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Abstract

A rat model of iron loading anemia resulting in hypertrophic 
cardiomyopathy was used to assess the composition of cardiac isomyosin by 
ELISAs and immunohistochemistry relative to the chronological age of these 
animals and their normal controls. Cardiac myosin extracts of homozygous 
Belgrade (b/b) rats that develop hypertrophic cardiomyopathy were compared 
to those from the heterozygous (b/+) control rats at 4.5 and 11.5 weeks of age. 
Confirmation of the ELISA data in the increase in β-isomyosin in 11.5 weeks 
old b/b rat hearts were obtained by immunohistochemical staining relative 
to 4.5 weeks old b/b hearts and control 4.5 and 11.5 weeks old b/+ hearts. 
Quantitation and immunohistochemical demonstration of an increase in the 
β-isomyosin isoform can be confirmed in hypertrophic cardiomyopathy in iron 
loading anemia model.

Introduction
A cardiac hypertrophic homozygous Belgrade (b/b) rat model 

with a thalassemic-like disorder of hypochromic microcytic anemia 
with hyperferritinemia and systemic iron loading results in the 
pathogenesis of cardiomyopathy. The autosomal recessive mutation 
in the Divalent Metal Transporter-1 (DMT-1) leads to impaired 
intestinal iron absorption and subsequent hemoglobin production 
for erythrocyte development1-3. DMT-1 regulates the transport of 
non-transferrin-bound iron (NTBI) Fe2+, manganese (Mn2+) and 
cobalt (Co2+) across the plasma membrane and out of the endosomal 
compartment4. A point mutation (G185R) in the SLC11A2 gene for 
DMT-1 in Belgrade rats results in anemia5. Homozygous Belgrade 
rats (b/b) develop DMT-1 deficiency anemia, while heterozygous 
Belgrade (b/+) rats are not susceptible to spontaneous iron 
deficiency anemia.

Deficiency in DMT-1 gives rise to anemia as well as promotes 
extensive liver iron loading in b/b rats on a diet containing iron, 
whereas b/+ rats are not affected1,2. Hypochromic microcytic 
anemia increases cardiac output and has been correlated 
with the development of hypertrophic cardiomyopathy6. 
 Cardiac hypertrophy in b/b rats is associated with aging. This 
animal model of cardiac hypertrophy is correlated to changes in 
cardiac isoforms of myosin heavy chains (MHC). Such changes in 
MHC isoform concentrations with increasing age have been reported 
as percentage change of β-MHC in the Belgrade animal model7. In 
general isomyosin concentrations were determined by utilizing gel 
electrophoresis8, that is only qualitative, at best semi quantitative. 
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Recently, Sukumaran and co-workers reported changes 
in cardiac isomyosin forms in iron overloading in 
hyperferremia deficient (Hfe-deficient) mice, a model 
of human hemochromatosis9. The authors showed that 
cardiac hypertrophy in 12-month old Hfe-deficient mice is 
associated with decrease in the α isomyosin relative to β 
isoform of cardiac myosin. This change was demonstrated 
to be related to age in this model of Hfe-deficiency 
hemochromatosis. We now use a different model of 
cardiomyopathy and quantitated changes in the isoforms 
of cardiac myosin in Belgrade (b/b) rats with aging using 
ELISA specific for β-isomyosin and total cardiac myosin 
specific monoclonal antibodies. Immunohistochemical 
quantiation was also performed with standard horse 
radish peroxidase (HRP) conjugated secondary antibody as 
well as with the Monster HRP reagent (GAM-HRP+, Akrivis 
LLC, Cambridge, MA) to amplify the chromogenic signal 
to demonstrate an increase in the immunohistochemical 
staining signal.

Materials and Methods

Monoclonal antimyosin antibodies
Monoclonal antimyosin 2G42D7 binds to all myosin 

whereas R11D10 is specific for the β-iso-myosin10,11. 
Monoclonal antibodies in culture media were used 
directly or as protein G affinity purified antibodies10. The 
hybridomas were cultured as previously reported10.

