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Abstract

Pathological remodeling includes alterations of ion channel function and calcium homeostasis and 

ultimately cardiac maladaptive function during the process of disease development. Biochemical 

assays are important approaches for assessing protein abundance and post-translational 

modification of ion channels. Several housekeeping proteins are commonly used as internal 

controls to minimize loading variabilities in immunoblotting protein assays. Yet, emerging 

evidence suggests that some housekeeping proteins may be abnormally altered under certain 

pathological conditions. However, alterations of housekeeping proteins in aged and diseased 

human hearts remain unclear. In the current study, immunoblotting was applied to measure three 

commonly used housekeeping proteins (β-actin, calsequestrin, and GAPDH) in well-procured 

human right atria (RA) and left ventricles (LV) from diabetic, heart failure, and aged human organ 

donors. Linear regression analysis suggested that the amounts of linearly loaded total proteins and 

quantified intensity of total proteins from either Ponceau S (PS) blot-stained or Coomassie Blue 

(CB) gel-stained images were highly correlated. Thus, all immunoblotting data were normalized 

with quantitative CB or PS data to calibrate potential loading variabilities. In the human heart, 

β-actin was reduced in diabetic RA and LV, while GAPDH was altered in aged and diabetic 

RA but not LV. Calsequestrin, an important Ca2+ regulatory protein, was significantly changed in 

aged, diabetic, and ischemic failing hearts. Intriguingly, expression levels of all three proteins were 

unchanged in non-ischemic failing human LV. Overall, alterations of human housekeeping proteins 

are heart chamber specific and disease context dependent. The choice of immunoblotting loading 

controls should be carefully evaluated. Usage of CB or PS total protein analysis could be a viable 

alternative approach for some complicated pathological specimens.

✉Shengtao Yuan, yuanst@cpu.edu.cn, Xun Ai, Xun_Ai@rush.edu. 

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1007/
s00424-021-02538-x.

HHS Public Access
Author manuscript
Pflugers Arch. Author manuscript; available in PMC 2023 August 30.

Published in final edited form as:
Pflugers Arch. 2021 March ; 473(3): 351–362. doi:10.1007/s00424-021-02538-x.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Human heart specimens; Housekeeping proteins; Aging; Diabetes; Heart failure

Introduction

Cardiovascular diseases (CVDs, such as heart failure (HF), coronary artery disease, and 

stroke) and cardiac arrhythmias (including atrial fibrillation (AF), the most common 

cardiac arrhythmia) are the leading cause of morbidity and mortality in the USA and 

many developing countries [17, 30, 35, 50]. Pathological molecular remodeling, including 

upregulated or downregulated proteins and post-transcriptional modification, has been found 

to be critical in the alteration of ion channel functions, calcium homeostasis, myocardial 

electrical and mechanical coupling, and ultimately cardiac maladaptive function during the 

process of disease development.

Using combined experimental approaches including cellular/whole heart functional 

assessments (i.e., ion currents, Ca2+ transients, myofilament contractility, cardiac output) 

and biochemical assays (protein expression and post-translational modification profiles of 

ion channel/regulatory partner complexes and signaling transduction pathways) are essential 

in understanding the underlying molecular and electrophysiological mechanisms of CVDs 

and fatal cardiac arrhythmias. Among those experimental tools, the immunoblotting assay 

has been used as a common technique to semi-quantitatively measure protein abundance 

and post-translational modification (i.e., phosphorylation) status that is detected by target-

specific antibodies in cardiac tissue and cells [9, 37, 48]. An important step to minimize 

technique errors of uneven amounts of sample loading in immunoblotting assays is 

to measure a housekeeping protein as an internal loading control. This is based on a 

common notion that housekeeping proteins (including β-actin, calsequestrin (CSQ), and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) are stably expressed in cells under 

various conditions [7, 20, 51]. However, an increasing number of studies suggest that this 

may not be the case in some tissues or cell types in different disease states such as diabetes, 

cancers, spinal injury, neuronal diseases, and heart diseases [11, 12, 18, 28, 38, 44, 46, 49, 

57].

