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Abstract
Doxorubicin (DOXO) may cause serious cardiotoxic effects that limit its use as an antineoplastic agent. We aimed to evaluate 
the protective role of taurine (TAU), a beta amino acid with antioxidant activity, against DOXO-induced cardiotoxicity in a rat 
model. Thirty-one male Sprague–Dawley rats (300–400 g) were randomized into four groups: control (n = 7, intraperitoneal 
[ip] saline for 14 days), TAU (n = 8, 150 mg/kg body weight TAU ip for 14 days), DOXO (n = 8, 25 mg/kg body weight DOXO 
ip on 12th, 13th, and 14th days), and DOXO + TAU (n = 8, TAU for 14 days and DOXO on 12th, 13th, and 14th days). The left 
ventricular functions were evaluated on 15th day by echocardiography. The heart tissues were then excised for histological 
evaluation. In DOXO group, left ventricular ejection fraction (LVEF), fractional shortening (FS), and mitral lateral annulus 
(s’) velocity were significantly lower, and the left ventricular end-diastolic and end-systolic diameters (LVEDD, LVESD) 
were significantly higher than control group (p < 0.05), indicating a significant deterioration in left ventricular functions. 
However, in comparison to DOXO group, LVESD, LVEDD, LVEF, FS, and s’ were significantly improved in DOXO + TAU 
group (p < 0.05). On histological evaluation, contrary to the normal cellular structure of cardiomyocytes in control and TAU 
groups, DOXO group showed increased nuclear or cytoplasmic changes and infiltrative cell proliferation (p < 0.001), which 
were remarkably reduced in DOXO + TAU group (p < 0.001). TAU treatment has a protective effect against DOXO-induced 
cardiotoxicity on echocardiographical and histological evaluation. For common use of TAU to prevent DOXO-induced 
cardiotoxicity, our findings should be confirmed by clinical studies.
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Introduction

Doxorubicin (DOXO) is an anthracycline antineoplastic 
agent which is effective against several types of malignan-
cies such as leukemia, lymphoma, and breast cancer. How-
ever, in addition to its strong antineoplastic action, it has 
some cardiotoxic effects, which limit its clinical use (Chat-
terjee et al. 2010). Various agents such as metformin and 
phenytoin have been suggested to have protective effects 
against DOXO-induced cardiotoxicity (Argun et al. 2015; 
Razmaraii et al. 2015). However, none of these drugs have 
been widely used in clinical practice, and the search for new 
protective agents against DOXO-induced cardiotoxicity is 
ongoing.

Taurine (TAU) or aminoethane sulfonic acid is a 
beta amino acid highly concentrated in heart and mus-
cle. Although TAU has many physiological effects such 
as modulation of osmotic pressure, cation homeostasis, 
receptor regulation, cell development, and cell signaling, 
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studies have focused on its antioxidant effects and adverse 
conditions caused by its depletion (Schaffer et al. 2010). 
As TAU depletion causes dilated cardiomyopathy, TAU 
therapy has been shown to have beneficial effects on con-
gestive heart failure in animal models (Azuma et al. 1985). 
Some biochemical studies have shown that TAU has a car-
dioprotective effect against DOXO-induced cardiotoxicity 
(Wang et al. 2015; Ito et al. 2009); however, this protective 
effect has not yet been confirmed by hemodynamic, echo-
cardiographical, or histological data.

Therefore, in this study, we aimed to evaluate the pro-
tective role of TAU against acute DOXO-induced cardio-
toxicity in a rat model by echocardiographical and histo-
logical evaluation.

Materials and methods

Study animals

Thirty-one male Sprague–Dawley rats (300–400  g) 
obtained from and housed in Experimental Animals Breed-
ing Unit of Hacettepe University were used for the study. 
All rats were kept under controlled conditions at 21 ± 2 °C 
and 30–70% relative humidity with 12 h dark/12 h light 
illumination sequence (the lights were on between 07.00 
and 19.00) with ad libitum access to tap water and stand-
ard rat chow.

This study was approved by the Hacettepe University 
School of Medicine Institutional Ethics Committee for Ani-
mal Experiments (date 14/04/2015, no. 2015/34). All the 
study procedures were performed according to the Guiding 
Principles for the Care and Use of Laboratory Animals.