Demonstration of cardiac iron overload and cardiac 
hypertrophy in experimental Belgrade and Heteral 
rats

Anemic homozygous Belgrade (b/b) rats and healthy 
heterozygous Belgrade (b/+) rats (6-7 weeks old) were 
fed iron-supplemented diet (500 mg iron/kg diet) for 5 
weeks and euthanized to assess various parameters at 11.5 
weeks of age. The total iron concentration and non-heme 
iron concentration were determined by total iron and 
non-heme iron assay respectively12-14. The concentration 
of heme iron was obtained by subtracting non-heme iron 
concentration from the total iron concentration.

Cardiac tissue extracts
Canine cardiac myosin (Dog heart myosin [DHM]) was 

prepared as previously described from Canine hearts15.

The b/b and b/+ rat hearts stored in liquid nitrogen 
were thawed on ice, and each heart was cut into small 
pieces and then was homogenized using a hand-held 
homogenizer (POLYTRON® PT 1200 E, Kinematica). 
The homogenate was subjected to protein extraction by 
addition of 3-4 times the volume of the tissue homogenate 
of Radioimmunoprecipitation assay (RIPA) buffer [50 mM 
Tris (4°C), 0.1% SDS, 1% NP40 (Tergitol®), 0.5% Sodium 
Deoxycholate, and Protease Inhibitor Cocktail (4°C)]. The 

homogenate was centrifuged at 16000xg for 6 minutes at 
4°C. The supernatant was collected and stored at -80°C for 
future use. 

Estimation of the protein concentration of rat heart 
supernatants of the homogenates by the Bradford 
Method

Determination of the concentration of b/b and b/+ rat 
heart supernatant solutions was by the Bradford Method16. 
Aliquots of 978 μl of the Bradford Reagent were added to 
serial dilutions of BSA in PBS (15, 10, 5, 2.5, and 0 μg/ml) 
and were used to generate the standard curve. Aliquots (2 
μl ) of b/b or b/+ rat heart samples and 20μl of PBS were 
added to additional wells of the assay plate respectively 
with 978 μl of Bradford Reagent. The plates were incubated 
for 5 minutes and the optical density (OD) read at 595 
nm, using a spectrophotometer (Epoch Biotek®). The total 
protein concentration of b/b and b/+ rat heart samples were 
extrapolated from the formula of the BSA standard curve.

ELISAs

 Determination of the concentration of total MHC and 
β-MHC of b/b and b/+ rat heart supernatant samples was 
performed by ELISAs using the two cardiac myosyin-
specific monoclonal antibodies 2G42D7 and R11D10. 
Standard curve for the ELISAs utilized canine (dog) heart 
myosin (DHM) for quantitation17. Both myosyin-specific 
monoclonal antibodies were prepared as described 
previously10. DHM was previously prepared in our 
laboratory. 

 To ensure reproducibility and accuracy, 6 standard 
curves were performed under the same conditions with 
each antibody. The mean + 1SD (error bars) are shown in 
Figure 1. Maximum binding of each standard curve was 
then normalized to represent 100%. The formula of the 
normalized standard curves was obtained by fitting of 
4-parameter logistics, using ReaderFit (MiraiBio Group of 
Hitachi Solutions America, Ltd).

Since DHM is primarily β-isomyosin, both normalized 
standard curves were almost identical with no significant 
differences (Figure 1). 

 Determination of the concentration of total MHC and 
β-MHC in b/b and b/+ rat heart samples was by ELISAs18,19 
using two monoclonal antimyosin antibodies15,20. Both 
myosin specific monoclonal antibodies were prepared 
as described previously15. 96-well microtiter plate 
(Fisherbrand®) was coated with 3.1 mg/ml of Belgrade 
or b/+ rat heart extracts, however the OD reading was 
too low. To obtain accurate determination of the β-MHC 
concentrations of homogenized b/b and b/+ rat heart 
extracts, the maximum absorbance was normalized as 
described for normalization of the binding of DHM.
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The specimen disk was allowed to freeze for 5 minutes. 
The thickness of the heart sections was set at 10 microns. 
The mounting angle of the heart was set at position 6. The 
vacuum pressure of the cryostat was set at 9.5. The cryo-
sections were mounted on clean microscope slides and 
the sections were dried overnight at RT. The sections were 
stored in a sealed slide box at -80°C until used. Hearts from 
3 rats each of 4.5 and 11.5 weeks old b/b and 2 and 3 hearts 
from 4.5 and 11.5 weeks old b/+ rats were sectioned into 
multiple cryosections for immunohistochemical staining.

