid
hormone (PTH)) is the strongest predictor of cardiac iron. Increased PTH and 1-25-OH-D3 levels
have been shown to up-regulate L-type voltage-gated calcium channels (LVGCC), the putative
channel for cardiac iron uptake. Therefore, we postulate that vitamin D deficiency increases
cardiac iron by altering LVGCC regulation. Hemojuvelin knockout mice were calcitriol treated,
PTH treated, vitamin D-depleted, or untreated. Half of the animals in each group received the
Ca2+-channel blocker verapamil. Mn2+ was infused to determine LVGCC activity. Hearts and
livers were harvested for iron, calcium, and manganese measurements as well as histology.
Cardiac iron did not differ amongst the treatment groups; however, liver iron was increased in
vitamin D-depleted animals (p<0.0003). Cardiac iron levels did not correlate with manganese
uptake, but were proportional to cardiac calcium levels (r2 = 0.6, p < 0.0001). Verapamil treatment
reduced both cardiac (p <0.02) and hepatic (p < 0.003) iron levels significantly by 34% and 28%.
The association between cardiac iron and calcium levels was maintained after verapamil treatment
(r2 = 0.3, p < 0.008). Vitamin D-depletion is associated with an increase in liver, but not cardiac,
iron accumulation. Cardiac iron uptake was strongly correlated with cardiac calcium stores and
was significantly attenuated by verapamil, suggesting that cardiac calcium and iron are related.
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Introduction
Vitamin D deficiency is epidemic in the United States and has been increasingly linked to a
number of important cardiovascular complications, including exacerbation of hypertension,
myocardial failure in end-stage renal disease, and ischemic and idiopathic cardiomyopathy
[1–3]. Despite the statistical association, little is known about the mechanisms involved.
Vitamin D deficiency is also highly prevalent in β-thalassemia patients [4]. β-thalassemia
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major (TM) is a severe congential anemia, requiring chronic blood transfusions, that results
in iron overload. We have recently demonstrated a strong correlation between circulating
vitamin D-25-OH, increased cardiac iron burden, and decreased myocardial function in β-
thalassemia patients. Although deficient in vitamin D stores (25-OH-D3), these subjects
have normal or increased levels of the biologically active metabolite of vitamin D (1-25-
OH-D3), suggesting secondary hyperparathyroidism [5]. Reduced 25-OH-D3 levels
normally lead to increased PTH levels to ensure adequate levels of 1-25-OH-D3. Previous
work in myocyte culture suggests that PTH- and vitamin D (1-25-OH-D3) upregulate L-type
voltage-gated Ca2+ channels (LVGCC) [6–8]. LVGCC are essential for calcium homeostasis
and the dominant mechanism for transmembrane calcium influx into myocytes. Recent
murine work also suggests that LVGCC play a role in iron transport into cardiomyocytes [9–
10]. Therefore, we hypothesized that vitamin D deficiency increases cardiac iron uptake by
increasing the number or activity of LVGCC.

Methods
Animals

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol
was approved by the Institutional Animal Care and Use Committee of Children’s Hospital
Los Angeles.

Many previous studies of iron overload in rodents have utilized injections of
macromolecular iron, such as iron dextran. However, the rodent heart contains a rich
network of interstitial phagocytes that take up macromolecular iron, dwarfing the iron stores
observed in myocytes [11]. In iron dextran models, whole heart iron levels bear little
relationship to myocyte iron stores, making it a poor model to study myocyte iron uptake. In
contrast, the hemojuvelin knockout mouse (HJV KO) spontaneously accumulates hepatic,
pancreatic, and cardiac iron, with parenchymal iron stores that mimic human histopathology
[12–13].

Forty-eight eight-week-old hemojuvelin knockout mice were used for this study. Eight
groups were established. Group 1 had no treatment. Group 2 received vitamin D (1-25-
(OH)-D3). Group 3 received PTH. Group 4 was vitamin D depleted. Group 5 received
verapamil only. Group 6 received vitamin D and verapamil. Group 7 received PTH and
verapamil. Group 8 contained vitamin D depleted mice receiving verapamil. Mice were
maintained on an iron supplemented chow (Fe 1400 ppm, base rodent diet 5001 (Ca 0.95%,
Mn 70 ppm) (Newco Distributor, Ca)).Treatment duration was 6 weeks. Following the
treatment period, animals were euthanized by cardiac puncture and organs harvested for
quantitative iron, manganese, calcium, and tissue histology.