To date, animal and cellular models have been widely used, and they have provided 

important insights into the molecular mechanisms of pathological remodeling in CVDs. 

However, translational studies in the human heart are crucial to transforming results from 

bench research work into bedside clinical applications. Whether these cardiac housekeeping 

proteins are altered in pathologically remodeled human hearts remains unclear, to date. 

Our carefully designed study here aimed to characterize housekeeping protein expression 

profiles in aged and diseased human hearts. We assessed three commonly used housekeeping 

proteins in heart specimens from human organ donors (not used for transplantation) with 

increasing age or with a history of non-ischemic or ischemic HF, or diabetes mellitus (DM). 

The findings not only provide important information for further investigation regarding 

altered Ca2+ binding CSQ proteins and sarcomeric structural β-actin proteins in human heart 
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specimens but also provide important guidance for choosing a proper housekeeping protein 

as an internal control for immunoblotting assays.

Methods

Human heart specimens (donor hearts not used for transplantation)

Human atrial and ventricular tissues were obtained from 53 human donor hearts provided by 

the Illinois Gift of Hope (GOH) Organ & Tissue Donor Network. These donor hearts were 

not used or not suitable for heart transplantation due to technical reasons (such as impaired 

cardiac function, major cardiovascular diseases, and/or the age of the potential donor). The 

studies were approved by the Human Study Committees of Loyola University Chicago, 

Rush University Medical Center, and Illinois GOH. Consent was obtained by GOH from the 

donors’ families for the use of the donor’s hearts for research purposes and studies were 

performed in accordance with the Declaration of Helsinki. The diseased hearts were from 

organ donors who had a history of either type 2 DM or HF (ischemic or non-ischemic), 

whereas the control hearts were from the donors who had a normal cardiac function 

and without a history of any major cardiovascular disease. Tables 1–4 show de-identified 

demographic data (age, sex, and race) and the medical history of all the donor hearts in the 

current studies. Following heart explanation, right atrial (RA) and left ventricular (LV) tissue 

were quickly dissected and frozen in liquid nitrogen for further biochemistry assays.

Rabbit non-ischemic heart failure model and cardiac myocytes isolation

Studies were performed on control (n = 5) and HF (n = 5) adult female New Zealand 

White rabbits. HF was induced by combined aortic insufficiency and aortic constriction as 

previously described [1–4]. The protocol was approved by the Institutional Animal Care 

and Use Committees of Rush University Medical Center and University of Alabama at 

Birmingham. Terminal studies were performed at 6 months after the procedure of aortic 

constriction when the left ventricular end-systolic dimension exceeded 1.4 cm. The left 

ventricular cardiomyocytes were isolated as previously described [1–4].

Immunoblotting

Total proteins from human RA and LV tissue and isolated rabbit myocytes were extracted 

using RIPA lysis buffer in the presence of a protease inhibitor cocktail (Sigma). The 

immunoblotting assay was performed using a well-established protocol as previously 

described [2, 54]. In brief, the protein concentrations of human tissue homogenates and 

rabbit myocyte lysates were determined using a colorimetric Bradford Protein Assay 

kit (Bio-Rad). Then, serial diluted total protein samples (testing the variability of linear 

loading) or an equal amount of 30 μg proteins per sample (testing the variability of equal 

loading) were loaded and separated based on molecular weight by 10% SDS-PAGE gels. 

Immunoblotting assays were performed using specific antibodies recognizing either β-actin, 

calsequestrin (CSQ), or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) proteins. 

Immunoreactivity was detected using a chemiluminescence kit (Bio-Rad) followed by 

the acquisition of the immunoblotting image and then quantification using a gel imaging 

analysis software (Bio-Rad). Each experiment was repeated three times to ensure the 

reproducibility of the data.
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Ponceau S and Coomassie brilliant blue staining

At the end of the electrophoretic separation, SDS-PAGE gels underwent blot transfer to a 

nitrocellulose membrane. Then, the blots were rinsed briefly in distilled water and immersed 

in the Ponceau S (PS) solution (Sigma) for 5 min, followed by a brief rinse in distilled 

water to visualize the protein bands. Next, PS-stained blot images were acquired using the 

Bio-Rad gel imaging system as previously described [24]. After the PS staining and image 

acquisition, blots were subjected to a thorough rinse procedure to completely remove the 

PS dye followed by incubation with a primary antibody for immuno-blotting as described 

above.