Experimental procedure

Rats were allocated randomly into four groups. Control ani-
mals (C) (n = 7) received only saline intraperitoneally for a 
period of 14 days. TAU group (n = 8) was given intraperi-
toneal TAU (Sigma Chemical Co., St. Louis, MO, USA) at 
the dose of 150 mg/kg body weight (1 ml/kg per day) for 
14 days. DOXO group (n = 8) was intraperitoneally injected 
with DOXO (Adrimisin 50 mg, Deva, Turkey) at a cumula-
tive dose of 25 mg/kg body weight (1 ml/kg per day) for 
3 days; on 12th, 13th, and 14th days. This protocol was 
adopted from Saad et al. (2001).

DOXO + TAU group (n = 8) was administered same dose 
of TAU for 14 consecutive days and additionally same dose 
of DOXO on 12th, 13th, and 14th days. All injections were 
applied between 9.30 and 10.00 a.m. to minimize the circa-
dian variations.

Echocardiographical examination

On the 15th day, the animals were anesthetized with intra-
peritoneal ketamine (90 mg/kg) and xylasine (10 mg/kg). 
The chest of animals was shaved, and they were stabilized 
in the supine position on the working board. For echocar-
diographical examination, GE Vivid medical ultrasound 
machine with a 10-S transducer (GE Medical Systems, 
Horten, Norway) was used by a blinded, experienced echo-
cardiographer. The left ventricular end-diastolic (LVEDD) 
and end-systolic diameters (LVESD), interventricular sep-
tum (IVS) and posterior wall (PW) thickness were measured 
with the M-mode on short axis view. Left ventricular ejec-
tion fraction (LVEF) and fractional shortening (FS) param-
eters were calculated by Teichholz method (Fig. 1a). Mitral 
diastolic E and A waves were measured with pulse Doppler 
on apical view (Fig. 1b). Mitral lateral annulus e’ and s’ 
velocities were measured with tissue Doppler technique on 
mitral lateral annulus. Echocardiographical examination was 
performed in the middle of the day to eliminate the effect of 
circadian changes on diastolic dysfunction.

Histological examination

After the left ventricular functions were evaluated animals 
were killed using exsanguination; thereafter the heart was 
dissected, removed quickly, and weighed. They were fixed 
and sectioned in 10% formalin for light microscopic exami-
nation and then embedded in paraffin wax. 5 μm sections 
were cut and stained with hematoxylin–eosin. At least ten 
different sections from each heart were captured, and mini-
mum ten cardiomyocytes from each image were evaluated. 
Myocyte thickness was quantified using latitudinal midsec-
tions of the left ventricle. Approximately 100–125 cardio-
myocytes were analyzed and averaged for each animal. Infil-
trative cell number, nuclear or cytoplasmic cell change such 
as karyorrhexis and karyolysis were measured from separate 
three view and averaged for each animal. Photographs were 
taken and analyzed by Leica DM6000 microscope and the 
image analyzing system (Istanbul, Turkey).

Statistical analysis

Statistical analysis was carried out using the SPSS soft-
ware package (Statistical Package for Social Sciences, 
version 22.0, SPSS Inc., Chicago, Illinois, USA). Results 
are given as the mean ± standard deviation or median with 
interquartile range for quantitative data. Normal distribu-
tion and the assumptions of equality of variances were 
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checked for all variables by Shapiro–Wilk test. Study 
groups were compared using one-way analysis of variance 
(ANOVA) followed by Tukey test for post hoc analysis for 
parametric results (LVEDD, LVESD, EF, FS, s’, infiltra-
tive cell quantity and myocytes with nuclear or cytoplas-
mic changes) or compared by Krusskal–Wallis analysis 
for non parametric results (E/e’ratio, cardiac mass, cardio-
myocyte cell size). A p value less than 0.05 was accepted 
as statistically significant.

Results

Echocardiographical findings

Echocardiography of the control group showed normal 
systolic and diastolic left ventricular functions. In this 
group, LVEF was 77.5%, LVEDD was 5.1 mm, and s’ was 
8.7 mm/s (Table 1, Fig. 2a). Echocardiographical findings 
of TAU group were within normal limits and similar to 
control group (Table 1, Fig. 2b). In DOXO group, LVEF, 
FS, s’ were significantly decreased, and LVEDD, LVESD, 
E/e’ ratio were significantly increased as compared with 
control group (p < 0.05, Table 1, Fig. 2c).

TAU significantly reversed DOXO-induced cardio-
toxicity. In DOXO + TAU group, LVEDD and LVESD 
were significantly lower compared to DOXO group 
(p < 0.05, Table 1, Fig. 2d). LVEF, FS, s’ and E/e’ ratio of 
DOXO + TAU were also significantly improved compared 
to DOXO group (p < 0.05, Table 1).

