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Abstract

Finding reliable parameters to identify patients with heart failure (HF) that will respond to cardiac 

resynchronization therapy (CRT) represents a major challenge. We and others have observed 

post-translational modifications of Ryanodine Receptor (RyR) in several tissues (including skeletal 

muscle and circulating lymphocytes) of patients with advanced HF. We designed a prospective 

study to test the hypothesis that RyR1 glycation in circulating lymphocytes could predict CRT 

responsiveness in patients with non-ischemic HF. We enrolled 94 patients who underwent 

CRT and 30 individuals without HF, examining RyR1 glycation in peripheral lymphocytes at 

enrollment and after 1 year. We found that baseline RyR1 glycation independently predicts 

CRT response at 1 year after adjusting for age, diabetes, QRS duration and morphology, 

echocardiographic dyssynchrony, and hypertension. Moreover, RyR1 glycation in circulating 

lymphocytes significantly correlated with pathologic intracellular calcium leak. Taken together, 
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our data show for the first time that RyR1 glycation in circulating lymphocytes represents a novel 

biomarker to predict CRT responsiveness.
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Cardiac resynchronization therapy (CRT) is an effective treatment for patients with heart 

failure (HF).1-3 HF patients have been shown to exhibit a pathologic post-translational 

remodeling of Ryanodine Receptor calcium release channels (RyRs) in different organs and 

cell types, including skeletal muscle and circulating lymphocytes, mirroring the detrimental 

remodeling of cardiac RyRs.4

Recent evidence suggests that RyR glycation could lead to cardiac mitochondrial damage.5 

However, the actual significance of RyR glycation in clinical practice has been poorly 

investigated.

We designed a prospective cohort study to test the hypothesis that glycation of type 1 RyR 

(RyR1) in circulating lymphocytes could predict the response to CRT in patients with non-

ischemic HF. We prospectively enrolled 94 patients with non-ischemic HF who underwent 

CRT (all patients fulfilled the CRT guidelines criteria); 30 individuals without HF were 

characterized as well. The study was performed in accordance with the ethical standards laid 

down in the 1964 Declaration of Helsinki and its later amendments and approved by the 

Ethical Committee; a written informed consent was obtained from each participant.

We examined RyR1 glycation in peripheral lymphocytes at enrollment and after 1 year 

using established assays: briefly, peripheral lymphocytes were isolated as described,4 RyR 

glycation was measured via a sandwich ELISA (Hycult),5 and intracellular calcium leak was 

determined as we described.6,7 Non-responders to CRT were defined after 1 year as patients 

that did not improve their clinical composite score.3

We found that baseline RyR1 glycation was significantly lower in circulating lymphocytes 

isolated from CRT responders compared to non-responders (Table 1); equally important, 

RyR1 glycation in lymphocytes of CRT responders at follow-up was significantly reduced 

compared to pre-CRT levels (Table 1). No major differences in terms of pharmacologic 

treatment were noted between groups. By analyzing receiver operating characteristic (ROC) 

curves, RyR1 glycation > 30% was identified as the optimum cut-off (maximum Youden’s 

index) to predict a negative response to CRT (AUC: 0.859), as shown in Figure 1A. In 

a multivariate logistic regression analysis, we observed that baseline RyR1 glycation in 

peripheral lymphocytes independently predicts CRT response at 1 year [Odds ratio (OR): 

1.197, 95% C.I.: 1.096-1.306; p < .001] after adjusting for age, diabetes, hypertension, left 

ventricular ejection fraction, QRS duration and morphology, presence of septal flash (an 

established marker of dyssynchrony2), New York Heart Association class, and N-terminal 

pro hormone B-type natriuretic peptide.
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These findings were confirmed when CRT response was defined according to volumetric 

parameters (i.e., decrease in left ventricular end-systolic volume ≥ 15% and/or absolute 

increase of 5% in left ventricular ejection fraction8), both in terms of ROC curve (Figure 1B) 

and multivariate logistic regression analysis [OR: 1.103, 95% C.I.: 1.035-1.175; p = .002]; 

strikingly, we also found that RyR glycation significantly correlated with echocardiographic 

reverse remodeling following CRT (Figure 1C).

Corroborating these results, we show that RyR1 glycation in circulating lymphocytes 

significantly correlates with intracellular calcium leak (R: 0.9508, 95% C.I.: 0.9356 to 

0.9624, p < .0001, Figure 1D).

To the best of our knowledge, this is the first study showing that CRT response in HF 

patients can be predicted by the level of baseline RyR1 glycation in peripheral lymphocytes, 

introducing a novel independent and reliable biomarker of CRT responsiveness. We 

acknowledge that the complexity of the technique to quantify RyR glycation, compared 

with other biomarkers, might represent a limitation for its wide implementation in 

clinical practice. Our findings also indicate that CRT responders exhibit a significantly 

reduced RyR1 glycation in lymphocytes compared to baseline and to CRT non-responders. 

Consistent with our results, previous preclinical research had shown that CRT rescued 

subcellular structural alterations and enhanced myofilament phosphorylation of components 

of the Z-disk and M-band.9 Albeit the exact mechanisms by which CRT delivers its 

benefit are not clearly established and the exact physiopathology of RyR glycation 

in HF requires further investigation, several potential mechanisms could be speculated, 

including a regulation of the left ventricular coordination and a modulation of myocardial 

remodeling and cardiac hemodynamics. Furthermore, since RyRs are responsible for 

efficient electromechanical coupling,4,5,10 post-translational modifications of RyR, including 

its glycation, could be linked to an altered synchrony of calcium release, thereby impairing 

myocardial contractility, worsening diastolic function, and/or triggering life-threatening 

arrhythmias.
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Figure 1. 
(A) Determination of the optimal cut off value of RyR glycation to determine CRT response 

using receiver operating characteristic (ROC) curve defining CRT response according to 

the clinical composite score (Panel A, AUC: 0.859; 95% C.I.: 0.784-0.933; Youden’s index 

at 30: 0.539; Sensitivity for glycation >30: 0.831; 95% C.I.: 0.784-0.933; Specificity for 

glycation >30: 0.827; 95% C.I.: 0.78-0.874) or volumetric parameters (Panel B, AUC: 

0.743; 95% C.I.: 0.636-0.850; Youden’s index at 30: 0.523; Sensitivity for glycation >30: 

0.839; 95% C.I.: 0.806-0.872; Specificity for glycation >30: 0.684; 95% C.I.: 0.633-0.735). 

(C) Correlation between RyR glycation and left ventricular reverse remodeling (the black 

dotted line represents 15% reduction in left ventricular end-systolic volume index (LVESi), 

while the orange dotted line represents the proposed cut-off value for RyR glycation (95% 

C.I.: 0.3129 to 0.6333); (D) Correlation between RyR glycation and intracellular calcium 

leak (95% C.I.: 0.9393 to 0.9633). E) Schematic drawing representing the tetrameric 
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structure of RyR and how its glycation increases intracellular calcium (Ca2+) leak through 

the channel pore.
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