For Coomassie Brilliant Blue staining, SDS-PAGE gels were stained using a Coomassie 

Brilliant Blue gel staining protocol as previously described [52]. In brief, the gel was 

pre-fixed in 50% v/v methanol, 40% v/v H2O, 10% v/v acetic acid for approximately 30 min 

after electrophoresis, and then stained with 0.1% w/v Coomassie brilliant R250 in the same 

solution as described above for 2 h until the gels were uniformly stained with a blue color. 

The gel was then de-stained by soaking overnight in 5% v/v methanol, 7.5% v/v acetic acid, 

and 87.5% v/v H2O until the background blue was removed, and protein bands were clearly 

visualized. Finally, an image of the gel was acquired and intensities of the total protein 

bands per lane were quantified using the Bio-Rad gel imaging software as described in the 

“Immunoblotting” section.

Statistical analysis

Statistically significant differences were assessed by either the nonparametric test (Mann-

Whitney test) or linear regression analysis using IBM SPSS Statistic 24 (SPSS, Chicago, IL, 

USA). All data are presented as mean ± SEM. The criterion for statistical significance was a 

p value < 0.05.

Results

Quantitative total proteins of Ponceau S blot-stained and Coomassie blue gel-stained 
images as alternative approaches to calibrate loading variabilities

We first performed PS blot staining and CB gel staining in SDS-PAGE gels loaded 

with a linear range of total proteins (10, 20, 30, 40, 50, 60 μg) from the same human 

atrial homogenate. After electrophoretic protein separation, one of the two gels from the 

electrophoresis set was stained with CB solution, while the other gel was used for PS 

staining of the protein-transferred nitrocellulose membrane blot. Three gel repeats (running 

on different days) were carefully performed to eliminate potential sample loading variability. 

Figure 1a shows summarized quantitative results of all detected bands from each lane from 

CB gels and PS blots, suggesting a well-correlated linear relationship between the amount 

of loaded total protein of each lane and the corresponding band intensities. Next, we loaded 

30 μg total protein of each atrial homogenate from 7 different normal human donors in 

the same gel followed by CB and PS staining and image quantification. Three gel repeats 

(running on different days) were also carefully performed. Summarized quantitative results 

of either CB gel-stained or PS blot-stained images showed minimal variations between 

different samples (Fig. 1b). These results show that quantitative protein band intensities from 
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CB and PS images were well correlated to the loaded amount of total proteins. In addition, 

we performed immunoblotting with an SDS-PAGE gel loaded with a linear range of total 

proteins (5, 10, 20, 30 μg) from a HF rabbit myocyte sample. The blot was stained with 

PS solution followed by probing with a β-actin antibody. We found that the quantitative 

intensity of β-actin proteins detected by the antibody was highly correlated with loaded total 

proteins from quantified PS-stained image (Fig. 1c). Thus, our data demonstrate that the 

quantitative intensity of total proteins from CB or PS images properly reflects the loaded 

amounts of total proteins and the relative expression levels of a target protein of interest. 

Thus, in the subsequent experiments in the current studies, all the immunoblotting raw 

data were normalized to quantitative total protein values of CB or PS images to calibrate 

potential loading variabilities.

Three altered housekeeping proteins in diabetic human hearts

Next, we assessed three housekeeping proteins including β-actin, calsequestrin (CSQ), 

and GAPDH in diabetic human RA and LV from organ donors with a history of type 2 

diabetes and age-matched non-diabetic donors (Table 1). All of the organ donors had a 

normal cardiac function and no history of cardiac arrhythmias or any major cardiovascular 

diseases. Three sets of immunoblots probed with the three different antibodies were 

obtained from same-day back-to-back experiments, and each experiment was repeated 

three times on different days. The intensity of immunoblotting bands for each protein 

was quantified and all raw data were normalized to the quantified value of total proteins 

obtained from CB gel-stained images. We found that the protein levels of β-actin, CSQ, 

and GAPDH were all significantly downregulated in the diabetic human RA compared to 

age-matched controls (Fig. 2a, c–e and Supplemental Fig.S1a). Furthermore, we normalized 

the same immunoblotting raw data to the total protein intensity values from PS blot-stained 

images, and the results of using either CB or PS values were comparable (Fig. 2f–h and 

