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Abstract 

Background Heat shock proteins (HSPs) are important chaperones which regulate the maintenance of 

a healthy protein quality control in the cell. Impairment of HSPs is associated with ageing-related 

neurodegenerative and cardiac diseases. Geranylgeranylacetone (GGA) is a compound well known to 

increase HSPs through activation of heat shock factor-1 (HSF1). GGA increases HSPs in various tissues, 

but whether GGA can increase HSP expression in human heart tissue is unknown.  

Objective The purpose of this study was to test whether oral GGA treatment increases HSP expression 

in the atrial appendages of patients undergoing cardiac surgery. 

Methods HSPB1, HSPA1, HSPD1, HSPA5, HSF1 and phosphorylated HSF1 levels were measured by 

Western blot analysis in right and left atrial appendages (RAAs and LAAs, respectively) collected from 

patients undergoing coronary artery bypass grafting (CABG) who were treated with placebo (n=13) or 

GGA 400mg/day (n=13) 3 days before surgery. Myofilament fractions were isolated from LAAs to 

determine the level of HSPB1 and HSPA1 present in these fractions. 

Results GGA treatment significantly increased HSPB1 and HSPA1 expression levels in RAA and LAA 

compared to the placebo group, whereas HSF1, phosphorylated HSF1, HSPD1 and HSPA5 were 

unchanged. In addition, GGA treatment significantly enhanced HSPB1 levels at the myofilaments 

compared to placebo.  

Conclusions Three days of GGA treatment is associated with higher HSPB1 and HSPA1 expression levels 

in RAA and LAA of patients undergoing CABG surgery and higher HSPB1 levels at the myofilaments. 

These findings pave the way to study the role of GGA as a protective compound against other cardiac 

diseases, including post-operative AF. 
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Introduction 

Proteostasis, which is the balance in protein synthesis, folding, assembly, trafficking and clearance by 

protein degradation systems, is controlled by the protein quality control (PQC) system [1]. The PQC is 

an exquisitely regulated network in which the most important chaperones, heat shock proteins (HSPs), 

play a crucial role. In response to changes in the intra- and extracellular environment, cells upregulate 

HSPs to maintain proteostasis. HSPs guide protein folding of nascent proteins, stabilize misfolded 

proteins, prevent protein aggregation, guide protein refolding and facilitate degradation of unwanted 

and damaged proteins [1]. 

HSPs consist of five HSP families: HSPA (HSP70), HSPB (small HSPs), HSPC (HSP90), HSPD (HSP60), and 

DnaJB (HSP40), each with several family members and (specific) co-factors in various cellular 

localizations, with distinct and overlapping functions [1]. Previous studies reveal that especially HSPBs 

are abundant in cardiomyocytes and that they safeguard a balanced proteostasis in cardiomyocytes 

[2]. HSPBs interact with contractile and microtubule proteins, thereby stabilizing the cardiomyocyte 

structure and conserving the contractile and electrophysiological function of the cardiomyocytes [3-

5]. Upon cellular stress, such as heat shock, hypoxia, oxidative stress, inflammation and ischemia, the 

heat shock response (HSR) is stimulated by activation of heat shock transcription factors (HSF). HSF1 

is the major regulator of HSP transcription in eukaryotes [6]. Upon phosphorylation, the activated HSF1 

translocates to the nucleus and binds to the heat shock elements (HSEs) in hsp genes, thereby resulting 

in the transcription and expression of HSPs to maintain proteostasis [7]. However, HSP levels decline 

with age and long term stress, leading to a derailment in proteostasis by altered stability of proteins 

and accumulation of protein damage, unfolding and breakdown [1, 8]. Therefore, impairment of tissue 

HSP levels is associated with ageing-related misfolded protein diseases such as Parkinson’s, 

Huntington's, and Alzheimer's disease, as well as cardiac diseases, including atrial fibrillation (AF) and 

myocardial infarction [1]. It is because of the central role of HSPs in PQC that pharmacological 

modulation of HSP levels represents an interesting target for treatment ageing-related diseases. 