Immunohistochemical assessment of rat heart 
sections by GAM-HRP (MP Biomedicals, LLC) and GAM-
HRP+ (AKRIVIS, Z-TECTTM)

 Slides containing the frozen heart sections were 
immersed in pre-cooled acetone (-20°C) for 10 minutes 
to fix the sections21. Then the slides were removed and 
the acetone was allowed to evaporate from the tissue 
sections for 20-30 minutes at RT. Each slide was washed 
3 times with 0.1 M PBS, 5 minutes each. Then the tissue 
sections were incubated with 100 µl of 3% BSA in a 
moisture chamber for 1 hour at room temperature to block 
nonspecific binding. The slides were washed 3 times with 
0.1 M PBS, 5 minutes each. Then aliquots of 100 µl of 10 
µg/ml of the primary antibody 2G42D7 or R11D10 were 
added to the tissue sections on the slides respectively and 
the slides were incubated in moisture chambers at 4°C for 
24 hours. Next day, the slides were washed three times 
with 0.1 M PBS-T, followed by three times with 0.1M PBS, 
for 5 minutes each wash. After washing, aliquots of 100 
µl of 1:1000 dilution of GAM-HRP (MP Biomedicals, LLC) 
or 1:40 dilution of GAM-HRP+(AKRIVIS, Z-TECTTM) were 
added respectively to the sections on the slides and the 
slides were incubated in the moisture chamber for four 
hours at RT. The dilutions used were normalized to contain 
the same concentration of the secondary goat anti-murine 
antibody. The slides were then washed three times with 0.1 
M PBS-T and followed by three times with 0.1M PBS. Each 
incubation was for 5 minutes. Then aliquots of 100 µl of 
diamino benzedine (DAB) substrate solution (freshly made 
just before use: 0.05% DAB with 0.015% H2O2 in 0.1 M PBS) 
were applied to the sections on the slides to develop the 
color of the chromogen. The color was allowed to develop 
for about 50 min. The slides were then washed three times 
with 0.1 M PBS for 5 minutes each. The slides were then 
dehydrated with serial alcohol treatment in 95% (two 
times) and 100% (two times) alcohol solutions. About 100 
μl of Permount® (Fisher Scientific) was added to each tissue 
section. Cover slip was applied and sealed with clear nail 
polish. After the nail polish had dried, the mounted slides 
were stored in -20°C in a sealed slide box for subsequent 
microscopic examination. Bright-Field microscopy (Nikon 
Eclipse E400) was set to the following conditions: a) 
Ocular: CFI 10X/22M, b) Objective: Plan 40X/ 0.65 PH2 DL 

Immunohistochemical analysis of frozen rat heart 
sections 

Preparation of frozen rat heart sections 

 Distribution of total MHC and β-MHC of b/b and b/+ 
rat heart samples by immunohistochemical staining was by 
using the same two myosin-specific monoclonal antibody 
2G42D7 and R11D1015,20.

 Rat hearts were collected from exsanguinated rats and 
each heart was placed in a tissue holder that had been 
filled with the cryoembedding compound (Tissue-Tek® 
O.C.T.)21. The tissue holders were stored at -80°C until 
used. The frozen heart sections were prepared by using the 
Cryostat Microm HM550 (Thermo Scientific, Kalamazoo, 
MI.). The temperature of the cryochamber was set at 
-20°C. The specimen disk was built up with O.C.T. and a 
section of the frozen heart was mounted and returned to 
the cryochamber. Then the O.C.T. compound was added on 
top of the frozen heart section to cover the whole tissue. 
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Figure 1. Standard curves of antimyosin R11D10 (β-isomyosin 
specific) and 2G42D7 (total myosin) monoclonal antibodies by 
ELISA are shown as absorbance (top panel) as normalized curves 
(bottom panel).
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(∞/0.17, WD 0.57), c) Digital micrographs were acquired 
at an exposure time of 21.151 ms and the Gain was set 
at 2, d) White Balance was set at 3.783, 2.246, 1, e) Color 
Enhancement: Gamma 2.53; Contrast 0.8; Saturation 0.67; 
Color temperature 10273, f) Acquired image size was 1600 
X 1200 pixels, g) Bit Depth: 24 bpp (RGB), h) Sensor Clear 
Mode: Continuous, i) Chip Area: Full Chip. The intensity of 
the immunoperoxidase stained images were analyzed by 
ImageJ (NIH Image).

