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Abstract

Iron cardiomyopathy is the leading cause of death in iron overload. Men have twice the mortality 

rate of women, though the cause is unknown. In hemojuvelin-knockout mice, a model of the 

disease, males load more cardiac iron than females. We postulated that sex differences in cardiac 

iron import cause differences in cardiac iron concentration. RT-PCR was used to measure mRNA 

of cardiac iron transporters in hemojuvelin-knockout mice. No sex differences were discovered 

among putative importers of non-transferrin bound iron (L-type and T-type calcium channels, 

ZRT/IRT-like protein 14 zinc channels). Transferrin-bound iron transporters were also analyzed; 

these are controlled by the iron regulatory element/iron regulatory protein (IRE/IRP) system. 

There was a positive relationship between cardiac iron and ferroportin mRNA in both sexes, but it 

was significantly steeper in females (p<0.05). Transferrin receptor 1 and divalent metal transporter 

1 were more highly expressed in females than males (p<0.01 and p<0.0001, respectively), 

consistent with their lower cardiac iron levels, as predicted by IRE/IRP regulatory pathways. 

Light-chain (L) ferritin showed a positive correlation with cardiac iron that was nearly identical in 

males and females (R2=0.41, p<0.01 and R2=0.56, p<0.05, respectively), while heavy-chain (H) 

ferritin was constitutively expressed in both sexes. This represents the first report of IRE/IRP 

regulatory pathways in the heart. Transcriptional regulation of ferroportin was suggested in both 

sexes, creating a potential mechanism for differential set points for iron export. Constitutive H-

ferritin expression suggests a logical limit to cardiac iron buffering capacity at levels known to 

produce heart failure in humans.
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INTRODUCTION

While iron is essential for many of the body's processes, excess iron produces oxidative 

stress, leading to vascular and organ damage. Iron overload can be caused by genetic 

mutations to iron regulatory genes (primary iron overload, i.e. hemochromatosis) or by 

chronic blood transfusions during the treatment of hemoglobinopathies such as thalassemia 

(secondary iron overload) [1-3]. Despite current treatments, iron-mediated cardiomyopathy 

remains the leading cause of death in thalassemia [4]. Female thalassemia patients have a 

two-fold greater survival rate than males [5]; similar disparities in disease severity have been 

documented in hereditary hemochromatosis [6]. The reason for this is unknown.

Previously, we explored this sex difference in a hemojuvelin knockout mouse; this juvenile 

hemochromatosis model produces cardiac iron levels and distribution similar to humans [7]. 

Animals of both sexes were gonadectomized and received Silastic implants filled with 

testosterone, dihydrotestosterone, estrogen, or cholesterol (as a control). Regardless of 

treatment, males exhibited significantly greater heart iron concentrations than females. In 

addition, sex steroid treatment significantly increased cardiac iron concentration in males, 

but not in females. In particular, gonadectomized males with estrogen replacement had 

significantly more heart iron than gonadectomized males with a control cholesterol implant; 

estrogen did not cause a similar increase in female heart iron [8]. We concluded that 

postnatal steroids, acting through an activational estrogenic mechanism, were responsible 

for increasing cardiac iron. However, prenatal steroid exposure, prior to gonadectomy, must 

also be producing organizational changes in iron metabolism because the activational effects 

were only seen in males.

The present study pursues potential mechanisms for the sex differences seen in cardiac iron 

loading in this model. We analyzed the mRNA of three suspected nontransferrin bound iron 

(NTBI) transporters: L-type calcium channels, T-type calcium channels, and ZRT/IRT-like 

protein 14 (Zip14) zinc channels [9-11]. We also probed for evidence of iron regulatory 

circuits in the heart. Classically, transferrin-bound iron importers and exporters are regulated 

via the iron regulatory element/iron regulatory protein (IRE/IRP) system [12]. These 

transporters contain IREs in their mRNA that are bound by IRPs –translation of the mRNA 

can then be regulated in response to changes in cellular iron. It is possible that sex 

differences in the regulation of these transporters could influence cardiac iron levels; we 

therefore analyzed the mRNA of the iron exporter ferroportin, the iron importers transferrin 

receptor 1 (Tfr1) and divalent metal transporter 1 (Dmt1), and the iron storage protein 

ferritin. Organ iron homeostasis has been previously examined, most often in the duodenum, 

liver and macrophages, but this represents the first description of cardiac iron homeostasis in 

a mouse model of iron overload.