Supplemental Fig.S1a,1c). In diabetic human LV, we found significantly reduced β-actin 

but unchanged GAPDH and CSQ compared to age-matched controls (Fig. 2b–e and 

Supplemental Fig.S1b). Taken together, our results suggest that the diabetic disease state 

suppresses the protein expression of CSQ and GAPDH only in RA but downregulates 

β-actin in both RA and LV.

Altered abundance of CSQ proteins in ischemic failing human hearts

The protein levels of the three housekeeping proteins were measured in human RA and 

LV from donors with a history of ischemic HF. As shown in Table 2, the average ejection 

fraction (EF) of the ischemic HF donor hearts was 16.6% compared to an average of 53.1% 

EF in age-matched non-failing control donors, reflecting significantly impaired cardiac 

function in these ischemic failing hearts. Immunoblotting data showed that the abundance 

of CSQ proteins was markedly increased in ischemic failing RA but significantly reduced 

in ischemic failing LV compared to age-matched non-failing controls (Figs. 3a, b, 3d, and 

Supplemental Fig. S2a, 2b). In contrast, β-actin and GAPDH were unchanged in both RA 

and LV ischemic failing hearts compared to age-matched non-failing controls (Fig. 3a–c, 

e and Supplemental Fig. S2a, 2b). All quantified raw data were normalized to quantified 

values of CB gel-stained images. Overall, our findings showed cardiac chamber-specific 

changes in CSQ that suggest that CSQ apparently is not a suitable internal loading control 
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for ischemic HF specimens, while β-actin and GAPDH could be considered as good loading 

controls for immunoblotting assays in this setting.

Unchanged housekeeping proteins in non-ischemic failing human hearts

Human donors with a history of non-ischemic HF showed an average EF of 15.5% 

compared to 63.0% in age-matched control donors, indicating markedly reduced cardiac 

function (Table 3). Due to their use in the previous studies, we assessed the three 

housekeeping proteins in LV specimens. We found that the protein levels of all three 

proteins (β-actin, CSQ, and GAPDH) were unchanged in the LV of non-ischemic HF hearts 

compared to age-matched non-failing controls (Fig. 4a, c–e, left panel and Supplemental 

Fig.S3a). All quantified immunoblotting raw data were normalized to the quantified values 

of PS blot-stained images. It is known that multiple cell types including myocytes, 

fibroblasts, and endothelial cells exist in the heart tissue, while myocytes comprise the most 

cellular volumes and play a predominant role in cardiac electrical and mechanical function 

[5]. To further confirm these findings in human heart tissue, we used isolated myocytes 

from our well-characterized non-ischemic HF rabbit model with a decreased mean fraction 

shortening (FS) by 24% compared to age-matched controls. This non-ischemic HF rabbit 

model exhibits similar abnormal phenotypes including molecular and electrophysiological 

changes seen in nonischemic failing patients as previously described [1–3]. The three 

housekeeping proteins were also found to be unchanged in non-ischemic HF rabbit 

myocytes compared to age-matched control rabbit myocytes (Fig. 4b, c–e, right panel, and 

Supplemental Fig.S3b). Thus, non-ischemic HF (in humans and rabbits) had no impact on 

the expression of these housekeeping proteins.

