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ABSTRACT  
 

We reported that cancer patients treated by anthracycline-based or nonanthracycline 

chemotherapy developed an early impairment of myocardial relaxation at echocardiography or 

persistent elevations of the cardiac hormone, B-type natriuretic peptide (BNP). Post hoc 

pharmacologic analyses showed that BNP elevations were induced by impaired relaxation and 

caused positive lusitropic effects that maintained a normal relaxation. High BNP and impaired 

relaxation were therefore characterized as mutually exclusive manifestations of diastolic dysfunction 

but high BNP caused positive chronotropism and inappropriate tachycardia. Some patients 

developed increased circulating levels of cardiac troponin I isoform (cTnI), marker of cardiomyocyte 

necrosis. Here we characterized whether cTnI elevations correlated with diastolic dysfunction that 

manifested as impaired relaxation or high BNP. The effects of high BNP on cTnI elevations were 

also characterized. We show that impaired relaxation or high BNP were significantly more frequent 

for patients with cTnI elevations. High BNP diminished the plasma peak and area under curve of 

cTnI but this was accompanied by inappropriate tachycardia. cTnI elevations occurred only in 

patients treated by anthracyclines; moreover, the association of impaired relaxation or high BNP with 

cTnI elevations was significantly more frequent for doxorubicin as compared to its analogue, 

epirubicin. These findings describe cause-and-effect relations between impaired relaxation and 

cardiomyocyte necrosis, illuminate the role of anthracycline analogues, denote that beneficial effects 

of BNP on relieving impaired relaxation and cardiomyocyte necrosis are counterbalanced by 

inappropriate tachycardia. Patients showing troponin elevations and impaired relaxation or high BNP 

should be treated by lusitropic drugs that lack a positive chronotropism.  
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INTRODUCTION 

Cardiotoxicity is a common consequence of cancer therapy (Menna et al., 2008; Zamorano 

et al., 2016). It may manifest as systolic dysfunction, which is routinely detected by decrements of 

the left ventricle ejection fraction (LVEF); however, pharmacologic and clinical evidence suggests 

that systolic dysfunction might be preceded by diastolic dysfunction (Carver et al., 2007; Ewer and 

Lenihan, 2008; Minotti, 2013; Serrano et al., 2015).   

We recently reported that imaging and laboratory indices of cardiotoxicity with a preserved 

LVEF occurred in otherwise asymptomatic patients assessed as early as one week after the last  

cycle of anthracycline- or fluoropyrimidine/platinum- based chemotherapy. Some patients presented 

with an impaired myocardial relaxation at echocardiography while others showed persistently 

increased plasma levels of the cardiac hormone, B-type natriuretic peptide (BNP), marker of 

ventricular wall stress. Concomitant changes of relaxation and BNP were uncommon (Calabrese et 

al., 2018). Post hoc pharmacological analyses allowed us to characterize that i) impaired relaxation 

caused cardiomyocytes to release prohormone BNP, which was cleaved into BNP by circulating 

proteases and ii), persistent elevations of BNP then mitigated impaired relaxation before it could be 

detected by echocardiography (Menna et al., 2018). The cardiac relaxant effect of BNP, referred to 

as positive lusitropic effect, could therefore explain how BNP persistent elevations and impaired 

relaxation were mutually exclusive manifestations of early diastolic dysfunction. Transient elevations 

of BNP were also shown to occur during chemotherapy; however, BNP transients were not as 

effective as BNP persistent elevations in preventing the appearance of impaired relaxation at 

echocardiography (Menna et al., 2018). 

The pharmacologic foundations of BNP lusitropy rest with the activation of receptor-

associated guanylyl cyclase, leading to cGMP formation and protein kinase G-dependent modulation 

of the passive force and stiffness that cardiomyocytes generate in diastole through the giant protein, 

titin (Bishu et al., 2011). In accordance with these notions, defects in the BNP-protein kinase G 

signalling cause diastolic dysfunction (van Heerebeek et al., 2012). BNP can also mobilize 

endothelial C-type natriuretic peptide, which in turn improves myocardial relaxation by diminishing 
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interactions between Ca2+ and myofilaments in diastole (Hillock et al., 2008; Moltzau et al., 2014). 

Interestingly, however, we showed that BNP persistent elevations increased heart rate (HR) in 

cancer patients treated by chemotherapy (Menna et al. 2018). Tachycardia was likely due to BNP 

activation of L-type Ca2+ current in sinoatrial node (Springer et al., 2012). Such inappropriate 

tachycardia was considered to partly counteract the beneficial effects of BNP on relieving myocardial 

relaxation (Menna et al., 2018).  

In our study of early diastolic dysfunction from cancer drugs some patients were also found 

to develop increased plasma levels of troponin, marker of cardiomyocte necrosis (Calabrese et al. 

2018). In oncologic settings, troponin elevations were correlated to a risk of systolic dysfunction and 

LVEF decrements induced by cancer chemotherapy (Cardinale et al., 2006); however, other studies 

showed that troponin elevations could equally well correlate with diastolic dysfunction (Kilickap et 

al., 2005). Correlations between increased troponin levels and diastolic dysfunction were observed 

also in non-oncologic settings (El Saiedi et al., 2018). 