METHODS

Animals

Mice were housed in the Animal Care Facility of Children's Hospital Los Angeles. All 

studies were carried out with approval of the Institutional Animal Care and Use Committee 
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of Children's Hospital Los Angeles. Hemojuvelin knockout mice (Hjv−/−) were used to 

induce dietary iron overload; these mice have the background strain of 129S6/SvEvTac and 

were obtained from the lab of Dr. Nancy Andrews at Children's Hospital Boston [13]. To 

probe for hormonal effects, mice were gonadectomized and received hormone implants. 

Female mice were ovariectomized (OVX) and male mice were castrated (OrchX) at 4 weeks 

of age. Female mice received either an estrogen implant (OVX + E) or a cholesterol control 

(OVX); males received an implant containing testosterone (OrchX + T), DHT (OrchX + 

DHT), estrogen (OrchX + E), or cholesterol (OrchX). Intact males and females received a 

sham gonadectomy and a cholesterol control implant. There were 7 mice per group; the 

OVX and OrchX groups had 12 mice per group. The mice were placed on a high iron diet 

for the 8 weeks following gonadectomy (1400 ppm iron; Newco Distributors, Rancho 

Cucamonga, CA, USA). A high-iron diet was necessary to overcome the rodents’ 

upregulation of iron excretion during iron overload, a phenomena that is not seen in humans. 

Also, a high-iron diet allowed for the development of cardiac iron loading in a short period 

of time. At 12 weeks of age, the mice were sacrificed and the heart and liver tissue were 

harvested. Except for ferroportin, significant effects of hormone treatment were not 

observed on any of the genes that were analyzed. Therefore, data from the hormone 

treatment groups were pooled by sex and compared to heart iron concentration.

Gonadectomy and hormone implants

All surgeries were performed under Avertin anesthesia (250 mg/kg). Orchiectomy was 

performed via midline scrotal incision and ovariectomy was performed through bilateral 

dorsal flank incisions. Steroids were replaced at physiological levels by Silastic implant 

subcutaneously. Males and females received a 5-mm implant (outer diameter, 2.16 mm; 

inner diameter, 1.02 mm; Dow Corning, Midland, MI, USA) filled with crystalline steroid 

(Steraloids, Newport, RI, USA). Estradiol was first mixed with cholesterol before being 

loaded into the implant (1:1 17β-estradiol:cholesterol). These implants have been shown to 

restore normal male and female phenotypes in numerous previous studies [14-17].

Iron quantification

Heart and liver specimens were digested in 100% nitric acid at 80°C for 10 minutes; an 

equal volume of 30% H2O2 was then added, and digestion continued at 80°C for an 

additional 10 minutes or until the tissue was dissolved completely. Digested samples were 

diluted with reagent-grade water to 2% nitric acid concentration and analyzed by flame 

atomic absorption spectrophotometry (Perkin Elmer, Waltham, MA, USA).

Reverse transcription-polymerase chain reaction

RNA was extracted using the RNeasy Protect Mini Kit (Qiagen, Valencia, CA, USA). 

Tissues were excised and submerged in RNA Later solution immediately after sacrifice. 