Evaluation of the three housekeeping proteins in the human heart with increasing age

Aging has been well recognized as an unavoidable risk factor for cardiovascular diseases 

because the aged heart is more susceptible to intrinsic and extrinsic stress stimuli, which 

could prompt molecular and electrophysiological remodeling [6, 17, 22, 23, 35, 36, 53]. To 

determine the age-related changes of these three housekeeping proteins in human atria, we 

studied RA specimens from human donors (19–82 years old) who had preserved cardiac 

function, no history of cardiac arrhythmias, and lacked a history of any major CVDs 

(except CAD and hypertension (HTN)) (Table 4). We found that the protein expression 

levels of β-actin in aged human atria were comparable with increasing age (Fig. 5a, b, 

and Supplemental Fig.S4). In contrast, the abundance of CSQ and GAPDH proteins was 

significantly increased with increasing age (Fig. 5a, c, d, and Supplemental Fig.S4). Our 

results indicate that age-related molecular remodeling affects the expression of some of the 

housekeeping proteins, and β-actin could be considered as a suitable internal loading control 

for biochemistry assays in this setting.

Discussion

In the present study, we carefully assessed the expression profile of three commonly used 

housekeeping proteins (β-actin, CSQ, GAPDH) in both aged and diseased (diabetic, non-

ischemic HF, and ischemic HF) human hearts. Isolated LV cardiomyocytes from a unique 

and well-characterized non-ischemic HF rabbit model were also used to complement the 

Yang et al. Page 6

Pflugers Arch. Author manuscript; available in PMC 2023 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



findings from non-ischemic failing human LV. We demonstrated for the first time that 

there are disease context-dependent and heart chamber-specific alterations in housekeeping 

protein expression in human heart tissue specimens. Specifically, our study provides 

evidence that (1) β-actin, a sarcomeric structural protein, is reduced only in diabetic RA 

and LV; (2) CSQ, an important sarcoplasmic reticulum (SR) Ca2+ binding protein, is altered 

in both diabetic, HF, and aging hearts; and (3) GAPDH is increased in RA with increasing 

age but reduced in diabetic RA.

β-Actin has been the most commonly used loading control for biochemistry assays. 

However, recent studies suggest that it may not be a valid internal control because its 

expression abundance may be altered under certain pathological conditions [11, 12, 14]. 

Along with abundantly expressed cardiac α-actin, cardiac β-actin is expressed at a lower 

amount in cardiomyocytes. However, it has been shown to be involved in sarcomeric actin 

filament dynamic structures and gene expression through control of the cellular G-actin 

pool [8, 34]. Under pathological conditions such as DM, altered actin-mediated cytoskeleton 

network and related signaling pathways were reported, and insulin may have a direct effect 

on the β-actin proximal promoter CCArGG motif in certain cell types [15, 31–33]. DM is a 

metabolic disorder with impaired insulin production or an insulin-resistant response leading 

to hyperglycemia, which can cause serious pathological remodeling in different organs and 

lead to cardiovascular diseases, stroke, and kidney dysfunction [10, 27, 42]. In the diabetic 

human heart, our results demonstrate for the first time significantly decreased β-actin in both 

diabetic human atrium and ventricle, suggesting a possible functional impact of the reduced 

β-actin on the actin cytoskeleton network in the diabetic heart. However, β-actin expression 

was unchanged in human atria with increasing age as well as in failing human hearts with 

either ischemic or non-ischemic HF. Therefore, there are pathologic alterations of β-actin 

in the heart in a disease context-specific manner, and the functional impact of this altered 

β-actin in the diabetic hearts is clearly worthy of further investigation.

Another important finding here is that altered CSQ protein levels were found in the human 

heart with increasing age as well as in pathologically remodeled human diabetic and 

ischemic failing hearts. In addition, there were atrial vs ventricular chamber differences 

shown in aging-related and disease-related changes of CSQ expression. For instance, 

reduced abundance of CSQ protein was only found in diabetic human atria but not 

ventricles, whereas increased CSQ was found in ischemic HF RA, but significantly reduced 

CSQ was noted in ischemic HF LV. CSQ is the most abundant Ca2+ binding protein in 

the SR; it regulates luminal Ca2+ concentration and cardiac Ca2+ triggered Ca2+ release 

channels ryanodine receptor (RyR2) as well as Ca2+ release refractoriness in each heartbeat 

[19, 21, 41, 45]. It is also a major determinant of the Ca2+ storage capacity of SR. 

