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Abstract
The aim of this study was to evaluate the comparative effects of CGs on heart physiology. Twenty-eight Wistar rats were 
distributed into four groups (n = 7), control group received NaCl 0.9% every 24 h for 21 days; treated groups received 
respectively 50 μg/kg of digoxin (DIG), ouabain (OUA) and oleandrin (OLE) every 24 h for 21 days. Serial ECGs were 
performed, as well as serum levels of creatinine kinase (CK), its MB fraction, troponin I (cTnI), calcium (Ca2+) and lactic 
dehydrogenase (LDH). Heart tissue was processed for histology, scanning electron microscopy and Western blot analysis for 
cTnI, brain natriuretic peptide (BNP), sodium potassium pump alpha-1 and alpha-2. Ventricle samples were also analyzed 
for thiobarbituric acid reactive substances and antioxidant enzymes (SOD, GPX, and CAT). ECGs showed decrease in QT 
and progressive shortening of QRS. No arrhythmias were observed. No significant differences were associated with CGs 
treatment and serum levels of CK, CK-MB, and cTnI. Only oleandrin increased LDH levels. Histological analysis showed 
degenerative changes and only oleandrin promoted moderate focal necrosis of cardiomyocytes. Scanning microscopy also 
confirmed the greatest effect of oleandrin, with rupture and shortening of cardiac fibers. The expression of troponin I and 
alpha-1 isoform were not altered, however, the protein levels of BNP and alpha-2 were higher in the groups that received 
oleandrin and ouabain in relation to the digoxin group. All GCs affected the production of ROS, without causing lipid 
peroxidation, through the activation of different antioxidant pathways. It is concluded that the administration of digoxin, 
ouabain, and oleandrin at 50 µg/kg for 21 days caused cardiovascular damage that represent an important limitation into its 
future use in heart failure and antineoplastic therapy.
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Introduction

Cardiac glycosides (CGs) are well-known substances fre-
quently used in the treatment of heart failure (HF) [1, 3]. The 
proposed mechanism of action of CGs is the inhibition of 
the sodium and potassium ATPase (NKA) current, leading 
to an increase in intracellular sodium (Na+). The immediate 
consequence of such rise is the escalation of cardiomyocyte 
intracellular calcium (Ca2+) levels due to the action of the 
sodium calcium exchanger (NCX). Increases of intracellular 
Ca2+ promote positive inotropism and can be beneficial for 
patients with HF [24].

Digoxin and digitoxin are one of the few CGs available 
commercially for the treatment of HF, but several others 
have been studied over the years, including ouabain, ole-
andrin, bufalin, and marinobufagenin [6, 12, 17, 21, 32]. 
Although the main mechanism of action is similar, little is 
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known about the possible differences in cardioactive poten-
tial amongst these substances. Previous researches indicate 
there are species specificity and possible modulation differ-
ences in NKA isoforms expression and activity [13].

Recent studies have described digoxin, ouabain, and ole-
andrin as potential anticancer drugs. There is an apparent 
in vitro cytotoxicity towards cancer cells from lungs, pros-
tate, and breasts [7, 28]. However, the known toxicity of 
these substances may represent a limitation to its clinical use 
and yet no consensus or standard therapy has been proposed 
[5]. The most important therapeutic limitation is the dose-
dependent cardiotoxicity [11]. This effect is a direct result 
from the CGs mechanism of action. Increased and prolonged 
inhibition of NKA may disrupt cardiomyocyte homeosta-
sis and cause severe damage. Relevant clinical implications 
have been associated with digoxin treatment, increasing 
arrhythmias, hospitalization time, poor outcome, and death 
[11, 17]. Oleandrin intake is also associated with a variety of 
arrhythmias, neurological disturbances, and death in intoxi-
cation case reports [23, 36] and experimental models [6]. 
Ouabain, however, is poorly studied, lacking information 
regarding its potential therapeutic action and toxicity [32].

