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Abstract. – OBJECTIVE: To investigate the 
protective effects of taurine on experimental 
autoimmune myocarditis and its mechanisms. 
BALB/c mice were immunized with porcine car-
diac myosin to induce experimental autoimmune 
myocarditis (EAM). 

MATERIALS AND METHODS: We adminis-
tered taurine (5 mg/kg, 10 mg/kg or 20 mg/kg) or 
vehicle to EAM mice daily. On day 21, the sever-
ity of myocarditis was evaluated by determina-
tion of heart weight/body weight ratio (Hw/Bw), 
histopathological and echocardiographic exam-
ination of heart tissue. The levels of Th1 and Th2 
cytokines in serum were measured by ELISA. 
Moreover, ELISA was also used to determine 
the levels of MDA, SOD and GSH-Px in heart ho-
mogenates. 

RESULTS: The mice treated with taurine had 
significantly decreased Hw/Bw (p < 0.05). Treat-
ment with 10 or 20 mg/ kg taurine prevented the 
LV dysfunction, significantly increased the LV-
EDs, LVEDd and LVPW. Furthermore, Th1 cy-
tokines (TNF-α, IFN-γ and IL-2) were significantly 
downregulated, accompanied by Th2 cytokines 
(IL-4 and IL-10) markedly upregulated after treat-
ment with taurine. Meanwhile, the activities of 
SOD and GSH-Px in heart tissues significantly 
increased, while the content of MDA significantly 
decreased after treatment with taurine. 

CONCLUSIONS: The results indicated that 
taurine has a protective effect against EAM by 
modulating Th1/Th2 cytokine balance and sup-
pressing of oxidative stress.
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Introduction

Myocarditis, a representative inflammatory 
heart disease, is the precursor of dilated cardi-
omyopathy (DCM) and can cause severe left 
ventricular (LV) dysfunction, arrhythmia or even 
cardiac sudden death1,2. Although the precise 
mechanisms for the development of myocarditis 
are not fully understood, there is substantial ev-
idence suggestion that its pathogenesis is related 
to natural killer cells, viral-specific cytotoxic 
T cells, and antimyosin antibodies. Experimen-
tal autoimmune myocarditis (EAM) induced by 
inoculation with cardiac myosin in rodents is 
the most widely animal model, due to the high-
est similarity between the fulminant form and 
histopathological features of EAM and human 
myocarditis3,4.

EAM in mice is a T-cell mediated disease 
characterized by infiltration of T cells and mac-
rophages, leading to massive myocardial ne-
crosis which later develops into dilated cardi-
omyopathy in the chronic phase5,6. Compelling 
evidence suggested that proinflammatory cy-
tokines and chemokines secreted by both mac-
rophages and T cells played an important role 
in the induction and progression of EAM7. Th1 
type cytokines (IL-2, TNF-α and IFN-γ) have 
been detected only in the inflammatory phase. 
However, the production of Th2 cytokines (IL-
6 and IL-10) have been found in the recovery 
phase. IL-6 and IL-10 produced mainly by anti-
gen-presenting cells has been suggested to play 
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a key role in the development of EAM8,9. Tar-
geted anti-inflammation by regulation of Th1/
Th2 balance may be represent possible strategic 
points for therapeutic intervention of EAM. 
Despite the prominent inflammatory process 
is involved in the pathogenesis of EAM, recent 
researches10,11 have reported the significant par-
ticipation of oxidative myocardial injury in the 
development of heart failure. Taurine, one of 
the most abundant non-essential amino acids in 
mammals, has many physiological functions in 
the nervous, cardiovascular, renal, endocrine, 
and immune systems 12. It has been reported 
exhibiting functions of anti-inflammatory and 
antioxidant properties in several models of car-
diovascular diseases13,14. Therefore, the purpose 
of the present work was to examine the effect 
of taurine on EAM, focusing on its inhibitory 
effects on inflammatory and oxidative stress.

Materials and Methods

Animals
Sixty BALB/c mice (male, 8 weeks old) were 

purchased from the Experimental Animal Center 
of Suzhou Aiermaite Technology (Co., Ltd. SPF 
grade, Certificate No. SCXK20150012, Suzhou, 
Jiangsu, China). All experiments were performed 
in accordance with the guidelines of Animal 
Experiments of Yuhuangding Hospital of Yantai, 
Affiliated Hospital of Qingdao Medical Universi-
ty. Animals were kept in the departmental animal 
house under controlled conditions of 23±3°C, 
relative humidity of 40-70% and a 12 h light/dark 
cycle. They were fed with food pellets and water 
ad libitum.