 

 
218 

Geranylgeranylacetone (GGA) is a compound well known to induce HSP levels via activation of heat 

shock transcription factor-1 (HSF1) [9]. Since 1984 this nontoxic acyclic isoprenoid compound has been 

clinically applied as an anti-ulcer drug in Asian countries [10, 11]. GGA also has been examined in 

numerous disease models in animals, in which it has been found to induce HSPs in various tissues, 

including gastric mucosa, intestine, liver, peritoneum, kidney, retina, central nervous system, skeletal 

muscle and myocardium [9, 12-14]. Moreover, pharmacologic induction of HSPs by GGA revealed 

pleiotropic protective effects by attenuating electrical as well as structural changes in experimental 

models for heart failure, myocardial infarction, desmin-related cardiomyopathy and AF [4, 8, 15-19]. 

Therefore, GGA may also represent a protective agent in human heart diseases, but whether GGA can 

increase HSP expression in human heart tissue is unknown. In the current study, we tested whether 

oral GGA treatment can increase HSF1-mediated HSP expression in atrial appendages of patients 

undergoing cardiac surgery. 

 

Materials & Methods 

Study population 

Patients scheduled for coronary artery bypass grafting (CABG) surgery received GGA (Selbex®, 

Teprenone, Eisai, Tokyo, Japan) (n=13) or placebo (n=13) for 3 days before and 3 days after on-pump 

CABG at a dosage of 400 mg/day. Patients selected for this study did not have a history of AF, which 

was confirmed by Holter monitoring and high-resolution ECG measurement signal-averaged P-wave 

duration (cutoff point of >150 ms for AF indication). Both patients and physicians were blinded to 

treatment. Patients were recruited at the A.N. Bakulev National Medical Research Center of 

Cardiovascular Surgery (Moscow, Russia). The study was approved by the Institutional Committee on 

Human Research (MEC Bakulev 12-029/12323). Prior to study enrolment, each patient was provided 

an oral and written explanation of the study procedure and written informed consent was obtained 

from all patients. The study was performed according to the principals of the Declaration of Helsinki. 

Clinical data from the patients were obtained from electronic patient files. 
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Sampling 

Tissue samples of right atrial appendage (RAA) and left atrial appendage (LAA) were collected just 

before aortic cross-clamping, snap frozen in liquid nitrogen and stored at -80°C. 

 

Whole protein isolation  

Part of the frozen tissue was homogenized on ice with SDS sample buffer (10% SDS, 50% glycerol, 

0.33M Tris–HCl pH 6.8, 10% β-mercaptoethanol, 0.05% bromophenol blue and protease and 

phosphatase inhibitors) using an Ultra-Turrax (IKA, the Netherlands). The lysates were centrifuged, 

supernatant was collected, passed through an insulin syringe and boiled for 6 min.  

 

Myofilament fractionation 

Part of the frozen tissue was dissected in F60 buffer (0.447% KCl, 0.204% Imidazole and 0.041% 

MgCl2·6H2O) containing protease and phosphatase inhibitors. Supernatant containing cell debris was 

discarded. A precooled metal homogenizer bead was placed in the sample tubes and 2 cycles of (1) 

adding cold F60 buffer including 1% triton, (2) homogenization in the Qiagen Tissuelyser II (the 

Netherlands) for 3 min at maximum speed, (3) centrifugation at 14000×g (10 min at 4°C) and (4) 

removal of the supernatant (soluble fraction) were performed. Subsequently the pellet was 

homogenized in RIPA buffer (R0278, Merck, the Netherlands). Supernatant was collected obtaining the 

myofilament fraction, which was mixed with 4x NuPage Buffer (6.68% Tris-HCl, 6.84% Tris base, 8% 

lithium dodecyl sulfate, 40% glycerol, 0.060% EDTA, 0.075% Serva Blue G250, 0.025% phenol red) and 

10% dithiothreitol. 

 

Western blot analysis 

Equal amounts of protein were analyzed by Western blot analysis as detailed in the Supplementary 

Materials & Methods and Supplementary Table S1. 
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Statistical analysis 

A detailed description of the statistical analysis can be found in the Supplementary Materials & 

Methods.  

 

Results 

Study population 

The study population consisted of 26 CABG patients, 13 were treated with placebo and 13 with GGA. 