Tissue samples in RNA Later solution were stored at −20°C until RNA extraction was 

performed. Complementary DNA was synthesized using the SuperScript III First-Strand 

Synthesis System (Invitrogen, Carlsbad, CA, USA). Reverse transcription-polymerase chain 

reactions (RTPCRs) were done using the Power SYBR Green PCR Master Mix (Applied 

Biosystems, Carlsbad, CA, USA). Samples were run on a 7900 HT Fast Real-Time PCR 
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System (Applied Biosystems, Carlsbad, CA, USA). Linearity of amplification was verified 

for all primers. Gene expression was reported relative to glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh) expression. Relative expression values were derived from Delta Ct 

using the following formula: Gene expression relative to Gapdh = 2^(-Delta Ct). Hamp1 

expression was reported relative to β-actin via the same formula. Primer sequences were as 

follows: Zip14 forward, 5-GAGCCAACTGATAATCCATTGCT-3; Zip14 reverse, 5- 

GTCAACGGCCACATTTTCAA-3 [18]; L-type calcium channel forward, 5-

GATGGGATCATGGCTTATGG -3; L-type calcium channel reverse, 5-

GGCCAGCTTCTTTCTCTCCT-3 [19]; T-type calcium channel forward, 5-

ACCCTCCCCAAAGAAAGAT-3; T-type calcium channel reverse, 5-

GCTTACATGGGACTTTTCAG-3 [20]; Gapdh forward, 5-CAATGTGTCCGTCG 

TGGATCT-3; Gapdh reverse, 5-GTCCTCAGTGTAGCCCAAGATG-3 [21]; ferroportin 

forward, 5-TGGATGGGTCCTTACTGTCTGCTAC-3; ferroportin reverse, 5-

TGCTAATCTGCTCCTGTTTTCTCC-3 [22]; Tfr1 forward, 5-

TCCCGAGGGTTATGTGGC-3; Tfr1 reverse, 5-GGCGGAAACTGAGTATGATTGA-3 

[23]; Dmt1 forward, 5-TCAGAGCTCCACCATGACTG-3; Dmt1 reverse, 5-

TGTGAACGTGAGGATGGGTA-3 [24]; L-ferritin forward, 5-

TGGCCATGGAGAAGAACCTGAATC-3; L-ferritin reverse, 5-

GGCTTTCCAGGAAGTCACAGAGAT-3 [25]; H-ferritin forward, 5-

GATCAACCTGGAGTTGTATGCC-3, H-ferritin reverse, 5-

CTCCCAGTCATCACGGTCTG-3 [26]; Dmt1 IRE-negative forward, 5-

CGCCCAGATTTTACACAGTG-3; Dmt1 IRE-negative reverse, 5-

TTGGAGTGTCGGTGCTTAAA-3 [27]; Dmt1 IRE-positive forward, 5-

TGTTTGATTGCATTGGGTCTG-3; Dmt1 IRE-positive reverse, 5-

CGCTCAGCAGGACTTTCGAG-3 [28]; Hamp1 forward, 5-

CTGAGCAGCACCACCTATCTC-3, Hamp1 reverse 5-

TGGCTCTAGGCTATGTTTTGC-3 [29]; β-actin forward 5-

GACGGCCAGGTCATCACTATTG-3, β-actin reverse 5-

CCACAGGATTCCATACCCAAGA-3 [29].

Statistical analysis

All statistical tests were performed using JMP 5.1 (SAS Institute, Cary, NC, USA). Because 

hormone treatment groups differed in males and females, hormone effects were evaluated in 

each sex separately by 1-way analysis of variance (ANOVA). When no treatment group 

differences were observed, data were pooled across sex and analyzed by Student's t test; data 

were log-transformed when appropriate. Significance of linear correlations was defined as a 

p value < 0.05. Discriminant analysis was used to demonstrate the separation of male and 

female data in the ferroportin vs. heart iron comparison.