Vitamin D Deficiency
Vitamin D deficiency was induced by feeding breeding couples vitamin D-depleted chow in
a UV-free environment [14]. Vitamin D-deficient offspring were raised on a vitamin D-free
diet and used for the studies.

Drug Administration
Mice of group 2 and 6 received calcitriol. Calcitriol (Sigma Aldrich, Saint Louis, MO), a
bioactive form of vitamin D, 0.4ug/kg was administered 3 times a week by IP injections for
6 weeks. Calcitriol at a dose of 1 ug/kg 3 times a week for 8 weeks has been shown to
induce vascular calcification in rodents [15–16]. Since 1ug/kg seemed to be too aggressive
(increased blood and pulse pressure), we opted for 0.4ug/kg. PTH (Bachem, Torrance, Ca)
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was administrated via Alzet pump continuously (subcutaneously) at a rate of 10 µg/kg/d.
Mice of group 3 and 7 received PTH. In a PTH dose-response study, this dose has shown to
maintain normal calcium and phosphorus levels in parathyroidectomized rats[17]. Mice of
group 5–8 received verapamil treatment. In order to block L-type Ca2+-channels, verapamil
(0.2mg/ml) was administered via drinking water ad libitum. A verapamil concentration of
0.1mg/ml effectively blocks LVGCC [9,18].

Manganese Infusions
Short-term Mn2+ infusions are a surrogate for LVGCC activity. Previous studies using the
Ca2+ channel blockers diltiazem and verapamil demonstrated effective blocking of Mn2+

influx at physiologic doses. Manganese activity was decreased after β-blocker
administration and increased following inotrope treatment, consistent with known response
of calcium transport through LVGCC [19–21].

All experimental mice were sedated with ketamine/xylazine (100mg/10mg) and infused via
an IP line. MnCl2 was dissolved in PBS to deliver a dose of 0.4mg/kg/min for 30 minutes
[20]. Thirty minutes post infusion, hearts were harvested and prepared for blood collection,
inductively coupled plasma mass spectroscopy (ICP-MS), and histology.

Iron, Manganese, and Calcium Determination
Cardiac (30–50mg) and hepatic (70–100 mg) tissue samples were dissolved in equal aliquots
of analysis-grade 70% nitric acid (Sigma Aldrich, Saint Louis, MO) and 30% hydrogen
peroxide (Fisher Scientific, Pittsburgh, PA). Tissue digests were dried and then diluted to a
final nitric acid concentration of 2%. Samples were processed using a Hewlett Packard 4500
Series ICP-MS (Hewlett Packard, Palo Alto, CA). Seven-element control standards were
used. ICP standards (Sigma Aldrich, Saint Louis, MO) for each element were used to create
desired dilutions with 2% nitric acid. The standard samples residual standard deviation
averaged less than 5%, with a few exceptions for highly diluted samples. Isotope emissions
of iron (Fe-56, Fe- 57, and Fe-58) were averaged together.

Histology
At the end of the study, sections of cardiac and hepatic tissues were fixed in 10% formalin,
embedded in paraffin, and stained with Prussian blue and Hematoxylin and Eosin (H&E).

Statistical Analysis
All results are presented as means ± standard deviations. One-way analysis of variance was
applied to determine statistical differences among groups. The mean of each treatment group
was compared with the mean value from the control animals using Dunnett’s test, which
corrects for multiple comparisons. P < 0.05 was considered significant. Where applicable,
multivariate testing was used to determine the most influential variable.

Results
Animals in all groups appeared to tolerate treatments well, with the exception of the
calcitriol treated mice. These animals showed signs of lethargy and stiffness. One animal
with a PTH pump implant died unexpectedly two weeks post surgery.

The effects of Vitamin D axis manipulations on cardiac and hepatic iron concentrations in
non-verapamil treated animals are summarized in Figure 1. Liver iron levels of vitamin D-
depleted animals were 43% higher compared to liver iron levels of control animals
(p<0.003) (Fig. 1A). Despite increasing liver iron concentration, vitamin D depletion did not
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increase cardiac iron. In fact, cardiac iron levels were unchanged by any of the vitamin D
axis perturbations (Fig. 1B).