All patients received beta-blockers before surgery. All patients had normal resting heart rate between 

65 and 70 beats per minute and normal cardiac output, with normal left ventricular ejection fraction 

(LVEF) between 59 and 60%. Baseline characteristics of the study population are summarized in Table 

1. There was no difference in age (placebo 53 [47 – 59] vs GGA 51 [50 – 58] years, P=0.797), gender 

(placebo 11 (84.6%) male vs GGA 13 (100%) male, P=0.480), multifocal atherosclerosis (placebo 7 

(53.8%) vs GGA 10 (76.9%), P=0.411), LVEF (placebo 59.7 ± 2.29% vs GGA 58.4 ± 2.18%, P=0.149) and 

left atrial (LA) size (placebo: 4.40 ± 0.474 cm, GGA: 4.38 ± 0.375 cm, P=0.892). However, LA 

enlargement was correlated with increased risk of post-operative atrial fibrillation (poAF) (cut-off value 

>5.0 cm) (P<0.001). All patients in the placebo group were in New York Heart Association (NYHA) 

functional class II, whereas in the GGA group 7 patients (53.8%) were in NYHA class II and 6 (46.2%) 

were in NYHA class III (P=0.015). In total, two patients (one in the placebo and one in the GGA group) 

developed poAF. Both patients had enlarged LA (cut-off value >5.0 cm), which significantly correlates 

with poAF (P<0.001). 

 

GGA induces HSPB1 and HSPA1 expression in atrial tissue 

To study whether GGA increases the expression of HSF1-related HSPs, HSPA1, HSPB1, HSPD1, HSF1 

and phosphorylated HSF1 levels were measured in the atrial appendages. Expression of HSPA5, which 

is not HSF1-related, was determined as a negative control. GGA significantly induced HSPB1 and HSPA1 

levels compared to the placebo (P=0.019 and P=0.021, respectively) (Figures 1A and B). 
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Table 1. Clinical characteristics 

Treatment Patient 
number 

Age 
(years) 

Gender Multifocal 
athero- 
sclerosis 
 

LVEF 
(%) 

Anterior-
posterior 
LA size 
(cm) 

NYHA 
or CCS 
class 

Number of  
CABG 
conduits 

poAF 

Placebo          
 1 58 Male Yes 60 4.3 II  3 No 
 2 46 Male No 58 4.3 II  3 No 
 3 54 Male Yes 59 5.5 II  2 Yes*  
 4 62 Male Yes 65 3.9 II 1 No 
 5 53 Female Yes 60 4.1 II  2 No 
 6 46 Male No 58 4.0 II 3 No 
 7 48 Male No 59 3.7 II 2 No 
 8 59 Male Yes 56 4.2 II 2 No 
 9 57 Male No 60 4.9 II 3 No 
 10 48 Male Yes 60 4.4 II 3 No 
 11 41 Female No 63 4.7 II 2 No 
 12 59 Male Yes 60 4.7 II 1 No 
 13 50 Male No 58 4.5 II 2 No 
          
GGA 1 61 Male Yes 56 4.5 II 3 No 
 2 60 Male Yes 60 5.3 III 2 Yes* 
 3 50 Male No 59 4.2 II 3 No 
 4 45 Male Yes 56 4.0 III 2 No 
 5 50 Male Yes 60 4.2 II 3 No 
 6 56 Male No 60 4.0 II 3 No 
 7 53 Male Yes 62 4.0 II 2 No 
 8 42 Male Yes 56 4.4 III 2 No 
 9 55 Male Yes 57 4.3 III 3 No 
 10 51 Male No 58 4.4 III 3 No 
 11 63 Male Yes 60 4.9 II 3 No 
 12 50 Male Yes 60 4.2 II 3 No 
 13 50 Male Yes 55 4.5 III 2 No 

CABG = coronary artery bypass grafting; CCS = Canadian Cardiovascular Society grading scale for angina; GGA 
= geranylgeranylacetone; LA = left atrium; LVEF = left ventricular ejection fraction; NYHA = New York Heart 
Association; poAF = post-operative atrial fibrillation. 
*Tachy-form of AF with heart rate 180-190 per minute developed on second day after surgery, which lasted 
for 8-12 hours and was eliminated after amiodarone infusion 

 

 

Similar levels for HSPD1, a mitochondrial HSP, and HSPA5, were observed in both the placebo and GGA 

group (Figure 1C and D). HSF1 and phosphorylated HSF1 levels were measured to test whether the 

HSP-inducing effect was via HSF1 activation. GGA did not increase protein expression levels of HSF1 

and pHSF1 (Figure 1E and F). Lower HSPD1 levels correlated with larger LA size (P<0.01), higher HSF1 

levels correlated with larger LA size (P<0.05) and higher HSPA1 levels correlated with lower LVEF 

(P<0.05) (Supplementary Table S2).  
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Figure 1. GGA increases HSF1-mediated HSP expression in atrial appendages of patients undergoing CABG 

surgery  

Representative Western blots (left 3 lanes placebo, right 3 lanes GGA treated) and quantified Western blot results 

for HSPB1 (A), HSPA1 (B), HSPD1 (C), HSPA5 (D), HSF1 (E) and phosphorylated HSF1 (pHSF1) (F) relative to 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in LAA and RAA of patients treated with placebo or GGA. 