Microvascular dysfunction and loss of Ca2+ homeostasis are important determinants of 

diastolic dysfunction. Microvascular dysfunction causes subclinical ischemia, which increases Ca2+ 

levels in cardiomyocytes. Calcium overload then promotes myofilament activation and myocardial  

stiffness in diastole, which also causes subclinical ischemia as well as energy dissipation (Lovelock 

et al., 2012; Minotti, 2013; Redfield, 2016; Stone, 2008). The aforesaid reports of correlations 

between diastolic dysfunction and troponin elevations suggest that a vicious cycle between 

microvascular dysfunction,  Ca2+ homeostasis and impaired relaxation may eventually cause some 

cardiomyocytes to die.  These facts offered a rationale for further post hoc analyses that explored 

interactions between diastolic dysfunction, BNP, and troponin in cancer patients. We characterized 

whether BNP, being an endogenous lusitropic agent that relieved impaired relaxation, could also 

diminish cardiac troponin release induced by chemotherapy.  

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 1, 2018 as DOI: 10.1124/jpet.118.253104

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 253104 

6 

 

EXPERIMENTAL PROCEDURES 

Patients 

          All data derived from our pilot, prospective, multicentre, real life study of the incidence of early 

diastolic dysfunction induced by anthracycline-based chemotherapy (adjuvant treatment of breast 

cancer, frontline therapy of non Hodgkin lymphoma) or fluoropyrimidine-platinum chemotherapy 

(adjuvant treatment of colorectal cancer) (Calabrese et al., 2018). The source population included 

80 comorbid-free patients with normal LVEF and diastolic function at baseline. Kidney function was 

normal for all patients, which was important to avoid confounding effects due to an altered renal 

clearance of troponin (Fridén et al. 2017). Patients were evaluated at baseline (T0) and one week 

after the last chemotherapy administration (T1). BNP and troponin were measured at T0 and T1. 

Intertreatment measurements of BNP and troponin were available for a study subgroup of 67 

patients. Source population and study subgroup were balanced for demographic, oncologic and 

cardiovascular characteristics, with both groups showing a prevalence of patients with breast cancer 

or lymphoma, and hence, a prevalence of anthracycline-based regimens over nonanthracycline 

regimens (90% versus 10%, respectively) (Menna et al., 2018). The study protocol was approved by 

the Ethics Committee of each participating clinical center. Written informed consent was obtained 

from all patients.   

BNP and troponin assays 

BNP was measured by the circulating levels of the aminoterminal fragment of prohormone 

BNP (Nt-proBNP), which is formed in (1:1) ratio to BNP. Although hemodynamically inactive as 

compared to BNP, Nt-proBNP shows a remarkably longer half-life (Weber and Hamm, 2006), which 

helps to improve BNP detection and to exploit its diagnostic and prognostic value in cardiovascular 

diseases (Masson et al., 2006; Omland et al., 2007). Troponin was measured by the circulating 

levels of its cardiac isoform I (cTnI).  Intertreatment blood samples were taken at each chemotherapy 

cycle before infusions were started. This was done for practical reasons; in fact, the majority of 

patients were treated on an outpatient basis and left the cancer center immediately after infusions 

were ended. Post-infusion samples were only available for two patients who received chemotherapy 
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on an inpatient basis. We also considered that post-infusion levels of BNP would be artifactually 

increased by fluid overload and myocardial stretch (Menna et al., 2018). All pharmacologic analyses 

were therefore conducted by considering pre-infusion levels of cTnI and BNP. 

Both BNP and cTnI were measured in heparin-lithium plasma by Siemens immune-

chemiluminescence assay for Dimension Vista® System (Luminescent Oxygen Channeling 

Immunoassay Technology, Erlangen, Germany). All assays were centralized at the Clinical 

Pharmacology Unit of University Campus Bio-Medico of Rome. Nt-pro-BNP assay was linear over 

5-35.000 pg/ml and the upper limit of normal (ULN) was set at 125 pg/ml (Calabrese et al., 2018). 

Where indicated, few patients presented at T1 with BNP >ULN that was deemed as normal due to 

non cardiac factors like e.g., fever (Menna et al., 2018). cTnI assay was linear over 0.015-40 ng/ml. 

The manufacturer-recommended ULN was rounded from 0.045 to 0.05 ng/ml, and values below the 

limit of quantification (LOQ) were arbitrarily set at 0.01 ng/ml (Calabrese et al., 2018).  

Other conditions 

Systolic function was measured by LVEF using 2D echocardiography. Values ≥50% denoted 

a preserved LVEF (Calabrese et al., 2018). Echocardiographic evaluation of diastolic dysfunction 

was performed by measuring indices of transmitral flow (mean ratio of peak early filling (E wave) to 

late diastolic filling (A wave), E/A ratio, and mean deceleration time of early filling velocity, DT). All 

values were normalized to age-related ranges of normality to permit comparisons between patients 

of different age. Diastolic dysfunction was adjudicated at T1 by abnormalities of transmitral flow or 

BNP levels >ULN. All patients with transmitral flow abnormalities showed grade I diastolic 

dysfunction (impaired relaxation, defined as low-for-age E/A ratio and long-for-age DT) (Nagueh et 

al., 2009). Higher grade diastolic dysfunction was not observed (Calabrese et al., 2018).  