RESULTS

Table 1 summarizes iron levels, organ and body weights, and Hamp1 expression in the study 

animals (Hjv−/−). Reference ranges for wild type control animals are shown for comparison 

(strain 129S6/SvEvTac). Hepatic iron concentrations were increased 5-9 fold from wild type 

animals. Cardiac iron increased threefold in males and twofold in females compared to wild 
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type. Hamp1 levels were on average 1.5x higher in Hjv −/− females than in Hjv −/− males, 

but this difference was not significant (p=0.19). High residual Hamp1 expression was 

limited to intact Hjv−/− females (Figure 1); Hamp1 expression in the OVX and OVX+E 

females was the same as for males. Hjv −/− males and females had less than 10% the 

Hamp1 expression of their wild type counterparts (Table 1). There was no correlation 

between Hamp1 and heart iron concentration (data not shown). In estrogen-treated animals, 

Hamp1 expression was lower in females than in males (0.7 ± 1.6 versus 1.7 ± 2.0 relative to 

Gapdh, p<0.05), yet estrogen-treated females had significantly lower cardiac iron than 

estrogen treated-males (172 ± 21 versus 290 ± 69 ug/g wet weight, p<0.01). Thus, sex 

differences in cardiac iron cannot be attributed to differences in Hamp1 expression.

No effect of sex (Table 2, “expression relative to Gapdh”) or hormone treatment (Table 2, 

“hormone effect”) was observed for mRNA of L-type calcium channels, T-type calcium 

channels, or Zip14 zinc channels. Furthermore, no association was seen between cardiac iron 

levels and the channels’ mRNA levels (Table 2, “correlation with heart iron concentration”). 

These data support the hypothesis that cardiac iron uptake of NTBI is constitutive once 

transferrin becomes completely saturated.

However, steady-state cardiac iron concentration reflects a balance between intake and 

export. Thus we analyzed the iron exporter ferroportin for possible sex differences. This 

channel is the sole known mammalian exporter of tissue iron and has been shown to regulate 

intracellular iron levels through the IRE/IRP system [12, 30]. In males, there was a 

correlation between heart iron concentration and ferroportin mRNA expression (R2=0.35, 

p<0.01). Females showed a similar trend, though the correlation did not reach statistical 

significance because of a single outlier (R2=0.12, p<0.22 with outlier, R2=0.50, p<0.01 

without outlier; outlier indicated by arrow, Figure 2). Interestingly, ferroportin increased 

more sharply in females in response to cardiac iron overload, potentially limiting cardiac 

iron accumulation. The separation of the male and female ferroportin response was 

significant by discriminate analysis (p<0.05). The observed sex difference could represent a 

difference in set point (x-intercept), a difference in strength of response (slope), or both; this 

study was underpowered to distinguish among these possibilities. Ferroportin did show 

significantly higher expression in OrchX+E mice compared to OrchX (0.0026 versus 

0.00087 relative to Gapdh, p<0.05), but OrchX+E mice also had significantly more heart 

iron than OrchX mice (289.6 versus 195.6 ug/g, p<0.05). In females, estrogen treatment had 

no effect on heart iron concentration or ferroportin mRNA expression. Therefore, estrogen's 

effect on ferroportin expression in males was likely secondary to estrogen's effect on heart 

iron concentration.

Since we saw sex differences in IRE/IRP regulated iron exporter mRNA, it was logical to 

probe the IRE/IRP controlled importers, Tfr1 and Dmt1, for sex differences as well. The 

classic model of IRE/IRP regulation predicts that these importers’ mRNA will be degraded 

when iron levels are high [12, 31]. In our study, cardiac Tfr1 levels were lower in males than 

in females relative to Gapdh (3.3*10−4 vs. 6.8*10−4, respectively, p<0.01) (Figure 3A). Tfr1 

was also negatively correlated with heart iron concentration (R2=0.16, p<0.05) (Figure 3B). 

No significant hormone effects were observed. Cardiac Dmt1 levels were also lower in 

males than in females relative to Gapdh (1.1*10−3 vs. 1.8*10−3, respectively, p<0.0001) 
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(Figure 4A). Interestingly, males showed a positive correlation between heart iron 

concentration and Dmt1 mRNA (R2=0.25, p<0.05) (Figure 4B). Despite this paradoxical 

positive correlation, the total level of Dmt1 mRNA in males was quite low. Taken together, 

these results are consistent with classical IRE/IRP regulation, with decreased Tfr1 and Dmt1 

mRNA levels when cellular iron levels are high, thereby limiting cellular iron intake.