*P<0.05 vs placebo 
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GGA enhances HSPB1 levels at the myofilaments 

Whereas HSPA1 exerts its protective actions mainly in the cytosol [8], HSPB1 (co)localizes with 

myofilament proteins, including α-actinin, actin and myosin, to stabilize the myofilaments and/or 

shielding the contractile proteins from cleavage by cysteine proteases, such as calpain [8, 19, 20]. Both 

HSPB1 and HSPA1 levels were higher in RAA and LAA of patients treated with GGA in the RAA and LAA, 

with the effect more clearly observed for HSPB1 in LAA (P<0.05) (Figure 2). To investigate whether the 

GGA-induced increase in HSPB1 and HSPA1 results in enhanced colocalization at the myofilaments in 

human heart tissue, myofilament fractions were isolated from LAAs and utilized for Western blot 

analysis. Of interest, GGA significantly enhanced HSPB1 levels (P=0.042), but not HSPA1 levels 

(P=0.851), at the myofilaments compared to placebo (Figure 3). 

 

Figure 2. GGA enhances HSPB1 more in LAA 

than RAA  

Quantified Western blot results for HSPB1 in 

RAA and LAA of patients treated with placebo 

and GGA. *P<0.05 vs placebo 

 

 

Figure 3. GGA enhances HSPB1 and not HSPA1 levels at the myofilaments compared to placebo 

Quantified Western blot results for HSPB1 (A) and HSPA1 (B) relative to α-actinin in LAA of patients treated with 

placebo (P) and GGA (G). *P<0.05 vs placebo 
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Discussion 

Preclinical studies showed HSF1-mediated HSP induction by GGA treatment and subsequent 

protection against various cardiac diseases [4, 8, 15-19]. In this study we aimed to obtain proof of 

concept for oral GGA treatment to increase HSP levels in human heart tissue. HSPB1, HSPA1, HSPD1, 

HSPA5, HSF1 and phosphorylated HSF1 levels were measured by Western blot analysis in RAAs and 

LAAs collected from patients undergoing CABG surgery who were treated with placebo or GGA 

(400mg/day for 3 days). GGA treatment was associated with higher HSPB1 and HSPA1 levels, which 

are both HSF1-regulated, whereas it did not have an effect on mitochondrial HSPD1 and endoplasmic 

reticulum HSPA5, latest is not HSF1-regulated. HSF1 and the activated form of HSF1 (phosphorylated 

HSF1) were both unchanged. Previous studies showed that HSPB1 protected against cardiac diseases 

by (co)localization to the myofilaments, thereby safeguarding cardiomyocytes from protein damage 

and derailment of proteostasis by stabilizing the contractile apparatus [8, 19, 20]. By utilizing isolated 

myofilaments, we were able to show that HSPB1, but not HSPA1 levels, were enhanced at the 

myofilaments by GGA treatment, in contrast to the placebo treated atrial tissue samples. Taken 

together, these data indicate for the first time that three days of GGA treatment (400 mg/day) was 

associated with higher HSPB1 and HSPA1 expression levels in atrial tissue samples of patients 

undergoing CABG surgery and increased localization of HSPB1 levels, specifically, at the myofilaments. 

These findings pave the way to study the role of GGA as a protective compound in cardiac diseases, 

including (po)AF. 