Despite possible toxicity, low doses of CGs are currently 
associated with beneficial effects in heart failure and cancer 
therapies. However, most of these studies lack toxicity esti-
mation. The aim of this study was to evaluate the compara-
tive effects of low doses of digoxin, ouabain, and oleandrin 
on cardiac electrochemical remodeling, aiming to elucidate 
differences in cardioactive potential and possible restrictions 
in their clinical use.

Material and Methods

All experimental procedures in this study were in accord-
ance with the guidelines stated by the Ethical Principles 
in Animal Research adopted by the Brazilian College of 
Animal Experimentation (COBEA) and were approved by 
the Ethics Committee in Animals Use of Universidade Fed-
eral de Minas Gerais (Protocol # 74/2017). Our research 
was strictly carried out in accordance with these approved 
guidelines.

Chemicals

Digoxin, ouabain, and oleandrin were purchased as pure 
chemicals from Sigma Aldrich®. The purity of all analytical 
standard of CGs were higher than 95%. Biochemistry kits of 
creatine kinase, creatinine kinase MB, lactate dehydrogenase 
and troponin I were bought from Bioclin®.

Animals and Holding Conditions

Male Wistar rats (190-200 g) were purchased from the 
Central Animal House Facility of Universidade Federal de 
Minas Gerais, Belo Horizonte, Brazil. All were kept under 
standard conditions (12 h light and dark cycles) at 22 ± 2 °C, 
fed with laboratory rodent diet and water ad libitum.

Experimental Design

28 rats were randomly distributed into four groups, each 
containing seven rats. The groups were treated as follows: 
control group (CON) received 0.1 mL of saline; digoxin 
(DIG), ouabain (OUA), and oleandrin groups (OLE) 
received 0.1 mL of their respective cardiac glycosides, daily. 
Digoxin, ouabain, and oleandrin were dissolved in saline 
and all administrations were subcutaneous at 50 μg/kg for 
21 days to evaluate potential differences in cardiac electro-
chemical remodeling.

Electrocardiogram

All rats were evaluated daily regarding their overall state 
and possible clinical alterations. Rats were anaesthetized by 
isoflurane (Isoflurine®, at 2.5% during induction and 1.5% 
for maintenance; VetCase, Brasmed®) and placed in supine 
position in a wooden board. A six-channel non-invasive elec-
trocardiograph (ECG-PC version 2.07, Brazilian Electronic 
Technology—TEB, Belo Horizonte, MG, Brazil) was used. 
All procedures were performed in a quiet room to minimize 
stress. Readings were made in DII, at 50 mm/ s, and 2 N. 
Recordings were made before therapy administration (T0), 
and seven (T7), 14 (T14) and 21 days (T21) after.

Estimation of Cardiac Injury Serum Biomarkers

After 21 days of treatment, euthanasia was performed with 
isoflurane followed by intraperitoneal injection of Thio-
pental® (100 mg/kg). Blood was collected from abdominal 
aorta in tubes without anticoagulants for serum sampling. 
Biochemical profile was obtained through evaluation of 
creatine kinase (CK) and its fraction MB (CK-MB), lactate 
dehydrogenase (LDH), ionic calcium (Ca2+), using Veteste® 
commercial kits and spectrophotometry (TP Analyser®). 
Troponin I (cTnI) was measured with immunochromatog-
raphy kit (Bioclin®).

Histopathological Evaluation

Necropsy was performed immediately after euthanasia. For 
microscopic analysis, myocardial samples from four animals 
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of each group were fixed in buffered formalin solution and 
embedded in paraffin. Serial Sects. (4 μm) were stained 
with hematoxylin and eosin. Myocardial samples from the 
remaining three animals of each group were frozen at -80 °C 
for Western blot analysis and oxidative stress estimation as 
described below.