Other conditions and statistical analyses  

Results were expressed as medians with interquartile ranges, or numbers and percentages, 

and were analyzed by Kruskall Wallis one-way analysis of variance with Dunn’s post-hoc test, two-

tailed Mann-Whitney test or Wilcoxon matched pair test, as appropriate. Categorical variables were 

analyzed by 2 test or Fisher’s exact test. A value of P<0.05 was considered as statistically 
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significant. Areas under the curve and best fitting curves were obtained by Prism 5®, version 5.01 

(GraphPad Software Inc., La Jolla, CA). Fitting curves were accepted when the goodness of fit (R2 

coefficient) was ≥0.8 (Menna et al., 2018). For patients exposed to different anthracyclines, 

(doxorubicin, epirubicin), the cumulative anthracycline dose was expressed as doxorubicin 

myelotoxic equivalents (Ewer, 2013). Details about anthracycline-based or fluoropyrimidine-platinum 

regimens are given in the legend to Table 2. Other details are also given in legends for Figures and 

Tables. 
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RESULTS 

cTnI levels at T0 and T1  

At T0 less than 10% of patients of source population or study subgroup presented with cTnI 

levels >LOQ. At T1, the percentage of patients with cTnI >LOQ increased to ≥20%, with few patients 

showing cTnI >ULN. Source population and study subgroup were balanced for cTnI distribution 

across LOQ and ULN at T0 and T1; moreover, for each patient group, cTnI distribution across LOQ 

and ULN at T1 was significantly different as compared to T0 (TABLE 1).  

Effects of BNP on cTnI distribution across LOQ and ULN  

At T0 BNP was <ULN in both source population and study subgroup (pg of Nt-proBNP/ml, 

medians with interquartile ranges: 60 (37-87) and 60 (37-94), respectively). At T1, 15 patients of 

source population (19%) and 12 patients of study subgroup (18%) showed BNP levels >ULN (pg of 

Nt-proBNP/ml. medians with interquartile ranges: 219 (171-327) and 239 (175-347) pg/ml, P<0.0001 

for T1 versus T0 in each patient group). In the source population, BNP elevations occurred in 14 of 

72 patients treated by anthracycline-based regimens and in 1 of 8 patients treated by 

nonanthracycline chemotherapy (19% versus 13%, P=0.335). In the study subgroup, BNP elevations 

occurred in 11 of 60 patients treated by anthracyclines and in 1 of 7 patients treated by 

nonanthracycline chemotherapy (18% versus 14%, P=0.563). In both source population and study 

subgroup the changes in cTnI distribution across LOQ and ULN only occurred if patients presented 

at T1 with normal BNP levels. Patients with BNP >ULN showed the same cTnI distribution as that 

measured at T0 (FIGURE 1).  

Transient and persistent elevations of cTnI  

Intertreatment preinfusion measurements of cTnI were available for the 67 patients of study 

subgroup. Among these patients i) 51 showed cTnI levels that were <ULN from T0 to T1 ii), 12 

patients showed cTnI levels that exceeded ULN during chemotherapy but declined before T1 iii), 4 

patients showed cTnI levels that increased during chemotherapy and were >ULN at T1. Thus, 16 of 

67 patients showed transient or persistent elevations of cTnI. Only 2 patients received cTnI assays 

both before chemotherapy infusion and over the subsequent 24-48 hours. Post-infusion levels of 
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cTnI were not different to pre-infusions levels in these patients  (FIGURE 2/A-B). It is worth noting 

that cTnI began to increase when patients had received ≤50% of their assigned chemotherapy, a 

time interval over which myocardial relaxation began to decline (see also Figure 2/A-B and insets).    

Effects of BNP on transient or persistent elevations of cTnI  

Eight of twelve patients with transient cTnI elevations showed intertreatment levels of BNP 

below ULN or only occasionally above ULN (FIGURE 3A). Four other patients with transient cTnI 

elevations showed BNP levels that increased during the course of chemotherapy and exceeded ULN 

at T1. In these latter patients cTnI elevations were of a limited magnitude as compared to patients 

with normal BNP at T1 (Figure 3B).  

Three patients with persistent cTnI elevations showed BNP levels below ULN from T0 to T1 

(FIGURE 4A).  One other patient with a persistent cTnI elevation showed BNP levels that increased 

early during the course of chemotherapy and remained >ULN at T1. This patient showed the least 

evident deviation of cTnI from the range of normality (FIGURE 4B). 

Effects of BNP on plasma exposure to cTnI 

Data from transient or persistent cTnI elevations were pooled and used to calculate plasma 

exposure to cTnI (peak plasma level, Cmax, and area under the curve, AUC). Next, Cmax and AUC 

were correlated to the levels of BNP from T0 to T1 (normal, transiently elevated, persistently 

elevated).  Both Cmax and AUC were significantly lower in patients with BNP persistent elevations as 

compared to patients with normal or only transiently high BNP levels (Figure 5-A/B).  

Anthracycline dependence of cTnI elevations and diastolic dysfunction 

Patients with or without cTnI elevations were balanced for demographic but not for oncologic 

characteristics; in fact, cTnI elevations occurred in patients with breast cancer or non Hodgkin 

lymphoma, both requiring anthracycline-based regimens, but not in patients exposed to 

fluoropyrimidine-platinum regimens for treatment of colorectal cancer. Patients with or without cTnI 

elevations were nonetheless balanced for cumulative anthracycline dose (TABLE 2). Fourty of 

fourty-three patients with breast cancer, accounting for 60% of all patients of the study subgroup, 

received also a taxane (docetaxel or paclitaxel, n=39 or n=1, respectively). Patients with or without 
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cTnI elevations were balanced for taxane administration (see also Table 2 and its legend for details 

about chemotherapy regimens).   