 

Increased HSPA1 and HSPB1 levels in heart tissue by GGA 

The observed increase in HSPB1 and HSPA1 expression levels in human atrial tissue is in line with the 

effect of GGA in preclinical studies. In rabbits, oral GGA treatment increased HSPA1 expression in the 

heart (LA), which was associated with protection against heart failure-induced electrical and structural 

remodeling [15]. Rats showed enhanced recovery after ischemia reperfusion injury when treated with 

GGA (oral 200 mg/kg). In the GGA treated rats, HSPA1 expression was increased and thereby preserved 
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the structure of the cardiomyocytes compared to controls [16]. In a myocardial infarction model in 

rats, oral GGA treatment increased HSPB1 and HSPB8 levels, resulting in preserved mitochondrial and 

cardiac pump function [17]. Also, oral GGA treatment in HSPB5 R120G transgenic mice, a model for 

desmin-related cardiomyopathy, improved cardiac function and increased survival via HSPB1 and 

HSPB8 upregulation [18]. Furthermore, the protective effects of GGA have been extensively studied in 

various experimental models for AF, including tachypaced HL-1 cardiomyocytes, Drosophila 

melanogaster and dogs, in which GGA treatment increased HSPB1 levels,  protected against structural 

and electrical remodeling and conserved contractile function upon tachypacing [4, 8, 19, 21]. The 

observed increase in HSPB1 and HSPA1 expression levels in human atrial tissue revealed a more 

pronounced effect in LAA versus RAA. This is in line with previous studies showing enhanced structural 

remodeling in LAA compared to RAA and suggests an increased stress response in LAA [22]. 

Although no dose response and pharmacokinetic studies were conducted in the dog model for AF, an 

oral dosage of 4 g/day was used to reveal a protective effect against AF progression [4, 21]. The 

registered clinical dose for treating gastric ulcers in Japan is 150 mg GGA per day, revealing a maximal 

concentration of 2.1 µg/mL GGA in serum at 5 h after administration. In the current study, three days 

of oral treatment with 400 mg GGA was sufficient to increase HSPB1 and HSPA1 levels in human atria. 

To date, whether this clinical dose will suffice in protecting the heart from developing poAF is 

unknown. One patient in both the placebo and GGA treated groups developed poAF and these patients 

revealed LA size of >5 cm and average HSPA1 and HSPB1 levels, suggesting the atrial dilation was the 

cause of poAF onset. Future studies in larger patient groups should elucidate whether three days of 

treatment with 400 mg GGA is sufficient for protection against development of poAF.  

 

Enhanced HSPB1 levels at the myofilaments upon GGA treatment 

Preclinical studies previously showed that the protective action of GGA against contractile dysfunction 

is critically dependent on the induction of HSPB1, as knockdown of HSPB1 abrogated the protective 

effect [4, 9]. The current study revealed that GGA treatment was associated with higher HSPB1 levels 
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at the myofilaments in human atrial tissue. This suggests that HSPB1 (re)localizes to the myofilaments, 

thereby shielding the contractile machinery during stress [8, 19, 20]. This is in line with experimental 

studies in rats in which HSPB1 binds to cytoskeletal, structural and contractile proteins to conserve 

proteostasis and thereby contractile function [23-25]. We recently observed that GGA-induced HSPB1 

expression also restores contractile function in an experimental model for AF recovery [9], indicating 

that, next to prevention of damage, HSPB1 also aids in the recovery from contractile protein damage. 

With this proof of concept for GGA to increase HSPs in human atrial tissue, the next logical step is to 

investigate in larger study populations whether GGA protects against cardiac diseases, including AF, 

heart failure, myocardial infarction and cardiomyopathy. Monitoring HSP levels before and, 

periodically, after GGA treatment in serum/plasma could facilitate in predicting treatment outcome 

and possible progression of the disease.  

 

Possible mechanisms of GGA to increase HSP expression 

The exact mode of action of HSP induction by GGA in unknown. GGA is thought to act via HSF1-

activation. Although we did not observe an increase in (phosphorylated)HSF1 by GGA treatment in the 

current study, this can be attributed to (phosphorylated)HSF1’s early and temporary activation upon 

stress [9]. Recently, we observed that a GGA derivative enhances hyperphosphorylation of HSF1, 

resulting in prolonged binding of HSF1 to the HSE in the promotor regions of hsp genes, thereby 

prolonging hsp gene transcription and HSP protein expression [9]. GGA is expected to work by a similar 

mechanism.  