Western Blot

Western blotting was performed according to previous pro-
tocols [18]. A 10% tissue homogenate of each heart was 
prepared using ice-cold 50 mM phosphate buffer saline 
(pH 7.4). The homogenate was centrifuged at 2000 × g for 
20 min at 4 °C and the aliquots of the supernatant were used 
for protein estimation. Proteins were separated on a 10% 
SDS-PAGE (Millipore, Darmstadt, Germany) gel electro-
phoresis. Proteins were transferred onto a membrane. The 
following primary antibodies were used: NKA alpha-1 iso-
form (1:5000) monoclonal (Upstated), NKA isoform alpha-2 
(1:250) monoclonal (Upstated), cTnI and BNP (1:500) 
(ABCAM) and GADPH (Santa Cruz) monoclonal (1:1000). 
Secondary antibody anti-mouse monoclonal IgG were used 
(1:5000, Stressgen, Victoria, Canada). The numerical values 
above each panel of proteins represent the band intensity 
identified through fluorescence imaging (Luminata, Amer-
shan, UK) and corrected with GAPDH levels.

Estimation of Oxidative Stress

We evaluated the extent of oxidative stress in the myocardial 
tissue across the different groups in terms of the thiobar-
bituric acid reactive substances (TBARS), along with the 
activities of catalase (CAT), glutathione peroxidase (GSH) 
and superoxide dismutase (SOD).

Estimation of Lipid Peroxidation

The heart homogenates were used according to previously 
described protocols [16, 27]. Samples of homogenates 

(0.05 mL) were treated with 0.5 ml of thiobarbituric acid 
(0.67%) and tricloroacetic acid (20%). The reaction mixture 
was heated at 100 °C for 20 min, cooled in ice bath and 
extracted with n-butanol. The n-butanol layer was separated 
and the absorbance of the complex estimated at 532 nm. 
TBARS levels are expressed as nmol de MDA/mg of protein, 
expressing lipid peroxidation levels.

Estimation of Reduced Glutathione

The activity of Glutathione Peroxidase was measured 
according to previous research [30]. Heart homogenate 
(0.004 ml) were treated with 0.2 ml of potassium buffer 
(100 mM, Ph = 7.5), with 2 mM of reduced glutathione 
(GSH), 0.1U/ml of glutathione reductase, 0.12  mM of 
NADPH, 2 mM of H2O2, and 1 mM of sodium azide. The 
optical density was measured at 340 nm using a microplate 
spectrophotometer and expressed at nmol NADPH/min/ml.

Determination of Catalase Activity

As reported by [30], the heart homogenate (0.06 ml) was 
added to 2 ml of phosphate buffer (50 mM, pH 7.0), followed 
by treatment with 0.04 ml of H202 (3 M). The reduction 
in optical density was monitored for 1 min at 25ºC using 
microplate spectrophotometer at 240 nM. The rate of opti-
cal density decrease was considered the indicator of catalase 
activity expressed as▲E/min/mg of protein.

Estimation of Superoxide Dismutase (SOD) Activity

The heart homogenate (20 μl) was added to a mixture of 
phosphate buffer saline (pH 7.2), MTT (1.25 mM) and piro-
garol (100 mM), according to [10]. After five minutes, reac-
tion was interrupted by the addition of DMSO. The optical 
density was measured at 570 nm in kinetics mode for 3 min 

Fig. 1   Mean value and standard 
deviation of QRS (a) and LDH 
(b) of Wistar rats after 21 days 
of oral cardenolide treatment. 
CON: NaCl 0.9%; DIG: 50 μg/
kg digoxin; OLE: 50 μg/kg 
of oleandrin; OUA: 50 μg/
kg of ouabain. Data analyzed 
by ANOVA and Tukey test 
(*p < 0.05)
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at 1 min intervals. The rate increase in optical density was 
determined as indicator of SOD activity at U.mg of protein.

Statistical Analysis

Data are presented as means ± SD. Normality of data distri-
bution was evaluated using the Kolmogorov–Smirnov test. 
Statistical significance of parametric data was determined 
by ANOVA, followed by Tukey’s test. Non-parametric data 
were compared by Kruskal Wallis’ test. Significance was set 
at P < 0.05. Data were analyzed using GraphPad Prism v.7.0 
(Systat Software Inc., USA).