Dmt1 is known to have multiple splice variants, some with a 3’ IRE (“IRE-positive”) and 

some without (“IRE-negative”). mRNA for both isoforms was detected in the cardiac tissue 

of our mice, with IRE-positive Dmt1 more highly expressed than the IRE-negative isoform. 

Females had significantly more IRE-positive Dmt1 mRNA than males (0.00060 vs. 0.00049 

respectively, relative to Gapdh, p<0.05). IRE-negative Dmt1 mRNA was expressed at a low 

level in females and males (0.00015 vs. 0.00013 respectively, relative to Gapdh, p=0.50) 

(Figure 5).

To complete the characterization of the cardiac IRE/IRP circuit, we analyzed mRNA 

expression of the iron storage genes, light-chain (L) and heavy-chain (H) ferritin, relative to 

Gapdh. Males and females showed very similar positive correlations of L-ferritin mRNA 

with heart iron concentration (R2=0.41, p<0.01 for males and R2=0.56, p<0.05 for females) 

(Figure 6). H-ferritin mRNA levels were about 2-7 fold higher than those of L-ferritin in 

both males and females. There was no correlation seen between heart iron concentration and 

H-ferritin mRNA; instead, H-ferritin was constitutively expressed (Figure 7A). Interestingly, 

when normalized to heart iron concentration, females expressed significantly more H-ferritin 

mRNA than males (0.0022 vs. 0.0013, respectively, p<0.001) (Figure 7B).

DISCUSSION

Most previous research into cardiac iron overload has focused on putative NTBI import 

channels. While these importers are important because they represent a potential therapeutic 

target, we did not observe any sex differences in their message level. In contrast, we noted 

differential regulation of the iron exporter ferroportin consistent with observed sex 

differences in cardiac iron. While we could not distinguish whether females had a lower 

cardiac iron setpoint for ferroportin upregulation, a steeper slope between ferroportin 

message and cardiac iron, or both, our data suggests that regulation of iron export could be 

an underappreciated determinant of cardiac iron accumulation.

We did not have sufficient tissue for Western blot analysis or ferroportin localization studies 

to confirm or refute functional significance of our observed mRNA changes. However, 

strong ferroportin induction by cardiac iron could explain several phenomena observed in 

mice and in humans. First, cardiac iron overload appears to be self-limiting in many murine 

models, such that cardiac iron levels plateau over time [13]. In humans, there is a long 

latency between hepatic iron loading and cardiac iron loading. The mechanism for this 

latency period is poorly understood, but it is possible that cardiac iron export is able to 

balance NTBI influx over certain ranges. However, once cardiac iron loading begins, it 

generally proceeds very rapidly [32] suggesting a saturation phenomenon to the 

compensatory mechanisms. Additional support for this hypothesis is the relatively low rate 

of cardiac iron loading in thalassemia intermedia. Circulating NTBI levels are increased in 
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thalassemia intermedia but the molar flux of these labile iron species is significantly lower 

than in transfusional siderosis. We postulate ferroportin iron export can successfully balance 

NTBI uptake over the flux rates observed in thalassemia intermedia for many years. 

However, once ferroportin expression is maximized, cardiac iron accumulation can be quite 

rapid.

In the classic models, IRE/IRP regulation of ferroportin is translational, not transcriptional, 

through binding to the 5’ untranslated region [12]. Translational regulation has been 

demonstrated in such tissues as the liver and duodenum [12], but has not been explored in 

the heart. In the present study, we observed that ferroportin mRNA increases with cardiac 

iron, suggesting transcriptional as well as possible translational control of ferroportin 

upregulation in the heart. While the mechanisms of transcriptional control are not clear, 

other groups have shown that ferroportin transcription in macrophages can be regulated by 

heme [33, 34]; other studies in macrophages and lung cells have shown ferrportin 

transcription to be increased by high cellular iron concentration [35, 36]. These mechanisms 

are of clinical interest because potentiating cardiac ferroportin upregulation could be a 

useful therapeutic target.