Histological findings

On histological evaluation, there was no degenerative 
changes at branched cardiomyocytes that have one or two 
centrally located nuclei and cross striations in control 
group. Cells in this group showed intact histological struc-
tures (Fig. 3a). In TAU group, histological structure of car-
diomyocytes was almost normal. We have not detected any 
degenerative changes that indicate myofibril loss in cardio-
myocytes (Fig. 3b). On the other hand, in DOXO group, 

Fig. 1   a For echocardiographic evaluation, LVEDD, LVESD, IVS 
and PW were measured with the M-mode on short axis view. Ejection 
fraction (LVEF) and fractional shortening (FS) parameters were cal-

culated by Teichholz method. b Mitral diastolic E and A waves were 
measured with pulse Doppler on apical view

Table 1   Echocardiographic findings of the study groups

Data are given as median (IQR) or mean ± standard deviation
DOXO doxorubicin, TAU​ taurine, FS fractional shortening, LVEDD 
left ventricular end-diastolic diameter, LVEF left ventricular ejection 
fraction, s’ lateral mitral systolic velocity, E/e’ Mitral E wave meas-
ured with pulse doppler/mitral lateral e’ wave measured with tissue 
doppler
a P < 0.05 for DOXO vs Control
b P < 0.05 for DOXO + TAU vs DOXO groups
c P < 0.001 for DOXO vs Control
d P < 0.001 for DOXO + TAU vs DOXO groups

Control
(n = 7)

TAU​
(n = 8)

DOXO
(n = 8)

DOXO + TAU​
(n = 8)

LVEDD (mm) 5.1 ± 0.9 4.4 ± 0.2 8.3 ± 1.7a 4.8 ± 0.5b

LVESD (mm) 2.6 ± 0.4 2.6 ± 0.3 6.6 ± 1.4a 3.3 ± 0.4b

LVEF (%) 77.5 ± 5.9 76.0 ± 8.0 41.5 ± 6.7c 58.7 ± 10.9b

FS (%) 43.5 ± 6.6 40.2 ± 7.3 18.8 ± 4.6c 22.7 ± 10.6b

s’ (mm/s) 8.7 ± 0.9 8.4 ± 0.9 5.0 ± 0.8c 7.1 ± 1.9b

E/e’ 7 (3.5) 7 (4) 15.5 (2.5)c 9 (1)d
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cardiomyocytes showed degenerative changes including 
nuclear damage like karyorrhexis and karyolysis (Fig. 4). 
Some cardiomyocytes in DOXO group had significant 
myofibrile loss and vacuolar degeneration. Active fibroblasts 
with hypertrophic nucleus and infiltrative cell proliferation 

within the connective tissue between cardiomyocytes were 
detected. Cardiac mass and cardiomyocyte cell size of the 
specimens obtained from DOXO group were significantly 
lower than the control group; besides that infiltrative cell 
quantification and myocytes with nuclear or cytoplasmic 

Fig. 2   Echocardigraphic results. a Control group showed nor-
mal systolic and diastolic left ventricular functions. b TAU group 
was within normal limits and similar to control group. c In DOXO 
group, LVEDD, LVESD were significantly increased and LVEF, FS 

were significantly decreased. d In DOXO + TAU group, LVEDD and 
LVESD were significantly lower compared to DOXO group. LVEF, 
FS of DOXO + TAU were also significantly improved compared to 
DOXO group

Fig. 3   Histological sections of 
the hearts obtained from control 
(a) and TAU (b) groups. Car-
diomyocyte structure was nor-
mal. Infiltrative cells were not 
present between cardiomyocytes 
(Hematoxylin–eosin, ×400)

Fig. 4   Histological sections of the hearts obtained from DOXO 
group. Karyolysis and karyorrhexis (arrow) were observed in degen-
erative cardiomyocytes, and myofibril loss and vacuolar degeneration 
(asterisks) were significant in most cardiomyocytes (a). Active fibro-

blasts (arrow) with hypertrophic nuclei and infiltrative cell (arrow-
head) proliferation were also observed (b) (Hematoxylin–eosin, 
×400)
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changes were significantly higher than the control group 
(p < 0.05, Table 2). However, there were no degenerative 
changes in DOXO + TAU group, indicating the protective 
effect of TAU on DOXO-induced cardiotoxicity at histo-
logic level (Fig. 5). Myocytes with nuclear or cytoplasmic 
changes and infiltrative cell proliferation were reduced in 
DOXO + TAU group compared to DOXO group (p < 0.001, 
Table 2). Fibroblasts in DOXO + TAU group were observed 
to be inactive with flattened nuclei. Although not statisti-
cally significant, both cardiac mass and cardiomyocyte cell 
size were higher in DOXO + TAU group than DOXO group.