Results

Arrhythmogenic Potential and Serum Biomarkers 
of Cardiovascular Disease

Cardiac glycosides therapy for 21 days did not cause arrhyth-
mias in Wistar rats. However, it led to increase in QRS com-
plex duration in all treated groups (Fig. 1) and progressive 
shortening of corrected QT interval. No significant differ-
ences were associated with CGs treatment and serum levels 
of CK, CK-MB, and cTnI. Oleandrin increased LDH levels 
(Fig. 1), an important biomarker for cardiovascular injury.

Cardiac Remodeling

We assessed cardiac remodeling through histopathological 
analysis associated with measurement of heart biomarkers 
of cardiovascular disease. Digoxin caused discrete cardio-
myocyte focal degeneration. Ouabain and oleandrin induced 
focal and discrete loss of cardiac striation, discrete degenera-
tion, mild and moderate necrosis, respectively (Fig. 2). CGs 
treatment did not alter heart tissue cTnI levels; however, 
oleandrin and ouabain increased BNP levels when compared 
to digoxin (Fig. 3). These results suggest that ouabain and 
oleandrin induce greater cardiac remodeling than digoxin.

Modulation of NKA Isoforms Expression

We analyzed NKA isoform alpha-1 and 2 expression in the 
left ventricle tissue of rats treated with digoxin, ouabain, 
and oleandrin. NKA alpha-1 expression was far greater 
than alpha-2. However, comparative analysis of the treat-
ments indicates that NKA alpha-2, in detriment of alpha-1, 
was modulated by the treatments. In fact, digoxin did not 
cause any significant changes, whilst ouabain and oleandrin 
only triggered increase in NKA isoform alfph-2 expression 
(Fig. 4).

Fig. 2   Histological analysis of hematoxylin and eosin of Wistar 
rats after 21  days of oral cardenolide treatment. CON group with-
out changes (a, b); DIG group with discrete focal intracytoplasmic 
vacuolization of cardiomyocytes from the papillary muscle (black 
arrows) (c, d); OUA group exhibited focal and discrete loss of cardiac 
streaks in areas of the papillary muscle, associated with discrete focal 
myocardial intracytoplasmic vacuolization (black arrows) and dis-
crete in the focal area of cardiomyocyte necrosis (asterisk) (e, f). OLE 
group presents alterations similar to the OUA group, with focal and 
discrete loss of cardiac striations accompanied by discrete to moder-
ate multifocal intracytoplasmic vaccination of cardiomyocytes (black 
arrows) and moderate focal cardiomyocyte necrosis (asterisks) (g, h).

◂

Fig. 3   Mean values and standard deviation of cardiac tissue biomark-
ers: brain natriuretic peptide (BNP) (a) and troponin I (cTnI) (b) 
obtained from control Wistar rats (CON) and treated for 21 days with 
digoxin (DIG), ouabain (OUA) and oleandrin (OLE). Parametric data 
were evaluated by ANOVA and post Tukey test (*p < 0.05)
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Oxidative Potential

We evaluated oxidative potential of cardiac glycosides 
through identification of TBARs levels, representing pos-
sible role in lipid peroxidation, and activity of the main 
antioxidant enzymes: SOD, CAT, and GPx in the heart tis-
sue. CGs did not change GPx activity; however, oleandrin 
treatment induced higher levels of SOD, while ouabain 
caused major increase in CAT and digoxin that increased 
both antioxidant enzymes (Fig. 5). Results suggest that ole-
andrin caused greater production of superoxide, ouabain of 
hydrogen peroxide and digoxin, both.

Discussion

In this study, we determined that digoxin, ouabain, and 
oleandrin cause different alterations regarding cardiac 
remodeling as seen through cardiomyocyte production of 

reactive oxygen species (ROS), cellular damage, and mod-
ulation of NKA isoforms that precede clinical alterations 
and represent an important limitation on possible treat-
ments involving CGs. Amongst the studied CGs, oleandrin 
caused the most severe effects on cardiac remodeling.