Patients with or without cTnI elevations were balanced for LVEF, systolic blood pressure 

(SBP), diastolic blood pressure (DBP), body mass index (BMI). These parameters were normal for 

both groups at T0 and did not change at T1; interestingly, however, patients with cTnI elevations 

presented at T1 with a higher incidence of diastolic dysfunction (impaired relaxation or persistently 

high BNP) (TABLE 3). The group of patients with a lower incidence of diastolic dysfunction and no 

cTnI elevation included 44 subjects exposed to anthracyclines and 7 subjects exposed to 

nonanthracycline chemotherapy. We mentioned that one case of BNP elevation occurred in the 

nonanthracycline group, but another patient in the same group developed an impaired relaxation. 

When the nonanthracycline group was excluded from analyses, anthracycline treated/cTnI positive 

still exhibited a higher incidence of diastolic dysfunction as compared to anthracycline treated/cTnI 

negative patients (9/16 versus 15/44, P<0.01). 

For patients treated by anthracyclines and showing cTnI elevations, diastolic dysfunction 

could equally well manifest as impaired relaxation (n=4/9) or BNP >ULN (n=5/9). In comparison to 

patients with impaired relaxation, those with BNP >ULN showed normal-for-age E/A and DT, and 

lower Cmax and AUC values of cTnI (FIGURE 6).  

Patients treated by anthracycline-based chemotherapy received doxorubicin (n=35) or its 

closely related analogue, epirubicin (n=25). Neither doxorubicin nor epirubicin caused significant 

changes of LVEF from T0 to T1; moreover, patients treated by doxorubicin or epirubicin were 

balanced for any cTnI elevation that occurred from T0 to T1 and for any diastolic dysfunction that 

was adjudicated at T1 as impaired relaxation or persistently high BNP. Interestingly, however, a 

pattern characterized by diastolic dysfunction with concomitant cTnI elevations was significantly 

more frequent for patients treated by doxorubicin (TABLE 4).  

BNP, cTnI and tachycardia 

All patients presented at T1 with tachycardia, which was at least in part induced by 

chemotherapy-related bone marrow toxicity and anemia. Hemoglobin loss and tachycardia were of 
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a similar extent for patients with or without cTnI elevations (TABLE 5).  We characterized whether 

the previously reported chronotropic effect of BNP could be evidenced by stratifying patients for both 

cTnI and BNP levels. For patients with BNP <ULN at T1, tachycardia (expressed as bpm from T0 

to T1) was not influenced by cTnI elevations (FIGURE 7A). For patients with BNP >ULN at T1, higher 

BNP levels and bpm occurred if cTnI elevations had also occurred (FIGURE 7B).  
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DISCUSSION 
 

Cause-and-effect relations between impaired relaxation and cTnI elevations 

Several lines of evidence point to cause-and-effect relations between diastolic dysfunction 

and cTnI elevations. Diastolic dysfunction, defined as impaired relaxation or BNP persistent 

elevations that mitigated impaired relaxation, was more frequent for patients with cTnI elevations 

(see Table 3). Both a limited distribution of cTnI across LOQ and ULN at T1, and lower Cmax and 

AUC values from T0 to T1, were documented for patients showing BNP persistent elevations (see 

Figure 1 and Figures 3-6). And finally, transient elevations of BNP did not diminish plasma exposure 

to cTnI (see Figure 5), similar to what we reported for the effects of BNP on impaired relaxation 

(Menna et al., 2018).   

Cause-and-effect relations between impaired relaxation and troponin elevations should be 

weighed against contrasting evidence from the literature. Troponin elevations were in fact attributed 

to cardiomyocyte necrosis that cancer drugs induced by their own mechanisms and independent of 

diastolic dysfunction. Troponin levels increased shortly after chemotherapy infusions and declined 

in few days, which was felt to denote the acute toxicity of cancer drugs to cardiomyocytes (Sandri et 

al., 2003). Here cTnI elevations were detected before each chemotherapy infusion, and hence, they 

denoted cardiomyocyte necrosis that developed over the weeks that separated consecutive 

infusions. Moreover, in patients presenting at a chemotherapy cycle with an ongoing elevation of 

cTnI, the administration of chemotherapy did not cause further increases of cTnI (see Figure 2). 

Although available for two patients only, this latter finding denotes that cTnI elevations were not 

contributed by the acute toxicity of chemotherapy infusions but reflected an ongoing impairment of 

myocardial relaxation. Accordingly, both cTnI elevations and a decline of myocardial relaxation 

occurred early during the course of chemotherapy (see Figure 2/A-B and insets).  

On a different note, troponin elevations were reported to identify patients at risk of LVEF 

decrements (Cardinale et al., 2006). Here cTnI elevations were not accompanied by LVEF 

decrements at T1 (see Tables 3-4). Having acknowledged that LVEF may decrease months or years 

after ending chemotherapy (Cardinale et al., 2018; Minotti et al., 2010), we suggest that our findings 
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describe a scenario where diastolic dysfunction precedes systolic dysfunction and causes 

cardiomyocyte necrosis as well.   

cTnI, BNP and inappropriate tachycardia 

Bone marrow toxicity and anemia are common consequences of chemotherapy. A certain 

degree of tachycardia is therefore normal for cancer patients treated by chemotherapy (see Table 

5). We previously reported that BNP persistent elevations caused tachycardia that was independent 

of anemia (Menna et al., 2018). Here we characterized that such inappropriate tachycardia occurred 

in those patients in whom high BNP was involved in mitigating both impaired relaxation and cTnI 

elevations (see Figures 6-7). Having suggested that BNP and cTnI elevations shared impaired 

relaxation as a causative agent, we also suggest that concomitant elevations of the two biomarkers 

denoted a condition of increased diastolic distress. Higher BNP levels were therefore required to 

relieve such distress, causing positive chronotropism and inappropriate tachycardia to occur.  