There was no correlation between cardiac iron levels and cardiac manganese levels. Despite
this, cardiac iron was tightly correlated with cardiac calcium (R2= 0.63; p<0.0001, Figure 2),
suggesting linked transport mechanisms.

To explore this relationship further, we looked at the effects of verapamil in all four groups
(Figure 3). Liver iron was reduced 28% in verapamil alone treated animals (p<0.001)
(Figure 3 A). Effect size was largest in the control and vitamin D depleted animals, reaching
statistical significance after Bonferroni correction. Cardiac iron levels trended lower after
verapamil treatment (p = 0.018 – 0.047, non-significant after Bonferroni correction) in all
groups except calcitriol-treated animals. Analysis of variance among the groups (p=0.10) did
not reach statistical significance nor did post-hoc analysis for calcitriol supplementation
(p=0.10 for Dunnett’s correction). Overall, cardiac iron was reduced 34% in verapamil
treated animals. (p=0.011, right hand aspect of Figure 3 B).

Correlation between cardiac iron and calcium was maintained during LVGCC blockade
(Figure 4). Although the association remains statistically significant (R2=0.3, p<0.008), the
slope is less steep in the presence of verapamil (filled versus open symbols). Verapamil
lowered cardiac calcium levels an average of 35%. Similar to cardiac iron levels, reduction
was similar in all treatment groups except calcitriol-treated animals (p = 0.15 by ANOVA).

Since verapamil produced similar changes in cardiac and liver iron, one could postulate that
verapamil is acting primarily by lowering total body iron stores. Figure 5 demonstrates a
scatter gram of cardiac and liver iron in verapamil and non-verapamil treated animals.
Linear regression analysis between cardiac and liver iron did not reach statistical
significance, with or without verapamil (p=0.09). Slopes of the trends are parallel but the
shift in cardiac iron is significantly larger than predicted by the change in liver iron alone.
Multivariate testing showed that cardiac calcium is the main predictor for cardiac iron levels
for both verapamil and non-verapamil treated animals. This suggests that more than one
verapamil-mediated mechanism is involved. There was no strong correlation between liver
iron and cardiac iron. The data suggest that in our animal model cardiac calcium and iron are
linked.

The effects of verapamil on tissue iron distribution are highlighted in Figure 6. A
representative Prussian blue stained cardiac section from an untreated animal is shown in
Figure 6A. Iron accumulation is exclusively observed in cardiomyocytes, with no evidence
of peri-myocyte deposition commonly found in iron dextran animal models. Little stainable
iron was evident in control animals treated with verapamil (Fig 6 B). Figure 6 C
demonstrates representative liver iron staining for untreated control animals. Hepatic iron is
mainly accumulated in the hepatocytes with a higher concentration surrounding the portal
vein; no Kupffer cell loading is observed. Verapamil treatment preferentially cleared
hepatocytes remote to the portal vein (Fig 6 D).

Discussion
The aim of this study was to examine the effects of vitamin D axis perturbation on iron
uptake in the heart. Iron-induced cardiomyopathy remains the primary cause of mortality in
β-thalassemia major patients [22–23]. Unfortunately, the kinetics of cardiac iron clearance
are slow [24] making iron chelation therapy onerous and time-consuming. Patients who are
unable to fully comply with therapy, which may take several years, have a high mortality
[23]. Thus therapies that might prevent or reduce cardiac iron uptake are of considerable
clinical interest. Given the statistical association between vitamin D deficiency and
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increased cardiac iron-overload in β-thalassemia patients, we wanted to determine whether
vitamin D deficiency would prove to be an important and preventable risk factor for iron
cardiomyopathy. To test this hypothesis, and explore possible mechanisms, we tried to
replicate our observations in humans using an animal model of parenchymal iron overload.