Missense mutations of CSQ have been found to cause aberrant Ca2+ release, which is linked 

to the life-threatening, genetically inherited arrhythmogenic disease, catecholaminergic 

polymorphic ventricular tachycardia (CPVT) [13]. Transgenic mouse models suggest that 

depletion of CSQ leads to a fast rise of luminal Ca2+ concentration after each heartbeat, 

which causes an increased amount of systolic Ca2+ release during each heartbeat cycle and 

a much faster recovery of the RyR2 channels from SR release refractoriness. Therefore, 

reduced CSQ in ischemic HF ventricles could be a compensatory mechanism against Ca2+ 

triggered arrhythmic activities. While unchanged CSQ was reported in human HF [29, 40], 
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our findings of unchanged CSQ in non-ischemic HF in humans and rabbits suggest that the 

etiology of HF influences the different housekeeping protein expression. In addition, aged 

and diabetic as well as ischemic failing atria all showed significantly increased CSQ. To our 

knowledge, these intriguing findings in aged and diseased atria have not been previously 

reported in humans; thus, future functional investigations would be worth exploring. In 

addition, our findings here suggest that CSQ is not a suitable internal loading control for 

biochemical assays in aged, diabetic, and ischemic failing hearts.

The third housekeeping protein we examined in the current study was GAPDH. This protein 

functions as a glycolytic enzyme involved in the cellular metabolic process [39]. In addition 

to its metabolic function, GAPDH is also involved in certain cellular functions including 

transcription activation, initiation of apoptosis, and regulation of vesicle shuttling from 

the ER to the Golgi apparatus [43, 58]. Extensive studies suggest that GAPDH is stably 

expressed in different cell types under normal and various pathological conditions [38, 59]. 

In our current study, we found unchanged GAPDH expression in both ischemic and non-

ischemic failing hearts. However, GAPDH expression was significantly increased in human 

atria with increasing age and reduced in diabetic atria, although unchanged abundance of 

GAPDH was reported in human skeletal muscles with increasing age [26, 47].

In the current study, we also demonstrated that Coomassie Blue (CB) gel-stained and 

Ponceau S (PS) blot-stained total proteins could be used as alternative loading controls 

in immunoblotting assays. CB-stained gels and PS-stained blots are the two classical 

quantification methods for total loading proteins based on the advantages of the simplicity 

of the procedure, mass spectrometry compatibility, and low cost. PS staining has another 

advantage in that the staining is completely reversible and does not interfere with the 

procedures of the immunoblotting. Thus, using PS or CB total protein analysis could 

be considered under certain complicated diseased conditions. In addition, other technical 

aspects, including using a well-designed protocol, keeping up the rigorous protocol in every 

step of the immunoblotting assay, ensuring the high quality of the reagents/buffers, and 

validating antibodies (reactivity, specificity, and dilution rate), should also be considered to 

minimize other technical variances and to ensure the reliability and reproducibility of the 

immunoblotting data.

Taken together, our studies demonstrate that housekeeping proteins in the human heart may 

be altered during the process of age-related remodeling and pathological remodeling such 

as DM, ischemic HF, and non-ischemic HF. β-actin and GAPDH may be suitable internal 

loading controls for both ischemic and non-ischemic failing hearts. While β-actin can be 

a proper internal control for aged heart specimens, it is apparently a poor loading control 

for diabetic human atria and ventricles. CSQ is an important Ca2+ regulatory protein and 

our results suggest that CSQ may be functinally involved in pathological remodeling in 

aged, diabetic, and failing human hearts. Thus, our findings of altered expression profiles of 

these housekeeping proteins suggest that the choice of internal control should be carefully 

evaluated in human heart studies. It is known that the prevalence of cardiovascular diseases 

and arrhythmias is significantly increased in the aging population [25, 35, 53, 56]. While 

aging may not lead to apparent disease phenotypes, the aged heart is known to be more 

susceptible to stress challenges and subject to pathological remodeling [16, 47, 53, 55, 56]. 
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Our finding of altered atrial CSQ in the current study, along with our recently reported 

findings of altered SR Ca2+ dynamics and enhanced atrial arrhythmogenicity in both aged 