Study limitations and pharmacologic considerations 

We acknowledge that cTnI elevations occurred in 16 of 60 patients treated by anthracycline-

based regimens but did not occur in any of 7 patients treated by fluoropyrimidine-platinum 

compounds (see Table 2). We also consider that 2 of such 7 patients presented at T1 with impaired 

relaxation at echocardiography or BNP persistent elevations, clearly denoting that nonanthracycline 

chemotheraputics were able to induce the two manifestations of diastolic dysfunction. Taking the 

limited sample size in a due account, one might argue that cTnI elevations were not caused by 

impaired relaxation but reflected acute toxicity that only anthracyclines could inflict through e.g., 

oxidative stress (Vejpongsa and Yeh, 2014).  

The aforesaid concerns must be weighed against pathophysiologic and pharmacologic 

considerations. As already mentioned, microvascular dysfunction, and inappropriate interactions 

between Ca2+ and myofilaments in diastole, are important determinants of impaired myocardial 

relaxation. Anthracyclines impair endothelial function in cancer patients (Finkelman et al., 2017) and 

can also reduce the expression and activity of the Ca2+ ATPase that sequesters Ca2+ in sarcoplasmic 

reticulum during diastole (Minotti et al., 2004). Nonanthracycline chemotherapeutics cause 
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microvascular dysfunction but lack anthracycline-like effects on reducing Ca2+ sequestration (Menna 

et al., 2008). This may explain how both anthracyclines and nonanthracycline drugs diminished 

myocardial relaxation at echocardiography or increased BNP levels, while only anthracyclines 

caused a continued diastolic tension that exposed some cardiomyocytes to subclinical ischemia, 

energy dissipation, and eventually to necrosis. These concepts would be consistent with the so 

called type 1-type 2 classification of cancer drugs, where  anthracyclines are type 1 agents that inflict 

an irreversible damage to cardiomyocytes (Suter and Ewer, 2013).     

Pharmacologic insight is also offered by comparing doxorubicin to epirubicin. These 

anthracyclines were administered in equimyelotoxic doses, and yet, doxorubicin was more effective 

than epirubicin in increasing the number of patients with diastolic dysfunction and concomitant cTnI 

elevations (see Table 4). This finding was well consistent with doxorubicin showing higher levels of 

accumulation in human myocardium and higher levels of conversion to a secondary alcohol 

metabolite that mediates inhibition of sarcoplasmic Ca2+ ATPase (Olson et al., 1988; Salvatorelli et 

al., 2018). Doxorubicin, but not epirubicin, is also liable to metabolic interactions with taxanes that 

were frequently included in anthracycline-based treatment for breast cancer; in fact, taxanes cause 

allosteric effects that stimulate alcohol metabolite formation from doxorubicin but not epirubicin 

(Salvatorelli et al, 2007). Thus, doxorubicin is more potent than epirubicin in dysregulating Ca2+ 

homeostasis, which would expose cardiomyocytes to more sustained and inappropriate interactions 

between Ca2+ and myofilaments in diastole. These findings also denote that type 1 agents, like 

anthracyclines, may show important analogue-related differences.   

Clinical implications 

We have shown that anthracyclines cause impaired myocardial relaxation that is 

accompanied by cTnI release. By relieving impaired relaxation BNP diminishes cTnI release but this 

requires BNP levels that eventually induce positive chronotropism and inappropriate tachycardia 

(see FIGURE 8/A-B). This scenario anticipates many clinical implications.   

Diastolic dysfunction and cTnI elevations occurred in low risk patients treated by a median 

cumulative dose of 240 mg of doxorubicin equivalents/m2, which was significantly lower than doses 
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associated with 5% risk of heart failure from doxorubicin or epirubicin (380-400 mg/m2 or 600 mg 

of doxorubicin equivalents/m2, respectively) (Swain et al., 2003; Salvatorelli et al., 2018). cTnI 

elevations began to occur early during the course of chemotherapy regimen (see Figures 2-4) and 

were accompanied by a decline of myocardial relaxation. For patients treated by anthracycline-

taxane regimens for breast cancer, or by the R-CHOP regimen for non Hodgkin lymphoma, this 

occurred after cumulative doses of 120-150 mg of doxorubicin equivalents/m2. Although epirubicin 

merits consideration as a less cardiotoxic analogue, these findings show that cardiotoxicity develops 

after reportedly safe doses of any anthracycline (Salvatorelli et al., 2018).  

On a different note, we acknowledge that impaired relaxation represents the mildest degree 

of diastolic dysfunction, which may or not be accompanied by an increased ventricular filling pressure 

(Nagueh et al., 2016). We caution that impaired relaxation, if untreated, may progress toward more 

advanced stages of diastolic dysfunction, and eventually toward systolic dysfunction, especially if 

the following pharmacologic factors are taken in a due consideration: i) doxorubicin or epirubicin 

secondary alcohol metabolites show a limited elimination from cardiomyocytes (Salvatorelli et al., 

2018) and ii), cancer survivors may require sequential treatments whose toxicity overlaps with long 

lived anthracycline metabolites and eventually precipitates cardiac events (Menna et al., 2008).  