Model of EAM and Treatment Regimen
Mice were randomly assigned to five groups 

(n=10 for each): (1) control; (2) non-treated EAM; 
(3) EAM+ taurine (5 mg/kg); (4) EAM+ taurine 
(10 mg/kg); (5) EAM+ taurine (20 mg/kg). Mice 
in EAM and EAM + taurine groups were injected 
subcutaneously with 300 μg of porcine cardiac 
myosin (Sigma-Aldrich, St. Louis, MO, USA) in 
a 1:1 emulsion with complete Freund’s adjuvant 
(CFA) containing Mycobacterium tuberculosis 
H37Ra on days 1 and 8, as previously described16. 
Mice in control group received injections of equiv-
alent volume of CFA. From day 1 after the first im-
munization, mice in EAM + taurine groups were 
intraperitoneal treated with taurine (5 mg/kg, 10 
mg/kg, or 20 mg/kg) daily for consecutive 21 days. 

The doses were used based on our preliminary ex-
periments. The mice in control and EAM groups 
were given equivalent volume of saline. 

Blood Pressure, Heart Rate (HR) and 
Body Weight (BW) 

Blood pressure, heart rate and body weight 
of all mice were measured on the last day of 
treatment. Blood pressure (systolic, diastolic and 
mean pressure), hear rate (HR) and body weight 
(BW) were determined in conscious mice by 
using a tail cuff system (BP-98A, Softron Co., 
Tokyo, Japan).

Echocardiogram
Transthoracic echocardiography was per-

formed on animals anesthetized by intraperito-
neal administration (0.1 mL/10 g body weight) 
of 3.6% chloral hydrate in saline on the last 
day of treatment. An echocardiographic machine 
with a 14-MHz transducer (Toshiba, Tokyo, Ja-
pan) was used for left ventricular echocardi-
ographic recording. M-mode echocardiography 
was conducted first in the parasternal long-axis 
view to measure. Left ventricular end diastolic 
diameter (LVEDd), left ventricular end-systol-
ic diameter (LVEDs). Left ventricular posterior 
wall thickness (LVPW) was determined by the 
leading-edge method. Left ventricular fractional 
shortening (LVFS) and left ventricular ejection 
fraction (LVEF) were calculated as previously 
described15.

Histopathology
Hearts were harvested immediately after all 

mice were sacrificed by the cutting of the abdom-
inal aorta under deep anesthesia on the last day 
of treatment. After measuring the heart weight, a 
mid-ventricular section was obtained and slices 
were stained with hematoxylin and eosin. The 
histopathological changes were observed by light 
microscopy.

Cytokines Measurement
Blood samples were collected by heart punc-

ture immediately after echocardiographic meas-
urements. Then, the serum levels of tumor ne-
crosis factor-alpha (TNF-α), Interleukin-2 (IL-
2), Interleukin-4 (IL-4), Interleukin-10 (IL-10) 
and interferon-gamma (INF-γ) were determined 
by using enzyme-linked immunosorbent assay 
(ELISA) kits (Nanjing Jiancheng Co., Nanjing, 
Jiangsu, China) according to the manufacturer’s 
instructions.
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Detection of Biomarkers of Oxidative 
Stress in Heart Homogenates

The myocardium was homogenized in 9 (v/v) 
volumes of ice-cold phosphate buffer saline 
(PBS), and the homogenates were centrifuged 
at 3000 × g for 15 min at 4°C to obtain the su-
pernatant. The malondialdehyde (MDA) content, 
superoxide dismutase (SOD) and glutathione per-
oxidases (GSH-Px) activities were measured by 
ELISA kits (Nanjing Jiancheng Co., Nanjing, 
Jiangsu, China) according to the manufacturer’s 
instructions.

Statistical Analysis
Data statistical analysis was performed by 

SPSS 18.0 (SPSS Inc., Chicago, IL, USA) and all 
data were expressed as means ± SD. Changes be-
tween samples were compared by Student’s t-test, 
and differences between groups were compared 
by the method of one-way ANOVA. LSD test 
was used to post-hoc test ANOVA. p < 0.05 was 
considered statistically significant.

Results

Effect of Taurine on HR, Blood Pressure 
and Heart Weight

As shown in Table I, although HR, SBP and 
DBP were not different among the five groups of 
mice (p > 0.05), the HW/BW ratio in non-treated 
EAM group was significantly increased than the 
control group (p < 0.01), taurine treatment mark-
edly reduced the HW/BW ratio (p < 0.05).

 
Effect of Taurine on Echocardiographic
Parameters

The heart function and cardiac structure in 
mice were examined using echocardiography. 

As demonstrated in Table II, LVFS and LVEF in 
non-treated EAM were greatly decreased com-
pared with control mice (p < 0.05, p < 0.01), 
and treatment with 10 or 20 mg /kg taurine pre-
vented the LV dysfunction. Moreover, LVEDs, 
LVEDd and LVPW were significantly increased 
in non-treated EAM group, treatment with 10 
or 20 mg/kg taurine inhibited the increase in 
those parameters. These results showed that tau-
rine treatment could prevent the development of 
LV remodeling and preserve cardiac function of 
EAM mice.