Statistics
 All data were analyzed using Student’s t-test. The 

p-value < 0.05 is set as a measure of statistical significance. 
ELISA data were analyzed using Gen 5.0 software for mean 
and standard deviation. Images of immunohistochemical 
studies were analyzed using ImageJ (NIH Image). Data 
are presented as means ± 1SD and were analyzed using 
unpaired Student’s t-test.

Results
Table 1 shows the physiological parameters of the 11.5 

week-old Belgrade rat hearts. Total iron concentration and 
non-heme iron concentration determined by total iron 
and non-heme iron assay respectively11–13 demonstrated 
that the ratio of non-heme iron relative to total iron (%) 
was not significantly different between b/b and b/+ rats. 
In the 11.5 weeks old b/b rats, the total iron concentration 
was decreased to 78.5 µg/gm myocardium from 99.8 µg/
gm in normal b/+ rats, indicating the anemic condition in 
b/b rats. Cardiac hypertrophy was observed in 11.5 weeks 
old Belgrade rats relative to normal b/+ rats (heart/body 
weight ratio 0.48 ±0.01 % and 0.30 ± 0.03 % respectively, 
p< 0.001; n=4).

Even though, total iron in the heart decreased in b/b 
rats (P = 0.02), the ratio of non-heme to total iron was not 
significantly different relative to the control of b/+ rats. 
However, the heart/body weight ratios increased from 
0.30+0.01 to 0.48+0.03 (P < 0.001). This may be due to 
decreased heme iron in the heart of the b/b rats relative 
to age-matched b/+ rats. These parameters are consistent 
with the pathogenesis of hypertrophic cardiomyopathy. 

Figure 2 A shows the % β−isomyosin concentrations 
relative to total myosin of 4.5 and 11.5 weeks old b/b 
(16+7 % and 38+5 % respectively) and b/+ (17+2% and 
19.5+2.5 % respectively) hearts assessed by ELISA. There 
is no difference between the β-isomyosin concentration 

relative to total myosin in 4.5 months old b/b (16+7 % ) 
and b/+ (17+2%) rat hearts. There is also no significant 
difference between the 4.5 and 11.5 weeks old b/+ hearts 
(17+2% and 19.5+2.5% respectively. Only the 11.5 months 
old b/b hearts showed significantly higher percentage 
of β-isomyosin (38.5+5%) than that of the comparators. 
Figure 2B shows the normalized micrograms of β-isomyosin 
in 4.5 and 11.5 weeks old b/b and b/+ rat hearts. The 
total myosin concentration was normalized to the highest 
value, then the β isomyosin concentration was calculated 
from the normalized total myosin concentration. Only the 
concentration in the 11.5 weeks b/b hearts is statistically 
significantly greater than the β-isomyosin concentrations 
in 4.5 weeks old b/b and b/+ rats and the 11.5 weeks old 
b/+ hearts.

Figure 3 A shows that staining with 2G42D7 for total 

Parameter (Unit) b/+ b/b N (each) P value
Body weight (g) 256.0 ± 1.8 219.5 ± 8.4 10-12 < 0.001
Heart/body weight ratio (%) 0.30 ± 0.01 0.48 ± 0.03 4 < 0.001
Total Fe in heart (µg/g) 99.76 ± 7.56 78.45 ± 11.24 4 0.020
Non-heme Fe in heart (µg/g) 36.80 ± 8.29 37.04 ± 6.45 5 0.960
Ratios of Non-heme/Total Fe 36.39 ± 9.68 48.89± 6.45 3,4 0.246

Table 1. Various parameters in 11.5-week-old b/b and b/+ rats.