Since females had lower cardiac iron than males, the IRE/IRP system was expected to 

promote stabilization of their Dmt1 and Tfr1 mRNA, as was observed. Tfr1 also displayed a 

negative relationship with heart iron in both sexes. While these responses are intuitive based 

on classic IRE/IRP regulation, this is the first manuscript to describe these findings in the 

heart. The female Tfr1 response may have had a steeper relationship with iron compared to 

males, similar to ferroportin, but we did not have sufficient range of cardiac iron levels in 

females to explore this hypothesis.

While male Dmt1 mRNA was low compared to females, males did show a paradoxical 

positive correlation between Dmt1 expression and heart iron concentration. Dmt1 exhibits 

multiple transcripts, some containing an IRE (“IRE-positive”) and some without (“IRE-

negative”) [37]. In theory, as cardiac iron levels increase, IRE-positive transcripts would be 

degraded but IRE-negative transcripts would be unaffected. Males with increased 

constitutive IRE-negative Dmt1 expression would potentially take up more circulating 

NTBI, creating a positive correlation between heart iron and Dmt1. While the presence of 

IRE-positive and IRE-negative Dmt1 mRNA was detected in the hearts of our mice, 

correlations were not seen between the mRNA expression and heart iron concentration. This 

may be due to the low expression level of the two isoforms, or because of differences at the 

protein level. Regardless, since males have considerably less total Dmt1 mRNA than 

females, differences in IRE-negative Dmt1 mRNA are likely to be of little importance with 

respect to influencing cardiac iron levels.

Further evidence of IRE/IRP mediated cardiac iron homeostasis was demonstrated by the 

regulation of L-ferritin by cardiac iron. Safe tissue packaging of cellular iron is 

accomplished by the ferritin protein, a sphere-like shell composed of 24 H and L ferritin 

subunits. The L:H ratio of the ferritin molecule varies according to tissue type; L-rich 

ferritin is abundant in iron-storage organs such as the liver and spleen while H-rich ferritin is 

found in organs of low iron content such as the heart and brain [38]. While L-rich protein 
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has prolonged turnover time and is more resistant to proteolysis than H-rich protein [39], it 

is the H-ferritin subunit that possesses the ferroxidase ability required for a functional 

ferritin molecule [40, 41]. In normoxic conditions, the translational control of L and H-

ferritin subunits is similar, with translational repression occurring when iron concentration is 

low [42]. Transcriptional control of the two subunits is not as well studied, but work in the 

rat liver has shown L-ferritin transcription increases with iron while H-ferritin transcription 

does not rise significantly [43]. Examination of the L-ferritin promoter has shown it to be 

affected by antioxidant inducers as well as high iron concentrations; the H-ferritin promoter 

did not show the same response to high iron [44]. In a separate study, L-ferritin mRNA was 

found to be twice as high in old rat hearts compared to young ones, presumably upregulated 

by age-related oxidative stress, while H-ferritin levels did not change [45]. Taken together, 

these findings coincide with what we saw in the mouse heart, as L-ferritin mRNA correlated 

with heart iron concentration while H-ferritin mRNA was constitutively expressed.