Taurine Treatment Ameliorates 
the Myocarditis

Twenty-one days after immunization, five 
serial sections from each heart were analyzed 
after hematoxylin and eosin staining. Myocar-
ditis was assessed by identifying both inflam-
matory cells infiltrating and myocyte necrosis. 
As shown in Figure 1, tissue sections from 
control mice myocardium showed a normal my-
ofibrillar structure with striations, a branched 
appearance, and continuity with adjacent my-
ofibrils. Tissues from non-treatment mice re-
vealed myocardial necrosis, degeneration, in-
filtrating inflammatory cells and destruction 
of myocardial fibers. Treatment with taurine 
ameliorated the inflammatory cells infiltrating 
and myocyte necrosis.

Effect of Taurine on 
Inflammatory Cytokines

In this study, we examined the levels of 
inf lammatory cytokines. As shown in Figure 
2, 21 days after EAM induction, the serum 
levels of IL-2 and INF-γ were significantly 
increased in mice of VMC group compared 
with control mice (p < 0.01), and TSA treat-
ment decreased those cytokine production in 

Table I. HR, blood pressure and heart weight in mice with EAM on day 21.

		  Non-treated	 EAM+ taurine	 EAM+ taurine	 EAM+ taurine
	 Control	 EAM	 5 mg/kg	 5 mg/kg	 5 mg/kg
	 (n = 12)	 (n = 12)	 (n = 12)	 (n = 12)	 (n = 12)

Body weight (g)	 38.33 + 2.17	 27.64 + 2.23**	 29.64 + 1.17	 30.72 + 1.99#	 32.53 + 1.71#

Heart weight (g)	 0.13 + 0.06	 0.18 + 0.02	 0.17 + 0.01	 0.16 +0.02	 0.15 + 0.13
HW/BW (mg/g)	 3.39 + 0.18	 6.51 + 0.32**	 5.74 + 0.28#	 5.21 + 0.27#	 4.61 + 0.31#

HR (beats/min)	 532 + 49	 654 + 59	 592 + 57	 564 + 51	 551 + 42
SBP (mmHg)	 99.8 + 11.7	 86.4 + 8.3	 93.6 + 8.7	 88.5 + 7.9	 87.1 + 8.3
DBP (mmHg)	 77.5 + 6.2	 59.7 + 7.7	 68.2 + 5.3	 61.2 + 5.3	 56.2 + 4.7

HW/BW, ratio of heart weight to body weight; Results are presented as the mean ± SEM. *p < 0.05, **p < 0.01 vs. control group; 
#p < 0.05, ##p < 0.01 vs. non-treated EAM group.
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Table II. Echocardiographic parameters in mice with EAM on day 21.

		  Non-treated	 EAM+ taurine	 EAM+ taurine	 EAM+ taurine
	 Control	 EAM	 5 mg/kg	 5 mg/kg	 5 mg/kg
	 (n = 12)	 (n = 12)	 (n = 12)	 (n = 12)	 (n = 12)

LVEDd (mm)	 4.76 + 0.31	 5.62 + 0.27*	 5.53 + 0.21#	 5.33 + 0.27#	 5.11 + 0.29#

LVEDs (mm)	 3.41 + 0.19	 4.54 + 0.32*	 4.49 + 0.43#	 4.17 + 0.32#	 3.89 + 0.23#

LVFS (%)	 31.59 + 0.27	 17.68 + 0.16*	 21.09 + 0.31#	 21.97 + 0.25#	 26.22 + 0.25#

LVPWd (mm)	 0.45 + 0.01	 0.56 + 0.02*	 0.57 + 0.02	 0.47 + 0.03#	 0.47 + 0.02#

LVEF (%)	 57.09 + 3.17	 38.18 + 5.41**	 41.63 + 2.46#	 44.65 + 2.12#	 52.22 + 2.81##

Results are presented as the mean ± SEM. *p < 0.05, **p < 0.01 vs. control group; #p <0 .05, ##p < 0.01 vs. non-treated EAM 
group.

Figure 1. Effect of taurine on heart histopathologic changes in EAM mice (×200). (A) Control group; (B) non-treated EAM 
group; (C) EAM + 5 mg taurine group; (D) EAM + 10 mg taurine group; (E) EAM + 20 mg taurine group.
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Figure 2. Effect of taurine on cytokines of Th1 (TNF-α, IL-2 and INF-γ) and Th2 (IL-4, IL-10) A-E, TNF-α, IL-2, IL-4, 
IL-10 and INF-γ, respectively. Date are presented as mean ± SD. **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. EAM + 
tauine group.
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myocarditis mice. In contrast, the serum lev-
els of IL-4 and IL-10 were significantly low-
ered in taurine-treated groups, either EAM or 
healthy control, compared with the non-treat-
ed groups.