Our data demonstrated that manipulation of the vitamin D axis did not alter cardiac iron
levels across all groups. One possible explanation is that our observations in humans were
an epiphenomenon, linked to iron cardiomyopathy through other physiologic correlates such
as patient age, liver iron concentration, and inflammatory state. Alternatively, no animal
model perfectly mimics the human condition. The hemojuvelin knockout condition could
have unanticipated interactions with the vitamin D axis, either through the very low
circulation hepcidin levels or by other signaling mechanisms. Normally, hemojuvelin is
highly expressed in skeletal and cardiac muscles [12,25], however, our mice have a
complete null mutation of hemojuvelin. Therefore, it is possible that cardiac iron loading is
regulated differently in our model compared to human patients. However, hemojuvelin’s
role in tissue iron uptake and export has not been characterized. Tissue iron homeostasis is
primarily modulated at the transcriptional level via iron-responsive elements/proteins (IRE/
IRP), but there are many opportunities for modulation by hemojuvelin.). Also we can not
exclude that a higher dose of PTH would have worked better. It is possible that the rat data
was not a good starting point for our pilot and we perhaps should have given a significantly
higher amount of PTH.

Not only was cardiac iron unaffected by vitamin D axis perturbations, but cardiac calcium
levels were also unaffected. One possible explanation is that mice may not rely as strongly
on vitamin D for calcium homeostasis since they are predominantly nocturnal. Alternatively,
factors other than vitamin D status may have dominated in our experimental model. For
example, the high iron chow used in these experiments may have interfered with calcium
absorption. The global knockout of hemojuvelin may also have unrecognized effects on
calcium absorption or regulation. Lastly, the heart may simply have robust calcium
homeostasis mechanisms that compensated for differences in systemic calcium levels.

Vitamin D deficiency significantly increased hepatic iron levels. This may be due to
increased iron absorption or decreased elimination. This question could be addressed using
metabolic cages to quantify urinary and stool iron losses. Alternatively, one could study
animals loaded by iron dextran injection because differences in liver iron would solely
reflect differences in spontaneous iron elimination rates. Also, since verapamil reduced
hepatic iron loading in vitamin D deficient mice, it is conceivable that a calcium dependent
mechanism is responsible for increased liver iron accumulation during vitamin D deficiency.

If vitamin D deficiency does increase iron absorption, then vitamin D deficiency might be a
treatable risk factor in patients with hyperabsorption syndromes such as thalassemia
intermedia and hereditary hemochromatosis. The penetrance of severe iron overload in these
disorders is quite variable and it is worth exploring whether vitamin D deficiency
exacerbates hyperabsorption. However, further studies need to be done to elucidate the
mechanistic link between vitamin D deficiency and hepatic iron overload in our model.

Even though previous studies have demonstrated that manganese is a surrogate for LVGCC
activity [19–20], cardiac iron and cardiac manganese were uncorrelated. There are at least
four possible explanations, (1) cardiac iron does not travel through LVGCC, (2) acute
manganese infusions are not representative of long term LVGCC activity, (3) the specificity
of manganese infusions is poorer than suggested by the literature and (4) manganese
infusion may be also influenced by alteration in intracellular iron and calcium due to a
feedback response on the LVGCC. LVGCC are modulated by the autonomic nervous
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system, which in turn may be have altered by the stress of animal handling, changes in
environmental temperature, and the level of sedation. If these perturbations were large
enough, the manganese flux may have borne little relationship to the “average” LVGCC
activity over the 6 weeks of iron loading. In fact, since LVGCC are the dominant
transmembrane transporter of calcium in the myocytes, one might argue that myocyte
calcium levels are the best surrogate for chronic LVGCC activity.

In our study, the 34% reduction of cardiac iron levels with verapamil treatment was
accompanied by a 28% reduction of liver iron. While it is tempting to postulate that cardiac
iron changes simply reflected lower total body iron stores, the weak association between
cardiac and liver iron represented in Figure 5 makes this hypothesis unlikely. As with
vitamin D deficiency, verapamil-mediated iron loss could represent decreased iron
absorption or increased iron elimination. The latter observation is not without precedent.
Ludewiczek et al. reported that calcium channel blockade with nifedipine treatment
decreases hepatic iron levels in iron-overloaded mice by prolonging DMT1 opening times
[26]; this study prompted a clinical trial (NCT00712738).

In contrast, Oudit et al. demonstrated a 50% reduction in cardiac iron with verapamil
treatment, without corresponding liver iron reduction [8]. The most likely explanation for
this discrepancy is that Oudit et al used iron dextran injections to load their mice; iron
dextran injections favor reticulo-endothelial cell loading while our present model
exclusively loads hepatocytes and other parenchymal cells. Ludewiczek et al have shown
that calcium channel blockers can affect DMT1 opening time. DMT1 is up regulated in the
cell membranes of iron-overloaded hepatocytes, but Kupffer cells lacked this expression
[27]. Therefore, verapamil treatment would only alter iron levels in hepatocytes.