Troponin elevations were used to identify patients with early cardiotoxicity and to start therapy 

with e.g., angiotensin converting enzyme inhibitors (ACEi); interestingly, however, these drugs 

prevented LVEF decrements but not troponin elevations (Cardinale et al., 2018). Here diastolic 

dysfunction occurred in patients with a preserved LVEF, cause-and-effect relations between 

impaired relaxation and cTnI elevations were characterized, persistently high BNP relieved 

myocardial relaxation and diminished cTnI release. These findings suggest that lusitropic drugs 

might be considered to treat early cardiotoxicity with cTnI elevations; however, these drugs should 

lack BNP-like effects on increasing HR.  

The antianginal drug, ranolazine, improves myocardial relaxation but lacks direct effects on 

HR (Stone, 2008; Lovelock et al., 2012). We reported that ranolazine, being a lusitropic agent, could 

substitute for BNP in relieving impaired relaxation, and by doing so it diminished BNP levels that 
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otherwise induced inappropriate tachycardia (Menna et al., 2018). Ranolazine effects on cardiac 

troponin release will be described in the final report of a phase 2B study in which patients with 

chemotherapy-related diastolic dysfunction (defined as impaired relaxation or high BNP or high 

troponin at T1) were  randomized to ranolazine or investigator’s choice of ACEi, β blockers or other 

common cardiovascular drugs (Minotti, 2013).           

Conclusions 

BNP has long been used as a biomarker of cardiovascular diseases (Braunwald, 2008). 

Previously we reported that BNP persistent elevations relieved impaired myocardial relaxation in 

patients treated by anthracycline-based or nonanthracycline chemotherapy. Here we have shown 

that BNP persistent elevations diminished the circulating levels of cTnI in patients treated by 

anthracyclines. These findings broaden our perception of BNP as an endogenous modulator of 

cardiotoxicity. 
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LEGENDS FOR FIGURES 

Figure 1 cTnI distribution across LOQ and ULN in patients with or without BNP >ULN at T1 

Patients of source population or study subgroup were stratified according to BNP levels at T1. Panels 

A and B show that for source population, chemotherapy caused significant changes of cTnI 

distribution in patients with BNP <ULN but not in patients with BNP >ULN. The same occurred for 

patients of study subgroup (panels C and D). Shaded areas indicate ranges of cTnI between LOQ 

(0.015 ng/ml) and ULN (0.05 ng/ml). BNP ULN was set at 125 pg of Nt-proBNP/ml. Data were 

analyzed by two-tailed 2 test.  

LOQ, limit of quantification; ULN, upper limit of normal.  

Figure 2  Pre- and post-infusion cTnI levels 

Panel A shows data from a patient with a transient cTnI elevation while panel B shows data from a 

patient with a persistent cTnI elevation. Solid circles denote preinfusion levels of cTnI. Open circles 

denote cTnI levels that were measured 24 or 48 hours after infusion. Shaded areas indicate ranges 

of cTnI between LOQ (0.015 ng/ml) and ULN (0.05 ng/ml). Chemotherapy was expressed as the 

percentage of length to permit comparisons among oncologic regimens of different durations (eight 

cycles every three weeks in panel A, six cycles every three weeks in panel B). The insets show the 

significant decline of myocardial relaxation, measured as decrements of the E/A ratio, that occurred 

from T0 to T25% or from T0 to T50% for 12 patients with transient cTnI elevations (panel A) or 4 

patients with persistent cTnI elevations (panel B). Data are shown as Tukey whiskers with medians 

and interquartile ranges and were analyzed by Wilcoxon matched paired test. The shaded area 

indicates the age-adjusted range of E/A normality. Similar results were obtained by expressing 

impaired relaxation as DT prolongation (not shown).     

LOQ, limit of quantification; ULN, upper limit of normal; T25% or T50%, median time 

to completing 25% or 50% of the assigned chemotherapy regimen.  

Figure 3  Time courses of BNP versus transient cTnI elevations 
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Panels A show transient cTnI elevations in patients with intertreatment BNP <ULN or only 

occasionally >ULN. Panels B shows transient cTnI elevations in patients who developed gradual 

and persistent BNP increases. Shaded areas indicate ranges of normality for BNP (ULN at 125 pg 

of Nt-proBNP/ml) or ranges between LOQ and ULN for cTnI (0.015 and 0.05 ng/ml, respectively). 

Chemotherapy was expressed as the percentage of length to permit comparisons among oncologic 

regimens of different durations. 

LOQ, limit of quantification; ULN, upper limit of normal.  

Figure 4  Time courses of BNP versus persistent cTnI elevations 

Panels A show persistent cTnI elevations in patients with intertreatment BNP <ULN. Panels B shows 

a persistent cTnI elevation in a patient who developed BNP levels >ULN. Shaded areas indicate 

ranges of normality for BNP (ULN at 125 pg of Nt-proBNP/ml) or ranges between LOQ and ULN for 

cTnI (0.015 and 0.05 ng/ml, respectively). Chemotherapy was expressed as the percentage of length 

to permit comparisons among oncologic regimens of different durations.   

LOQ, limit of quantification; ULN, upper limit of normal.  

Figure 5  Plasma exposure to cTnI in patients with different BNP levels from T0 to T1 

The Cmax and AUC of cTnI were calculated for transient or persistent cTnI elevations in aggregate. 