Next to enhanced phosphorylation of HSF1 by GGA, GGA is described to bind the C-terminus of HSPA1 

in vitro, thereby dissociating HSPA1 from HSF1, which in non-stressed situations are bound in the 

cytosol. Free HSF1 can become phosphorylated, resulting in translocalization to the nucleus and 

binding to the HSE within the promotor regions of hsp genes [26]. As an alternative mechanism, we 

previously observed that active RhoA abrogates HSF1 transcriptional activity by suppressing HSF1 

binding to the HSE of hsp genes [27]. Activation of RhoA is regulated by natural occurring prenylation. 
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Prenylation is the addition of C15 (farnesyl) or C20 (geranylgeranyl) isoprenoids to proteins, which act 

as post-translational modifiers of proteins and thereby regulate protein function [28]. GGA may 

compete with endogenous geranyl groups, thereby resulting in inhibition of RhoA activation, and 

consequently enhancing binding of HSF1 to the HSE region [29]. As such, GGA may enhance HSF1-

mediated HSP induction via inhibition of RhoA activation. However, this mode of action of GGA should 

be further explored by genetic ablation, competition and enhanced binding experiments to elucidate 

the mechanism of action. 

 

Potential protective role for HSP induction in AF 

Various studies in human atrial tissue revealed that induction of HSPA1 and HSPB1 expression may 

have cardio-protective effects against AF. Higher HSPA1 expression levels in atrial tissue are related to 

a lower incidence of poAF [30, 31]. In the current study, we showed that GGA treatment was associated 

with higher expression levels of HSPA1 and HSPB1 in human atria; therefore, it is of interest to further 

explore the effect of GGA in preventing poAF. 

A possible protective role for HSPB1 in patients was previously indicated by two independent studies 

that report on elevated HSPB1 expression levels in atrial tissue from patients with short duration of AF 

and low level of atrial structural changes, including degradation of sarcomeres [8, 32]. In addition, 

elevated HSPB1 levels were found in patients with paroxysmal AF, whereas patients with persistent AF 

had lower levels of HSPB1, suggesting that the HSP response is activated upon short duration of AF, 

whereas it becomes exhausted with longer duration of AF. Lower levels of HSPB1 possibly may indicate 

derailment of proteostasis, which in turn lead to progression of structural changes and persistence of 

AF. Thus, securing adequate HSP(B) levels with GGA treatment may limit the induction and progression 

of AF. 
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GGA in clinical perspective 

Several experimental studies have already indicated a potential beneficial role for HSP induction via 

GGA in preventing cardiac diseases, including AF, heart failure, ischemia-reperfusion injury, myocardial 

infarction and desmin-related cardiomyopathy [4, 8, 15-19]. GGA has been marketed in various Asian 

countries for decades, is well tolerated and has a solid safety profile [33], so GGA is a viable approach 

for treatment of various cardiac diseases. Future studies including larger study populations may reveal 

possible associations between HSP(B1) levels and demographic and clinical parameters, including 

NYHA functional class, atrial pressure, cardiac output and atrial interstitial fibrosis levels. In the current 

study, lower HSPD1 levels correlated with larger LA size, higher HSF1 levels correlated with larger LA 

size and higher HSPA1 levels correlated with lower LVEF, which can be explained by a larger stress 

response and thus increased HSF1 and HSPA1 levels in these patients. Because the size of the current 

patient groups was small, further studies are warranted to study the relation between HSPs and LA 

size and LVEF.   

It would be of particular interest to study the effect of GGA in reducing the incidence of poAF because 

poAF affects 20-40% of patients undergoing CABG surgery [34], with an even higher prevalence for 

patients undergoing valve surgery, either alone or in combination with CABG [35]. In addition, GGA 

may enhance successful recovery of heart function after elective electrical cardioversion of patients 

with paroxysmal and/or persistent AF. If successful, this approach may ultimately result in reduced 

hospital time, increased quality of life for the patient and lower healthcare costs for the society. 

Because most patients with cardiac disease reveal cardiomyocyte remodeling at the time of diagnosis, 

compounds that reverse cardiomyocyte remodeling are clinically relevant. In a recent study, GGA and 

GGA derivatives both were shown to prevent and also reverse contractile dysfunction in experimental 

models for AF [9]. As such, this study substantiates previous findings that GGA treatment has high 

potential as a novel approach to prevent and reverse cardiac diseases, including AF. 
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Conclusion 

Three days of GGA treatment was associated with higher HSPB1 and HSPA1 expression levels in RAA 

and LAA of patients undergoing CABG surgery and enhances HSPB1 levels at the myofilaments. These 

findings pave the way to further study GGA for its protective effects against cardiac diseases in larger 

study populations. 
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Supplementary Materials & Methods 