 

A

B

 

+ 

Figure 2. (A) shows the % β-isomyosin in 4.5 and 11.5 weeks old 
homozygous Belgrade (b/b) and healthy heterozygous (b/+) rat 
hearts. 
(B) The 11.5 weeks old b/b hearts showed significantly higher 
concentration of β-isomyosin in μg concentration than in the 
comparator groups (p< 0.001). 
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myosin and R11D10 for β-isomyosin followed by using the 
commercially available GAM-HRP is higher than that of the 
background activity obtained using murine IgG as controls. 
However, when GAM-HRP was substituted with GAM-HRP+ 
from Akrivis LLC, the intensity of staining with 2G42D7 as 
well as with R11D10 was increased (B). The IgG control 
background activity however, remained the same as those 
obtained with GAM-HRP (A left panes) or GAM-HRP+ (B 
left panels).

Figure 4 show the immunoperoxidase staining of b/b 
(top row) and b/+ (bottom row) frozen heart sections with 
mouse IgG (top left panel), 2G42D7 (middle panels) and 
R11D10 (right panels) developed with GAM-HRP+. The 
intensity of the background non-specific activity was the 
same in the b/b or b/+ sections reacted with murine IgG and 
2G42D7, the latter showing the same intensity of staining 
of total myosin irrespective of whether the sections were 
from b/b (top middle panel) or b/+ rat (bottom middle 
panel) hearts. Staining with R11D10 however, showed that 
there was more chromophore localization in the b/b 11.5 

weeks old heart section (top right panel) than in the b/+ 
heart section (bottom right panel) indicating that there 
was an increase in the β-isoform of cardiac myosin in the 
11.5 weeks old b/b rat hearts.

Figure 5 shows that non-specific background activity 
with IgG was the same with the secondary GAM-HRP or 
GAM-HRP+. Signal amplification was obtained when GAM-
HRP+ was used with 2G42D7 or R11D10 antibodies to 
stain the heart sections. Comparison in 4.5 and 11.5 weeks 
old b/b heart sections stained with GAM-HRP to b/+ 11.5 
weeks heart section showed that the intensity of staining 
of total myosin was the same (Figure 6, p=ns). However, 
the frozen heart sections stained with R11D10 showed 
different intensity of staining between 11.5 and 4.5 weeks 
old b/b Belgrade heart sections (p<0.01). This difference is 
also seen between 11.5 weeks old b/b heart sections and 
4.5 and 11.5 weeks old b/+ heart sections (p<0.01) (Figure 
7). Figure 8 shows the % β-isomyosin of total cardiac 
myosin is the same in 4.5 and 11.5 b/+ and 4.5 weeks old 
b/b rat hearts but the β-isomyosin concentration is much 
higher in 11.5 weeks old b/b hearts. This is consistent with 
much larger heart size along with increased ventricular 
wall thickness in 11 weeks old b/b rats compared to b/+ 
rats (Figure 9).

Even though the absorbance in the 4.5 weeks old b/+ 
heart sections for total myosin shown in Figure 6 is a 
little lower than the absorbance for all other total myosin 
assessments, when the % value was calculated for the 
β-isomyosin in the 4.5 months old b/+ and b/b hearts 
and 11.5 weeks old b/+ hearts, the % is not significantly 
different. However, these values are significantly lower 

A

 
 B

 

Figure 3. (A) shows the immunoperoxidase staining of 11.5 weeks 
old b/+ heart frozen sections with non-specific murine IgG (top 
and bottom left panels), and with 2G42D7 (top right panel) and 
R11D10 (bottom right panel) using the secondary GAM-HRP 
antibody. (B) When GAM-HRP+ was substituted for GAM HRP 
as the secondary HRP conjugated antibody, the DAB signal was 
significantly increased for staining with both 2G42D7 and R11D10.