BNP elevations were defined as none (BNP <ULN from T0 and T1), transient  (BNP >ULN during 

chemotherapy and <ULN at T1), persistent (BNP >ULN during chemotherapy and at T1). BNP ULN 

was set at 125 pg of Nt-proBNP/ml. Cmax was expressed as ng/ml, AUC was expressed as 

nmoles●(T0-T1). Data are shown as Tukey whiskers with medians and interquartile ranges and were 

analyzed by Kruskall-Wallis one way analysis of variance with Dunn’s post hoc test. In panel A the 

shaded area indicates the range between LOQ and ULN for cTnI (0.015 and 0.05 ng/ml, 

respectively). In panel B the shaded area indicates the range of normality for cTnI AUC (calculated 

for patients with BNP <ULN from T0 to T1).    

LOQ, limit of quantification; ULN, upper limit of normal. 
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Figure 6 Plasma exposure to cTnI in patients with transient or persistent cTnI elevations and 

diastolic dysfunction at T1 

Diastolic dysfunction was adjudicated as impaired relaxation (n=4) or BNP >ULN (n=5). BNP ULN 

was set at 125 pg of Nt-proBNP/ml. The Cmax and AUC of cTnI were calculated for transient or 

persistent cTnI in aggregate. Cmax was expressed as ng/ml, AUC was expressed as nmoles●(T0-T1). 

Data are shown as Tukey whiskers with medians and interquartile ranges and were analyzed by 

two-tailed Mann Whitney test. In upper panels, shaded areas denote age-adjusted ranges of 

normality for E/A ratio or DT. In bottom left panel, shaded area denotes ranges between LOQ and 

ULN for cTnI (0.015 and 0.05 ng/ml, respectively). In bottom right panel, shaded area denotes the 

range of normality for cTnI AUC between (calculated for patients with BNP<ULN from T0 to T1). 

E/A, mean ratio of peak early filling (E wave) to late diastolic filling (A wave); DT, mean 

deceleration time of early filling velocity; LOQ, limit of quantification; ULN, upper limit of 

normal; ULN, upper limit of normal. 

Figure 7 BNP chronotropisms and cTnI elevations 

cTnI- and cTnI+ denote the absence or presence of transient or persistent cTnI elevations in 

aggregate. Tachycardia was expressed as bpm from T0 to T1 (medians with interquartile ranges). 

Panel A shows that for patients with BNP <ULN at T1, tachycardia was similar for patients with or 

without cTnI elevations (n= 11 and 44, respectively). Panel B shows that for patients with BNP >ULN 

at T1, both BNP elevations and tachycardia were significantly higher in patients with cTnI elevations 

(n=5) as compared to patients without cTnI elevations (n=7) (327 vs 180 pg of BNP/ml, 20 vs 5 

bpm). Shaded areas denote the range of normality of BNP (ULN at 125 pg of Nt-proBNP/ml). The 

asterisks denote patients with BNP >ULN that was deemed as normal by investigators due to non 

cardiac factors like e.g., fever. Data were analyzed by two-tailed Mann Whitney test. 

Figure 8 Schematic representation of multiple interactions between cancer drugs, impaired 

relaxation, BNP and cTnI 
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Panel A shows that both anthracyclines and nonanthracycline chemotherapeutics can cause 

impaired relaxation. This induces BNP elevations that in turn mitigate impaired relaxation. Panel B 

shows that only anthracyclines can cause impaired relaxation and concomitant cTnI elevations, with 

doxorubicin being more toxic than epirubicin. This represents a stronger stimulus to BNP elevations, 

resulting in both beneficial effects (mitigation of impaired relaxation and troponin release) and 

detrimental side effects (positive chronotropism and inappropriate tachycardia).  
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Table 1  

Distribution of cTnI across LOQ and ULN at T0 and T1 in source population and study subgroup  

 

 

Data were analyzed by two-tailed 2 test.  

LOQ, limit of quantification (0.015 ng/ml); ULN, upper limit of normal (0.05 ng/ml).  

 

Time cTnI Source population                                  
(n=80)                            

Study subgroup  
(n=67) 

P                                                 
(source population            
vs study subgroup) 

 

T0 <LOQ 
>LOQ/≤ULN                                                 

>ULN  

73 (91%)                                            
7 (9%)                                                

-                                        

62 (93%)                                         
5 (7%)                                                   

-                                                       

                                               
0.795 

T1 <LOQ 
>LOQ/≤ULN                                 

>ULN 

60 (75%) 
16 (20%) 

4 (5%) 

47 (70%)                                         
16 (24%)                                                   

4 (6%) 

                                                  
0.731 

  P (T0 vs T1)  
<0.001 

P (T0 vs T1)                               
<0.0001 
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Table 2                                                                                                                             

Demographic and oncologic characteristics                                                                

of patients with or without transient or persistent cTnI elevations  

cTnI- or cTnI+ denotes the absence or presence of cTnI elevations.  

Values are medians with interquartile ranges. Differences were analyzed by two-tailed Mann Whitney 

test, 2 test or Fisher’s exact test as appropriate.  

a)For breast cancer : doxorubicin (or epirubicin)/cyclophosphamide once every 3 weeks (4 cycles), 

followed by taxane once every 3 weeks (4 cycles); 5-fluorouracil/epirubicin/cyclophosphamide once 

every 3 weeks (6 cycles); 5-fluorouracil/epirubicin/cyclophosphamide once every 3 weeks (4 cycles), 

followed by taxane once every 3 weeks (4 cycles); epirubicin/cyclophosphamide/taxane once every 

three weeks (4 cycles).  