Discussion

In this experimental study, both echocardiographical and 
histological findings showed that TAU had a protective effect 
against DOXO-induced cardiotoxicity. In echocardiographi-
cal examination, DOXO caused left ventricle dilatation and 
systolic dysfunction, which was reversed by TAU treatment. 
Histological evaluation showed that DOXO induced degen-
erative changes at cardiomyocytes and increased infiltrative 

cell proliferation. TAU also had a protective effect on these 
degenerative changes and infiltrative cell accumulation.

With the increasing life span of cancer patients, the expo-
sure to chemotherapy along with its side effects increases. 
Therefore, the side effects of chemotherapeutics play a deci-
sive role in the quality of life, mortality, and morbidity of the 
cancer patients (Yeh and Bickford 2009).

Antracyclines are highly effective chemotherapeutics that 
are used for various solid and hematological malignancies 
such as breast cancer, sarcoma, leukemia, and lymphoma. 
Although they are effective drugs, they have some hazard-
ous cardiotoxic effects such as left ventricular dilatation and 
dilated cardiomyopathy (Vejpongsa and Yeh 2014). Since 
cardiotoxic effects of these agents are generally irreversible, 
protective approaches against anthracycline-induced cardi-
otoxicity should be developed (Angsutararux et al. 2015; 
Cardinale et al. 2015). Some agents including TAU have 
been suggested to have protective effects against DOXO-
induced cardiotoxicity (Argun et al. 2015; Razmaraii et al. 
2015; Zhang et al. 2015; Agustini et al. 2015). Wang et al. 
(2015) studied hemodynamic parameters, levels of liver 
toxicity markers, and oxidative stress in DOXO-treated rats 
and found that TAU significantly attenuated the reductions 

Table 2   Comparison of 
histologic findings of the study 
groups

Data are given as median (IQR) or mean ± standard deviation
DOXO doxorubicin, TAU​ taurine
a P < 0.05 for DOXO vs TAU​
b P < 0.05 for DOXO + TAU vs TAU​
c P < 0.001 for DOXO vs Control
d P < 0.001 for DOXO vs TAU​
e P < 0.001 for DOXO vs DOXO + TAU​

Control
(n = 7)

TAU​
(n = 8)

DOXO
(n = 8)

DOXO + TAU​
(n = 8)

Cardiac mass (mg/100 g body weight) 322.5 (30.2) 343.2 (56.2) 276.2 (49.6)a 287.5 (25.3)b

Cardiomyocyte cell size (µm) 32.4 (4.5) 29.1 (1.7) 23.7 (3.1)c 27.2 (1.4)
Infıltrative cell quantity (number/per field) 1.5 ± 1.41 1.40 ± 0.81 10.88 ± 1.92c,d 3.86 ± 3.53e

Myocytes with nuclear or cytoplasmic 
changes (number/per field)

0.37 ± 0.74 0.67 ± 0.75 8.90 ± 2.14c,d 2.27 ± 2.14e

Fig. 5   Histological sections 
of the hearts obtained from 
DOXO + TAU group Degenera-
tive changes were not prominent 
(a). Infiltrative cell (arrowhead) 
proliferation was less than 
DOXO group, and fibroblasts 
were inactive with flat nuclei 
(arrow) (b). (Hematoxylin–
eosin, ×400)
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in blood pressure, left ventricular pressure and increases in 
serum alanine aminotransferase and aspartate aminotrans-
ferase activities in serum, and reduces in serum albumin 
levels induced by DOXO. Ito et al. (2009) reported that TAU 
suppresses reactive oxygen species generation and regulates 
gene expression in the DOXO-treated heart in mice. How-
ever, protective effect of TAU has not been confirmed by 
echocardiographical or histological data.