CGs inhibit the sodium and potassium ATP [24], caus-
ing electrochemical imbalance that may damage the car-
diovascular system even at low doses. They are consid-
ered potent cardioactive substances used in heart failure 
therapy, but exert dose-dependent cardiotoxicity [33]. 
Currently available drugs include digoxin and digitoxin, 
however, even these substances have their limitations espe-
cially regarding cardiovascular side effects [11]. Hence, 
other CGs, such as ouabain and oleandrin, have been the 
target of new researches. These well-known substances 
have recently attracted attention due to important antican-
cer potential. In vitro studies using cell or animal models 
over the last decades suggest anticancer potential over 
several neoplastic cells [7]. However, in vivo effects of 

Fig. 4   Expression of the alpha-1 and alpha-2 isoforms of the sodium 
and potassium ATpase (NKA) using Western blot analysis of heart 
samples from control Wistar rats (CON) and treated for 21 days with 
GCs with digoxin (DIG), ouabain (OUA) (c) and oleandrin (OLE). 
The treatments did not alter the levels of the alpha-1 (a) and alpha-2 

(b) isoform. The expression of the alpha-1 isoform was significantly 
higher in all groups studied compared to alpha-2 (c). The relative 
evaluation between the alpha-1/alpha-2 isoforms also did not reveal 
significant differences between treatments (d). Parametric data were 
evaluated by ANOVA and post Tukey test (*p < 0.05)
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low prolonged doses of CGs on the cardiovascular system 
could represent a determinant limitation of such therapy 
[5].

Treatment using 50 μg/kg for 21 days of digoxin, oua-
bain, and oleandrin did not cause clinical signs of intoxica-
tion or severe cardiac arrhythmias. Expected clinical signs 
in acute and chronic intoxication with cardenolides and 
bufodienolides may include emesis, salivation, abdomi-
nal pain, tremors, diarrhea, weak pulse, heart palpitations, 
apathy, depression, and incoordination [2, 14, 23, 25, 29, 
31]. Several heart arrhythmias are then described, includ-
ing ventricular extrasystoles, atrioventricular blockage, 
atrial fibrillation, and ventricular tachycardia [8, 10, 14, 
23, 25, 31, 36]. The absence of such results indicate this 

dosage could be used for clinical experimentation in the 
treatment of heart failure.

In accordance, the CGs studied also did not alter serum 
biomarkers such as CK, CK-MB, and cTnI. Previous reports 
have shown significant increases in biomarkers in intoxi-
cation cases, in both human [11, 33] and animals [2], as 
spontaneous [36] or experimental intake [6]. However, most 
studies involved significantly higher doses of CGs as puri-
fied substances, plants or venoms that contain CGs. These 
differences are probably associated with the dose-dependent 
mechanism of action related to such substances.

Nonetheless, detailed analysis of ECG tracings showed 
increase in QRS segment in all CGs treated groups. Such 
segment alteration is often overlooked, but is considered an 
early predictor of ventricular arrhythmias [4] and should be 

Fig. 5   Analysis of oxidative stress (levels of lipid peroxidation—
TBARs) and activity of the main antioxidant enzymes—SOD, CAT 
and GPx—in the cardiac tissue of Wistar control (CON) rats and 
treated for 21 days with GCs with digoxin (DIG), ouabain (OUA) (c) 
and oleandrin (OLE). Treatments did not alter the levels of TBARs 
(a). SOD showed a significant increase in its enzymatic activity in the 

DIG and OLE groups, in relation to the control and OUA (b). The 
enzymatic activity of CAT is increased in all treatments, with a sig-
nificant difference in the DIG and OUA groups in relation to the con-
trol (c). The treatments did not alter the enzymatic activity of GPx 
(d). Parametric data were evaluated by ANOVA and post Tukey test 
(*p < 0.05; **p < 0.01).*Significant difference between groups
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carefully evaluated in further studies. These discrete altera-
tions were similarly found in histopathological analysis. 
Digoxin caused minor cardiac degeneration while ouabain 
and oleandrin mild to moderate necrosis, suggesting that 
ouabain and oleandrin provoke greater cardiac remodeling 
and damage than digoxin. Although results were discrete, 
they remain relevant as a clear representation of CGs’ car-
diotoxicity even at low doses, preceding clinical signs and 
heart arrhythmias. Such results are similar to previous find-
ings [2, 6, 32] that often describe degeneration and necrosis 
of cardiomyocytes due to intracellular ion imbalance.