Western blot analysis 

Equal amounts of protein (20 µg) were separated on SDS-PAGE 4-20% PreciseTM Protein gels (Thermo 

Fisher Scientific, USA) and transferred onto nitrocellulose membranes (GE Healthcare, the 

Netherlands). Membranes were blocked in 5% skim milk for 1 hour at room temperature. Overnight 

incubation at 4°C with primary antibody (see Supplementary Table 1) was followed by secondary 

antibody incubation for 1 hour at room temperature with horseradisch peroxidase-conjugated goat-

anti-rabbit or rabbit-anti-mouse antibodies (Dako Cytomation, Denmark). Signals were detected by 

Super Signal (Thermo Scientific, the Netherlands) and quantified by densitometry. Protein amounts 

were expressed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for whole protein 

lysates and to α-actinin for myofilament fractions. 

 

Statistical analysis 

Data were analyzed with SPSS Statistics version 22.0 for Windows (SPSS, Inc.) and GraphPad Prism 

version 7.0 (Graphpad Software Inc., San Diego, CA). Continuous normally distributed data are 

presented as mean ± standard deviation (SD), non-normally distributed data as median [interquartile 

range (IQR)], and categorical data as number (percentage). Independent-samples t-test, Mann-

Whitney test and Chi-square tests were performed when appropriate. Associations between HSPs and 

clinical parameters were assessed with Pearson correlation analysis. To assess the difference in HSPs 

between the placebo and GGA group, while adjusting for within-patient correlated measures, a linear 

mixed model analysis for two correlated measures (RAA and LAA) within each patient was performed, 

with the HSPs as the dependent variable. The mixed model included treatment group as a fixed effect 

and individual patients as a random effect. To assess the effect of GGA on the presence of HSPs at the 

myofilaments, Student’s t-test was performed on log-transformed HSP values, as these were not 

normally distributed (variable distribution was tested with histograms). A two-sided P value of <0.05 

was considered to indicate statistical significance. 
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Supplementary Tables 

Supplementary Table S1. Antibodies 

 

 

 

 

 

 

Supplementary Table S2. Associations between HSP levels in RAA and LAA with clinical parameters  

 

 

  

Protein Host species Cat.no. Company 

HSPA5 Rabbit ab21685 Abcam, UK 

HSPD1 Rabbit ADI-SPA-805 Enzo-Lifesciences, USA 

HSPB1 Mouse ADI-SPA-800 Enzo-Lifesciences, USA 

HSPA1 Mouse ADI-SPA-810 Enzo-Lifesciences, USA 

HSF1 Rabbit 4356 Cell Signaling Technology, USA 

p-HSF1 Rabbit sc-30443-R Santa-Cruz Biotechnology, USA 

GAPDH Mouse 10R-G109a Fitzgerald Industries International, USA 

α-actinin Mouse A7811 Merck KGaA, Germany 

 
Protein Age Gender 

Multifocal 
artherosclerosis LA size 

NYHA 
class LVEF poAF 

 

HSPB1 -0.010 -0.046 0.150 -0.114 -0.021 -0.136 -0.242 Pearson correlation 
 0.944 0.753 0.299 0.431 0.888 0.347 0.090 P value 

HSPA1 -0.009 -0.084 0.261 -0.039 0.158 -0.309* -0.070 Pearson correlation 
 0.953 0.568 0.070 0.788 0.277 0.031 0.632 P value 

HSPD1 -0.050 -0.044 0.042 -0.436** 0.058 -0.177 -0.074 Pearson correlation 
 0.731 0.761 0.774 0.002 0.688 0.220 0.610 P value 

HSPA5 0.157 -0.054 0.182 -0.215 0.067 -0.086 -0.127 Pearson correlation 
 0.275 0.709 0.206 0.134 0.644 0.550 0.378 P value 

HSF1 0.068 -0.096 -0.049 0.338* -0.133 0.045 0.025 Pearson correlation 
 0.641 0.508 0.734 0.016 0.358 0.754 0.863 P value  

pHSF1 0.047 0.079 -0.044 0.226 -0.096 0.147 0.020 Pearson correlation 
 0.746 0.587 0.760 0.115 0.505 0.307 0.890 P value 

*P<0.05 and **P<0.01 