However, the constitutive transcription of H-ferritin appears to be limiting at high iron 

concentrations. H-ferritin is the only known cytoplasmic ferroxidase capable of converting 

Fe2+ to Fe3+, and tight regulation of H-ferritin is believed to be necessary for quick 

chelation of labile iron and prevention of oxidative stress [40]. Based on Figure 6, one 

would predict that the L:H ratio of cardiac ferritin protein would surpass 1 near cardiac iron 

levels of 800 μg/g wet weight, or roughly 4.8 mg/g dry weight [46, 47]. In humans, cardiac 

iron levels of this magnitude correspond to a cardiac T2* value of 6.3 milliseconds and are 

associated with a 50% risk of developing heart failure in one year [48]. While L-rich ferritin 

is favorable for long-term iron storage, it is not as well-suited for quick iron clearance. Our 

data therefore suggests that heart failure in iron overloaded patients occurs when cardiac 

iron accumulation outstrips the iron detoxification capacity provided by H-rich ferritin. For 

this reason, the regulatory mechanisms of cardiac H-ferritin are potentially attractive 

therapeutic targets.

Sex differences in cardiac iron loading have been previously described. J. Krijt et al. showed 

that hemojuvelin knockout females have 10-fold more Hamp1 expression than hemojuvelin 

knockout males, which could potentially affect NTBI and therefore cardiac iron [49]. More 

recent work by C. Latour et al. showed that Bmp6 knockout females also have more residual 

Hamp1 expression than males, and that the females did not develop cardiac iron overload 

while the males did [50]. However, the female hemojuvelin knockout mice in our study had 

much lower residual Hamp1 expression than found in either of the two prior studies, with 

increased expression (but still <10% of wild type) only in gonad intact females. Thus, while 

residual Hamp1 expression may have accounted for previous observations made in other 

labs, it cannot explain sex differences in cardiac iron observed in our study.

C. Latour et al. also reported that hepcidin-deficient (Hamp −/−) males and females both 

developed cardiac iron overload, as in the present study. No sex difference was described 

and iron quantification was not performed, but Prussian blue staining shown in the 

supplemental data clearly suggests increased pancreatic and cardiac iron loading in the 

males (Figure S4)[50]. Thus, while near complete hepcidin suppression places a permissive 

role in cardiac iron loading, factors other than Hamp1 expression are responsible for 

observed sex differences in extrahepatic iron loading.

Brewer et al. Page 8

Exp Hematol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The primary limitation of this study is the lack of protein work to independently assess 

translational and transcriptional regulation. Determination of cardiac iron levels by atomic 

absorption required substantial amounts of the ventricle and the rest of the ventricular tissue 

was needed for the RT-PCR work. We chose to focus on the RT-PCR data because we could 

analyze a wide range of iron transporters and rapidly screen for sex differences and 

interactions with cardiac iron burden. However, we recognize that further studies probing 

the mechanisms of cardiac ferroportin and ferritin subunit regulation through the IRE/IRP 

system will need protein validation of observed changes in mRNA levels.
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• Evidence of mRNA regulation of cardiac iron transporter and storage genes in 

mice.

• Ferroportin mRNA increased proportionally to cardiac iron, more sharply in 

males than females.

• L-ferritin mRNA paralleled cardiac iron similarly in both sexes.

• H-ferritin was constitutively expressed, suggesting a natural upper limit to 

cardiac iron buffering.
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Fig 1. 
Hamp1 levels in males and females. Black diamonds = males; grey squares = females. “M-

intact” = gonad intact males; “F-intact” = gonad intact females. Black lines indicate 

geometric means. * = Hamp1 was significantly higher in OVX versus OVX+E. ** = Hamp1 

was significantly higher in intact females versus OVX.
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Fig 2. 
Relationship between heart iron concentration and ferroportin mRNA expression in males 

and females. Black diamonds = males; grey squares = females. Positive correlation in males 

was significant (R2=0.35, p<0.01), while the positive relationship in females did not reach 

significance because of one outlier (R2=0.12, p<0.22 with outlier, R2=0.50, p<0.01 without 

outlier; outlier indicated by arrow).
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Fig 3. 
Tfr1 mRNA expression and its relationship to cardiac iron concentration in males and 

females. Black diamonds = males; grey squares = females. (A) Females had significantly 

more Tfr1 mRNA than males (p<0.01). Black lines indicate geometric means. (B) There was 