In order to further investigate cardiotoxicity, we evaluated 
heart levels of both BNP and cTnI. Digoxin did not cause 
alterations in such proteins, while OUA and OLE provoked 
significant increase in BNP. These results express the same 
level of cardiotoxicity as observed in histopathological find-
ings in the left ventricle. BNP is an important biomarker of 
cardiac remodeling and is also a predictor of arrhythmias 
[35], which leads to the conclusion that both OUA and OLE 
induced greater cardiac remodeling and possible damage 
than DIG. Our results show that cardiac glycosides thera-
peutical potential for both heart failure and cancer treatment, 
especially OUA and OLE, even at low dosages may repre-
sent a risk for cardiotoxicity.

Cardiomyocyte ion equilibrium is partially maintained by 
the action of the NKA. Considering the importance of such 
pump and the known selective mechanism of CGs, we ana-
lyzed isoforms alpha-1 and alpha-2 from the left ventricle of 
all treated groups. Results showed that NKA alpha-1 was far 
greater expressed in all rat heart cells, but only alpha-2 was 
positively modulated by the CGs treatment, especially by OUA 
and OLE. Similar findings were reported regarding rat expres-
sion of NKA alpha-1 [9], but this is the first research regarding 
comparative expression of NKA with chronic administration 
of CGs. The impact of such differences remains to be discov-
ered, but NKA alpha-2 is mostly expressed in cardiomyocyte 
T-tubules [9], causing local electrochemical alterations that 
directly impact cell contraction. The fact that OUA and OLE 
modulate the expression of this isoform suggests that their 
mechanism of action is slightly different and possibly more 
cytotoxic than digoxin.

Regarding such cytotoxicity, we evaluated the oxidative 
potential of cardiac glycosides through lipid peroxidation assay 
and production of ROS. DIG, OUA, and OLE did not increase 
TBARs levels, showing lipid peroxidation was not installed, 
but caused increase in different antioxidant enzymes. These 
results suggest that OLE caused greater production of super-
oxide, OUA of hydrogen peroxide and DIG, both. Oxidative 
stress following toxic doses of CGs is expected [15], however, 
low doses of CGs are associated with beneficial effects [22, 
34], and the present work is one of the few that revealed such 
cytotoxicity even at low dose. This is an important finding 
as it represents a limitation regarding prolonged treatments 

with CGs. Researches involving CGs and cancer treatment 
have increased over the last decades, with promising results 
[19, 20], as CGs induce oxidative stress in cancer cells result-
ing in apoptosis [26]. Conversely, ROS increase in the heart 
caused by the three CGs in the present study may limit its 
beneficial effects. Patients using CGs could present cardiac 
damage, without clinical alterations perceived by the medical 
staff, even at low doses. Our work provides evidences that 
oleandrin, ouabain, and digoxin at 50 µg/kg for 21 days cause 
early stages of electromechanical remodeling of the heart.

Conclusion

We conclude that the administration of digoxin, ouabain, and 
oleandrin at 50 µg/kg for 21 days caused cardiovascular dam-
age that represent an important limitation into its future use in 
heart failure and antineoplastic therapy. CGs cause cardiovas-
cular damage even at low doses, with important differences in 
NKA isoform modulations, associated with ROS production 
and cardiac remodeling, preceding clinical alterations, includ-
ing those of serum biomarkers of heart failure and arrhyth-
mias. Amongst the studied substances, oleandrin presented 
the highest cardiotoxic potential.
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