 

Figure 4. Immunoperoxidase stained Belgrade hearts with 2G42D7 
(top middle panel) and R11D10 (top right panel) compared to b/+ 
heart sections stained with 2G42D7 (bottom middle panel) and 
R11D10 (bottom right panel). Control was stained with normal 
murine IgG (left panel).
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Figure 5. Shows the quantitation of absorbance from immunohistochemical staining of control b/+ rat hearts with Murine IgG to establish 
non-specific adsorption and with 2G42D7 and R11D10 monoclonal antibodies with secondary GAM-HRP or GAM-HRP+. As can be seen 
there is no difference in the non-specific absorbance whether GAM-HRP or GAM-HRP+ was used. However, when 2G42D7 or R11D10 
monoclonal antimyosin antibodies were used, the signal generated in heart sections counter stained with GAM-HRP+ is significantly 
greater than that achieved with the standard GAM-HRP. However, subsequent immunohistology to quantitate β-isomyosin in b/+ and b/b 
rat hearts were undertaken using only GAM-HRP as the secondary antibody which is commercially readily available.
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Figure 6. Absorbance of histochemical stained sections of 4.5 and 
11.5 weeks old b/+ and b/b hearts with 2G42D7 showed similar 
total myosin in the hearts.

Figure 7. shows the absorbance of the immunohistochemical 
section of b/+ and b/b rat hearts at 4.5 and 11.5 weeks of age 
stained with R11D10 monoclonal antibody specific for β-isomyosin.
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Figure 8. % β-isomyosin of total cardiac myosin in 4.5 and 11.5 
weeks old b/+ and b/b rats.

Figure 9. Heart tissues obtained from 11.5 weeks old b/+ rats and 
their age-matched b/b rats. The femur is included as a measure of 
body size. The b/b rats clearly demonstrate larger heart size and 
thicker cardiac muscle compared to b/+ rats.

than that of the β-isomyosin concentration in the 11.5 
weeks old b/b hearts.

Discussion

The b/b rat is an animal model that shows a unique 
feature of iron loading anemia, which resembles 
thalassemia disorder in humans1,2,22. In thalassemia 
patients, cardiac complications are the primary cause of 
mortality and morbidity23,24. On the one hand, excess iron 
due to blood transfusion in thalassemia induces oxidative 
stress by generating noxious reactive oxygen species, which 
causes cardiomyocyte damage including apoptosis, fibrosis 
and cardiac dysfunction25 likely due to affecting the cardiac 
excitation-contraction coupling26. Although the production 
of hydroxyl radicals and lipid peroxidation is important in 
the initiation of iron-overload cardiomyopathy, subcellular 
organelles and inflammatory mediators are also believed 
to be involved in cardiac injury. For example, when iron 
overload occurs, proinflammatory mediators, such as 

TNF-α, MCP-1, and IL-6, express within the myocardium and 
induce cardiomyocyte apoptosis and cardiac fibrosis26. On 
the other hand, severe anemia leads to inadequate oxygen 
delivery to tissues. Therefore, the physiologic response 
to anemia promotes a compensatory increase in cardiac 
output in order to maintain adequate oxygen delivery, which 
could cause myocyte dysfunction. Our study indicates that 
b/b rats display cardiomyopathy as assessed by the heart to 
body weight ratios compared to control heterozygous b/+ 
rats. Although non-heme iron did not change in b/b rats, 
total heart iron in b/b rats is significantly reduced compared 
to that of b/+ rats, suggesting that cardiac complications 
in b/b rats were likely due to chronic anemia. Our results 
are consistent with Galanello et al., who reported that in 
patients with thalassemia intermedia, cardiac ventricles 
are enlarged without heart iron overload, possibly due 
to the hyperdynamic circulation associated with chronic 
anemia and to pulmonary hypertension27. Studies indicated 
that severe anemia could induce cardiac hypertrophy. 
For example, Paplanus et al. demonstrated that cardiac 
hypertrophy was found in anemic dogs28. In addition, the 
enlargement of heart in anemia could be corrected if the 
anemic condition is improved29. Our Belgrade b/b rats 
displayed a significant increase of MHC-β without changes 
in total MHC at 11.5-wk of age, as assessed by ELISA and 
immunohistochemical staining. Reiser et al. reported that 
during the progression of heart failure in humans, there is 
a change in the composition of MHC isoforms in ventricles 
and atria; the MHC-α expression is decreased, while the 
expression of MHC-β is significantly increased30,31. Therefore, 
the changes in the MHC composition in Belgrade b/b rats 
could serve as a biomarker for cardiac hypertrophy. 
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