Whether iron loads the myocardium through LVGCC remains an open question. In support,
cardiac calcium and cardiac iron are closely correlated through a wide range of physiologic
perturbations. Direct LVGCC blockage also lowers cardiac iron. However, correlation does
not imply causality. Verapamil clearly has unanticipated systemic effects. Blockage of
cardiac calcium influx may impair other important calcium-mediated processes in the
myocyte such as receptor-mediated and nonspecific endocytosis; the role of these processes
in cardiac iron transport has not been characterized. The relationship between cardiac iron
and cardiac calcium was also maintained in the presence of LVGCC blockade (albeit a
weaker association) suggesting contributions from other divalent transporters.

Since verapamil seems to influence iron transport at multiple levels, an alternative
mechanism to probe the relationship between LVGCC activity and cardiac iron is desired.
As cardiac calcium flux through LVGCC is modulated by the autonomic nervous system,
we postulate that beta-blockers might decrease calcium and iron uptake through voltage
gated mechanisms while having little influence on parallel transport mechanisms.

In summary, neither vitamin D deficiency, PTH suprasufficiency, nor calcitriol overdose
modulated cardiac iron levels in a juvenile hemochromatosis model. Cardiac iron and
cardiac calcium were strongly correlated and verapamil treatment decreased cardiac and
liver iron proportionally. Vitamin D deficient animals exhibited more severe hepatic iron
loading. Further work will be necessary to probe the mechanisms of these interactions and
their translation to humans.
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Figure 1. Hepatic (top panel) and cardiac (lower panel) iron concentrations of following vitamin
D axis manipulation in non-verapamil treated animals
Iron levels are reported in units of mg/g wet weight. Liver iron levels of vitamin D-depleted
animals were significantly higher than in other groups (p<0.003) (A). Cardiac iron levels
were unchanged by any of the vitamin D axis perturbations (B). Data are presented as mean
± s.d.
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Figure 2. Linear relationship between cardiac iron and cardiac calcium concentrations in non-
verapamil treated animals
Iron and calcium levels are reported in units of mg/g wet weight. Cardiac iron and cardiac
calcium levels were tightly correlated (R2= 0.63; p<0.0001).
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Figure 3. Hepatic (top panel) and cardiac (lower panel) iron concentrations following vitamin D
axis manipulation in verapamil treated animals
Liver iron was reduced 28% in verapamil (verap) treated animals compared to non-
verapamil (non-verap) treated ones (p<0.001)(right hand aspect of A). Effect size was
largest in the control and vitamin D depleted animals, but not different in calcitriol-treated
animals (B).Cardiac iron was reduced 34% in verapamil (verap) treated animals compared to
non-verapamil (non-verap) treated ones (p=0.011)(right hand aspect of B). Following
verapamil treatment, cardiac iron levels trended lower in all groups except calcitriol-treated
animals (B). Data is presented as mean ± s.d.
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Figure 4. Correlation between cardiac iron and calcium in verapamil treated animals
The association between cardiac iron and cardiac calcium concentrations is statistically
significant (R2=0.3, p<0.008). The slope is less steep in the presence of verapamil (filled
symbols) than without verapamil (open symbols).
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Figure 5. Cardiac versus hepatic iron concentration with and without verapamil treatment
Linear regression analysis between cardiac and liver iron did not reach statistical
significance, with (gray squares) or without verapamil (black dimonds) (p=0.09). Slopes of
the trends are parallel but the shift in cardiac iron is significantly larger than predicted by the
change in liver iron alone.
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Figure 6. Representative histological examination of heart and liver following verapamil
treatment
Specimens were stained with Perl’s Prussian blue iron stain (A-D). Cardiac sections from an
untreated animal is shown in Figure 6A. Iron was predominantly found in cardiomyocytes.
Only minor iron staining was detectable in control animals treated with verapamil (B). In
untreated animals, hepatic iron mainly accumulated in parenchyma cells, but not in Kuffper
cells (C). Verapamil treatment cleared hepatocytes (D). Original magnifications is x200.
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