human and animal models [53, 55, 56], supports that age-related cardiac remodeling may 

have a milder impact on the expression of housekeeping proteins than on SR Ca2 + 

mishandling and arrhythmogenicity in the human heart. Notably, our recently reported 

immunoblotting data obtained from aged human atria were all normalized to GAPDH as 

an internal loading control. Although our findings of enhanced stress kinase JNK activation 

and increased phosphorylation of JNK-regulated SR Ca2+ handling proteins were confirmed 

by using PS blot-stained total proteins, the data with normalization of increased GAPDH in 

the aged human atria likely underestimated the changes. The findings in the current studies 

clearly address the importance of using a suitable internal loading control in biochemistry 

assays. While our findings demonstrate that alterations of human housekeeping proteins 

are heart chamber-specific and disease context-dependent, post-translational modification 

and sex differences are other important physiological/pathological variables that were not 

included in the current studies but are clearly worthy of future investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Highly correlated total protein amounts and quantified values from Ponceau S (PS) blot-

stained and Coomassie Blue (CB) gel-stained images. a Representative images of PS (upper 

panel, left) and CB (upper panel, right) and linear regression (bottom panel) of various 

amounts of loaded total proteins and quantified total proteins from Ponceau S blot-stained 

(PS) and Coomassie blue (CB) gel-stained images. b Representative images of PS (upper 

panel, left) and CB (upper panel, right) and quantitative results of 30 μg total proteins of 

each human RA homogenate samples from PS- and CB-stained images. c Representative 

images of β-actin immunoblot (upper panel, left) and PS blot staining (upper panel, left) as 

well as linear regression (right) of various amounts of β-actin proteins and quantified total 

proteins from Ponceau S (PS) blot-stained image
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Fig. 2. 
Three housekeeping proteins altered in diabetic human hearts. a Immunoblotting images 

of β-actin, calsequestrin (CSQ), and GAPDH in right atria (RA) of donors with diabetes 

mellitus (DM) compared to that of aged-matched controls (CTL); b immunoblotting images 

of β-actin, CSQ, and GAPDH in the left ventricle of donors with diabetes mellitus (DM) 

compared to that of aged-matched controls (CTL); c–e summarized data of β-actin (c), CSQ 

(d), and GAPDH (e) protein expression in right atria (left two bars) and left ventricle (right 

two bars) of diabetic hearts (DM) compared to that of aged-matched controls (CTL); f–h 
comparing summarized immunoblotting raw data normalized with total protein intensities 

from either PS-stained blot (two bars at far left) or CB-stained gel (two bars at far right) 

images. Presented data of the two bars at far left in f–h are the same as that of the two bars at 

far left in c–e. Data are represented as mean ± SEM. *p < 0.05; **p < 0.01. DM RA, n = 6; 

CTL RA, n = 4; DM LV, n = 6; CTL LV, n = 5
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Fig. 3. 
Changed abundance of CSQ proteins in ischemic failing human hearts. a Immunoblotting 

images of β-actin, calsequestrin (CSQ), and GAPDH in right atria of donors with of 

ischemic heart failure (Isch-HF) compared to that of aged-matched controls (CTL); b 
immunoblotting images of β-actin, CSQ, and GAPDH in the left ventricle of donors with 

ischemic heart failure (Isch-HF) compared to that of aged-matched controls (CTL); c–e 
summarized data of β-actin (c), CSQ (d), and GAPDH (e) protein expression in right atria 

(left panel) and left ventricle (right panel) of human organ donors with ischemic heart 

failure (Isch-HF) compared to that of aged-matched non-failing controls (CTL). Data are 

represented as mean ± SEM. *p < 0.05; **p < 0.01. Isch-HF RA, n = 6; non-HF CTL RA, n 
= 7; Isch-HF LV, n = 7; Non-failing CTL LV, n = 5
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Fig. 4. 
Unchanged expression of housekeeping proteins in non-ischemic failing human hearts. a 
Immunoblotting images of β-actin, calsequestrin (CSQ), and GAPDH in the left ventricle of 

donors with of non-ischemic heart failure (non-Isch-HF) compared to that of aged-matched 

controls (CTL); b immunoblotting images of β-actin, CSQ, and GAPDH in ventricular 

myocytes of heart failure rabbit (non-Isch-HF) compared to that of aged-matched controls 