a negative correlation between Tfr1 mRNA and heart iron concentration (R2=0.16, p<0.05).
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Fig 4. 
Dmt1 mRNA expression and its relationship to cardiac iron concentration in males and 

females. Black diamonds = males; grey squares = females. (A) Females had significantly 

more Dmt1 mRNA than males (p<0.0001). Black lines indicate geometric means. (B) Males 

showed a positive correlation between Dmt1 and heart iron concentration (R2=0.25, p<0.05).
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Fig 5. 
mRNA expression of IRE-positive and IRE-negative Dmt1 isoforms in male and female 

cardiac tissue. Black diamonds = males; grey squares = females. Black lines indicate 

geometric means. * = Females had significantly more IRE-positive Dmt1 mRNA than 

males. Males and females had similar levels of IRE-negative Dmt1 mRNA.
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Fig 6. 
L-ferritin mRNA expression and its relationship to heart iron concentration. Black diamonds 

= males; grey squares = females. Males and females showed very similar correlations 

between L-ferritin and heart iron concentration (R2=0.41, p<0.01 for males and R2=0.56, 

p<0.05 for females).
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Fig 7. 
H-ferritin mRNA expression and its relationship to heart iron concentration in males and 

females. Black diamonds = males; grey squares = females. (A) No correlation was found 

between H-ferritin and heart iron concentration in males or females. (B) Females had more 

H-ferritin mRNA when normalized to heart iron concentration (p<0.001). Black lines 

indicate geometric means.
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Table 1

Iron levels, organ and body weights, and Hamp1 expression in Hjv−/− and wild type mice.

Parameter Males Hjv−/− Females Hjv−/− Sex Difference 
T-Test Hjv−/−

Males wild type Females wild type Sex Difference 
T-Test wild 
type

Heart Iron (μg/g wet 
weight)

238 ± 73 163 ± 29 < 0.0001 79 ± 7 82 ± 7 < 0.40

Heart Weight (g) 0.147 ± 0.026 0.131 ± 0.020 < 0.01 0.153 ± 0.012 0.128 ± 0.014 < 0.01

Liver Iron (μg/g wet 
weight)

2041 ± 492 1776 ± 527 < 0.05 237 ± 50 317 ± 55 < 0.05

Liver Weight (g) 1.49 ± 0.26 1.42 ± 0.29 < 0.30 1.09 ± 0.09 0.94 ± 0.15 < 0.08

Hamp1 (relative to β-
actin)

1.6 ± 1.2 2.5 ± 1.3 < 0.19 26 ± 1 32 ±1 < 0.23

Body Weight (g) 26 ± 3 24 ± 2 < 0.05 28 ± 2 22 ± 1 < 0.0001

Geometric mean ± standard deviation is displayed for Hamp1; all other values are arithmetic mean ± standard deviation. Calculations for Hjv −/− 
mice include the data from all five Hjv−/− male groups (M-intact, OrchX+T, OrchX+E, OrchX+DHT, OrchX) and all three Hjv −/− female groups 
(F-intact, OVX, OVX+E).

Exp Hematol. Author manuscript; available in PMC 2015 December 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Brewer et al. Page 21

Table 2

mRNA expression of NTBI transporters and relationship to heart iron concentration

Expression relative to Gapdh Hormone effect (p
*
) Correlation with heart iron concentration

Ion channel male female p
* male female male female

R2
p

* R2
p

*

L-type 5.1*103 5.4*103 0.60 0.98 0.72 0.10 0.17 <0.01 0.84

T-type 1.6*103 1.7*103 0.75 0.56 0.42 <0.01 0.75 <0.01 0.98

Zip 14 4.0*103 3.7*103 0.20 0.18 0.93 <0.01 0.69 0.17 0.21

In the “hormone effect” column, p-values were calculated via ANOVA of all male groups (OrchX, OrchX+T, OrchX+E, OrchX+E, intact) or all 
female groups (OVX, OVX+E, intact) for a given ion channel's mRNA expression.

*
p-value.
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