Various mechanisms for the DOXO cardiotoxicity and 
protective effect of TAU have been hypothesized. First 
DOXO was suggested to increase intracellular free oxygen 
radicals leading to degradation of the sarcomere, DNA dam-
age, and mitochondrial damage (Rochette et al. 2015; Narýn 
et al. 2004). Catalase and superoxide dismutase activity in 
cardiomyocytes is much weaker than other tissues; therefore 
cardiomyocytes are more susceptible to oxidative damage 
(Pai and Nahata 2000). TAU, which is an antioxidant, may 
have a cardioprotective effect by inhibiting the effects of 
free oxygen radicals that release during DOXO metabolism 
(Schaffer et al. 2009; Li et al. 2003; Cantafora et al. 1991). 
Oxidative stress causes the activation of caspase 3 in mito-
chondria and thereafter gives rise to apoptosis in the myocar-
dium (Childs et al. 2002). TAU can down regulate caspase 
3 activation in dose-dependent manner (Wang et al. 2018). 
By this means, TAU can protect myocardium from apoptosis 
and can decrease karyolysis, karyorrhexis.

Second, TAU has also been shown to have cardioprotec-
tive effect against various ischemic agents with its antioxi-
dant properties (Shiny et al. 2005). Supporting this hypoth-
esis, we detected less karyolysis, karyorrhexis, vacuolar 
degeneration on histological examination and better left 
ventricle systolic performance on echocardiographical 
examination, which are indicators of ischemic damage, of 
DOXO + TAU group compared to group receiving only 
DOXO (Shiny et al. 2005).

Third, DOXO inhibits the sarcolemmal proteins RyR2 
and SERCA2A (Hanna et al. 2014). TAU increases SERCA 
activity and protects against oxidative stress (Schaffer et al. 
2010; Rapundalo 1998). TAU deficiency contributes to 
impaired intracellular calcium homeostasis in cardiotoxic-
ity of DOXO (Harada et al. 1990).

Furthermore, DOXO causes apoptosis through the 
enhancement of p53, b cell lymphoma 2 like protein 4 
(Childs et al. 2002; Guo et al. 2013; Saleme et al. 2019). 
Taurine can down-regulate Bcl-2 expression and up-regu-
late p53 expression in dose dependent manner (Wang et al. 
2018).

Doxo treatment also results in mitochondrial dysfunc-
tion, mitochondrial DNA damage, and alteration in ATP 
level which all lead to necrosis in cardiomyocite (Renu 
et  al. 2018). TAU also stabilizes mitochondrial mem-
branes, and decreases myocardial ATP consumption. 

Therefore, TAU can decrease karyolysis, karyorrhexis, 
vacuolar degeneration on histological examination and can 
ameliorate left ventricle systolic performance on echocar-
diographical examination.

Finally, there are many changes in alpha myosin light 
chain, ventricular myosin light chain isoform-2, and brain 
natriuretic peptide gene expressions in the case of doxo-
rubicin cardiomyopathy. TAU has been reported to reduce 
these changes (Ito et al. 2009).

In the present study, 14-day treatment with DOXO 
induced cardiotoxity on echocardiographical evaluation. 
In the group treated with DOXO, LVEF, FS, and s’ were 
reduced, LVESD and LVEDD were dilated, and E/e’ ratio 
was increased. Similarly on histological evaluation, DOXO 
induced cardiotoxicity, which was seen as degenerative 
changes in cardiomyocytes including nuclear damage as 
karyorrhexis and karyolysis, myofibrile loss and vacuolar 
degeneration. These changes could indicate the apoptosis 
or necrosis of cardiomyocytes induced by DOXO. Active 
fibroblasts with hypertrophic nucleus could be another sign 
of DOXO toxicity. In present study, TAU could prevent all 
of these changes via various pathways just like antioxidant, 
antiischemic effects or other mechanisms. Cardiac mass 
and cardiomyocyte cell size of the specimens obtained 
from DOXO group were also decreased. TAU reversed 
most of the DOXO-induced cardiotoxicity findings at both 
echocardiograhic and histologic levels. The study param-
eters of DOXO–TAU group were comparable to those of 
control group. However, the improvements obtained by 
TAU in LVEDD, cardiac mass, and cardiomyocyte cell 
size were not statistically significant, which may be due 
to the insufficient duration of TAU medication to remove 
all of the cardiotoxic effects of DOXO.

The study had some limitations. We could not evaluate 
the blood levels of brain natriuretic peptide and central 
venous pressure, which would have supported our findings. 
We also could not evaluate whether TAU may alter the 
DOXO’s antineoplastic activity. Nevertheless, this is the 
first study presenting echocardiographical and histologi-
cal evidence on protective effect of TAU against DOXO-
induced cardiotoxicity.

In conclusion, in this experimental rat model, echocar-
diographical and histological data showed that TAU has 
a protective effect against DOXO-induced cardiotoxicity. 
For common use of TAU to prevent DOXO-induced car-
diotoxicity, our findings should be confirmed by further 
clinical studies.
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