Effect of Taurine on MDA Content, 
SOD and GSH-Px Activities

As shown in Figure 3, the MDA content in 
non-treated EAM mice was significantly higher 
than those in control mice (p < 0.01), taurine 
treatment decreased the MDA content. SOD and 
GSH-Px activities were decreased in non-treated 
EAM mice compared with control mice, and 
taurine treatment restored SOD and GSH-Px 
activities.

Discussion

Myocarditis is a severe, potentially lethal dis-
ease that is mostly induced by infectious agents16. 
Autoimmune mechanisms play a crucial role in 
myocarditis, and immunomodulatory therapy 
might be a potential strategy to reduce myocar-
ditis damage17. This report demonstrated that 
taurine could attenuate the development of EAM, 
at least in part, through ameliorating deterio-
rated inflammation and oxygenation. Also, the 
taurine-induced shift from Th1 cells toward Th2 
cells and the up-regulation of NF-κB may also 
be associated with inhibition of EAM. Previous 
reports have demonstrated that mice are visibly 
ill on day 21 after the first immunization, so we 
evaluated the effects of taurine on the onset and 

Figure 3. Effect of taurine on (A) MDA content, (B) SOD and (C) GSH-Px activity. Date are presented as mean ± SD. **p < 
0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. EAM + tauine group.
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ongoing EAM at this time. In the present study, 
mice in non-treatment EAM group exhibited 
a higher HW/BW ratio (one marker reflecting 
the severity of myocarditis), and HW/BW ra-
tio decreased by taurine treatment. Meanwhile, 
histopathologic analysis indicated that infiltra-
tion of inflammatory cells and myocyte necrosis 
were markedly ameliorated by taurine treatment. 
These results suggested that taurine could effec-
tively alleviate the severity of myocarditis. Addi-
tionally, echocardiography examination showed 
10 or 20 mg/kg taurine prevented the LV dys-
function, and inhibited the increase of LVEDs, 
LVEDd and LVPW. The results indicated that 
treatment with taurine prevented the development 
of LV remodeling and the progression to heart 
failure. Several clinical studies18,19 have implied 
that inflammatory cytokines play an important 
role in the pathogenesis of cardiac diseases and 
in the activation of detrimental autoimmune re-
sponses. In these studies, Th1 cytokine includ-
ing TNF-α, IL-2 and INF-γ were significantly 
elevated, while Th2 cytokines including IL-4, 
IL-10 were significantly reduced in EAM mice. 
Thus, cytokines released by inflammatory cell 
exert a crucial role in the development of myo-
carditis, and myosin-induced EAM is associated 
with a Th1-polarized immunoresponse. This re-
sult was consistent with another reported study15. 
It is notable that, taurine treatment significant-
ly down-regulated the levels of Th1 cytokine 
and significantly up-regulated Th2 cytokine in 
myocarditis mice, which indicated that taurine 
reduces the severity of EAM by suppression of 
Th1 immune response and augmentation of Th2 
response. The imbalance between the occurrence 
of reactive oxygen species and the cellular anti-
oxidant defense mechanism plays a key role in 
myocardial injury of viral myocarditis20. The crit-
ical role of both free radicals and oxidative stress 
in the development of heart failure have been 
demonstrated21,22. Some enzymes, such as SOD 
and GSH-Px, provide cellular protection against 
damage from oxygen-derived free radicals. The 
SOD is an important enzyme in maintaining the 
dynamic balance between O2- production and 
elimination23. GSH-Px acts as an enzymatic an-
tioxidant both intracellularly and extracellularly, 
in conjunction with various enzymatic processes 
that reduce hydrogen peroxide (H2O2) and hy-
droperoxides24. MDA is a major reactive aldehyde 
that appears during the peroxidation of biological 
membrane polyunsaturated fatty acids, so the 
content of MDA can be used as an indicator of 

heart tissue damage25. In our work, we found that 
MDA content significantly increased on day 21 
after the first immunization, accompanied by a 
significantly decrease in SOD and GSH-Px ac-
tivities, which proved that oxidative stress was 
elevated in EAM model. However, taurine treat-
ment could ameliorate these abnormalities. These 
results indicated that taurine can protect heart tis-
sues against harmful effects of oxidative stress by 
modulating SOD, GSH-Px and MDA activities.

Conclusions

The current study firstly demonstrated that 
taurine treatment could reduce the severity of 
EAM by regulation of Th1/Th2 cytokine produc-
tion and inhibition oxidative stress. These results 
suggested that taurine might have a potential to 
be a novel method for the clinical treatment of 
myocarditis.
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