For non Hodgkin lymphoma: rituximab/cyclophosphamide/doxorubicin/vincristine/prednisone once 

every 3 weeks (6 cycles).   
b)Folinate/5-fluouracil/oxaliplatin once every 2 weeks (12 cycles); capecitabine (per os)/oxaliplatin once 

every 3 weeks (8 cycles). 
c)Doxorubicin myelotoxic equivalents 

                                                                                                 

Characteristics cTnI-                                  
(n=51) 

cTnI+                                  
(n=16)                            

P                                      
(cTnI- versus cTnI+) 

Age                                        49 (41-56) 52 (47-58)                                             0.143 

Gender (n,%)                                                                                                       
male   

female 

                                                         
9 (18%)                               

42 (82%) 

                                  
2 (13%)                                     
14 (87%) 

 

0.435 

Oncologic disease (n,%)                 
breast cancer                                      

non Hodgkin lymphoma                          
colorectal cancer 

                                     
32 (63%)                                                   
12 (23%)                                                       
7 (14%) 

                                              
11 (69%)                                     
5 (31%)                                                

0  

 

0.001 

Chemotherapy (n,%)                                                                     
anthracycline-baseda)                                

nonanthracyclineb) 

                                                             
44 (86%)                                             
7 (14%)  

                                                        
16 (100%)                                                 

0                                                                                                             

 

<0.0001 

Anthracycline dose (mg/m2)c) 240 (240-300) 240 (240-300) 0.465 

Taxane administration (n,%)                       29 (57%) 11 (69%) 0.185 
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Table 3                                                                                                                             
Cardiovascular characteristics of patients 

with or without transient or persistent cTnI elevations 

 

         cTnI- or cTnI+ denotes the absence or presence of cTnI elevations.  

Values are medians with interquartile ranges or absolute numbers with percentages. Differences 

were analyzed by two-tailed Mann Whitney test, Wilcoxon matched pair test, or Fisher’s exact 

test as appropriate. 

a)Defined as impaired relaxation at echocardiography or BNP persistent elevations.   

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index.   

  

Parameter cTnI-                                
(n=51)                            

cTnI+ 
(n=16) 

P 
(cTnI- versus cTnI+) 

LVEF (%)                                                                    
T0                                                                               
T1                                                 

P (T0 - T1) 

                                                               
61 (60-65)                                       
61 (60-65)                            

0.893                                          

                                                          
60 (60-65)                                    
60 (60-65)                          

0.722 

                                                     
0.608                                               
0.445 

SBP (mm Hg)                                                             
T0                                                                                                       
T1                                       

P (T0 - T1) 

                                        
120 (110-130)                                     
120 (110-130)                             

0.957 

                                                         
120 (120-124)                               
120 (115-128)                       

0.928 

                                                           
0.818                                              
0.855 

DBP (mm Hg)                                                           
T0                                                                              
T1                                       

P (T0 - T1)                                                                   

                                              
80 (70-80)                                     
80 (70-80)                             

0.498                                                                          

                                                           
80 (70-80)                                                   
80 (70-85)                                 

0.471                                                      

                                                           
0.974                                                 
0.514 

 
BMI (kg/m2)                      

T0                                    
T1                                          

P (T0-T1) 

                                             

24 (22-25)                     
25 (22-28)                        

0.122 

                                                

23 (21-25)                             
24 (20-26)                        

0.608 

                                          

0.157                                       
0.108 

Diastolic  
dysfunctiona)                     

                                                     
17 (33%)                                 

                                                       
9 (56%) 

                                     
<0.001                         
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Table 4                                                                                                                                                   

Diastolic dysfunction and cTnI elevations 

in patients treated by doxorubicin or epirubicin-based chemotherapy 

 

              Data were analyzed by two-tailed Fisher’s exact test. 

a)Calculated as [(LVEF T1) – (LVEF T0)]. 

b)Impaired relaxation or BNP persistent elevations in aggregate. 

b)Any transient or persistent cTnI elevation. 

 

 

Anthracycline  LEVF (%)a) Diastolic dysfunctionb) 
(all)  

cTnI  elevationsc)                             
(all)                                                      

Diastolic dysfunction               
with cTnI elevation                                                 

Doxorubicin                     
(n=35)  

0 (-2 to +2) 14                                 
(40%)                                       

9                                            
(26%)                                                           

7                                          
(20%)                                                          

Epirubicin                        
(n=25)                           

0 (-0.5 to 1) 10                                              
(40%) 

7                                              
(28%)       

2                                               
(8%) 

 P=0.739 P=1.000 P=0.874 P<0.025 
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Table 5                                                                                                                             

Hb loss and tachycardia in patients with or without                                                                         

transient or persistent cTnI elevations 

 

cTnI- or cTnI+ denotes the absence or presence of cTnI elevations. Data were analyzed by two-

tailed Mann Whitney test, or Wilcoxon matched-paired t test, as appropriate. 

Hb, hemoglobin. 

 

 

Parameter cTnI-                                
(n=51)                            

cTnI+ 
(n=16) 

P 
(cTnI- versus cTnI+) 

Hb (g/dl)                                                                  
T0                                                                             
T1                                                                                                                           

P (T0 - T1)                                                                                                               

                                              
13.0 (11.8-13.9)                                   
11.6 (10.5-12.3)                         

<0.0001                                  

                                                           
13.3 (12.4-14.7)                                   
10.4 (9.80-11.8)                      

0.001                                     

                                  
0.255                               
0.080    

                                                

HR (bpm)                                                                  
T0                                                                                
T1                                                  

P (T0 - T1) 

                                               
76 (70-81)                                       
85 (75-89)                                      

<0.01                                          

                                                           
76 (69-82)                    
87 (79-100)                               

<0.01 

 
0.994                           
0.168 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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