(CTL); c–e summarized data of unchanged β-actin (c), CSQ (d), and GAPDH (e) protein 

expression in human HF LV (left panel) and isolated HF rabbit myocytes (right panel) 

compared to that of aged-matched controls. Data are represented as mean ± SEM. Non-Isch-

HF LV, n = 6; non-failing CTL LV, n = 6. Non-Isch-HF rabbits, n = 5; age-matched CTL 

rabbits, n = 5
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Fig. 5. 
Expression of three housekeeping proteins in human atria with increasing age. a 
Immunoblotting images of β-actin, calsequestrin (CSQ), and GAPDH in right atria of 

donors with increasing age. b–d Linear regression analysis of β-actin (b), CSQ (c), and 

GAPDH (d) in right atria of organ donors with increasing age
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Table 1

Deidentified demographic data of human organ donors with a history of diabetes and age-matched organ 

donors without a history of diabetes

Non-DM DM

N 6 12

Age (yrs) 45.5 ± 15.6 58.4 ± 10.8

EF 53.0 ± 14.6 33.3 ±9.4

Male (%) 100 75

CAU (%) 100 75

AA(%) 0 0

Hisp (%) 0 25

Race unknown (%) 0 0

BMI 25.1 ±2.3 32.2 ±4.8

DM (%) 0 100

HTN (%) 0 91.6

HF (%) 0 0

AA, African American; BMI, body mass index; CAU, Caucasian; DM, diabetes mellitus; EF, ejection fraction; HF, heart failure; Hisp, Hispanic; 
HTN, hypertension; non-DM, non-diabetic; yrs, years of age
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Table 2

Deidentified demographic data of human organ donors with a history of ischemic heart failure and age-

matched non-failing organ donors

Non-failing Ischemia

N 10 9

Age (yrs) 48.9 ± 12.6 61.1 ±7.1

EF 53.1 ± 12.2 16.6 ±5.8

Male (%) 60 100

CAU (%) 80 55.5

AA (%) 10 22.2

Hisp (%) 10 0

Race unknown (%) 10 33.3

DM (%) 0 33.3

HF (%) 0 100

AA, African American; CAU, Caucasian; DM, diabetes mellitus; EF, ejection fraction; HF, heart failure; Hisp, Hispanic; yrs, years of age
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Table 3

Deidentified demographic data of human organ donors with a history of non-ischemic heart failure and age-

matched controls

Non-failing Non-Ischemia

N 6 5

Age (yrs) 57.7 ± 8.4 55.4 ± 10.1

EF 63.0 ±7.5 15.5 ± 3.1

Male (%) 50 80

CAU (%) 50 60

AA (%) 16.7 20

Hisp (%) 33.3 0

Race unknown (%) 0 20

DM (%) 0 40

HF (%) 0 100

AA, African American; CAU, Caucasian; DM, diabetes mellitus; EF, ejection fraction; HF, heart failure; Hisp, Hispanic; yrs, years of age
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Table 4

Deidentified demographic data of human organ donors who had preserved cardiac function, no history of 

cardiac arrhythmias, and lacked a history of valvular diseases and other major CVDs (except CAD and 

hypertension (HTN))

Young (< 55 yr) Aged (≥ 55 yr)

N 7 7

Age (yrs) 37.4 ± 13.8 65.6 ± 10.7

EF 50.8 ±3.4 60.0 ±8.6

Male (%) 28.6 14.3

CAU (%) 85.7 71.4

AA (%) 14.3 14.3

Hisp (%) 0 14.3

Race unknown (%) 0 0

BMI 25.4 ± 4.7 24.0 ±3.7

DM (%) 0 14.3

HTN (%) 0 57.1

HF (%) 0 0

AA, African American; BMI, body mass index; CAU, Caucasian; DM, diabetes mellitus; EF, ejection fraction; HF, heart failure; Hisp, Hispanic; 
HTN, hypertension; yrs, years of age
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