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 Background: L-theanine is a non-protein amino acid in green tea, and its hepatoprotection and neuroprotection have been 
verified. However, whether L-theanine can prevent cardiomyocytes from apoptosis is unclear yet. This study 
evaluated the protective effects of L-theanine on H2O2-induced heart injury in vitro.

 Material/Methods: The certified H9C2 cells were pretreated with L-theanine (0 mM, 4 mM, 8 mM, and 16 mM) for 24 h, followed 
by 160 µM H2O2 solution for 4 h. The cell viability and antioxidant indices were assayed. Quantitative evalua-
tion of apoptosis was performed by flow cytometric analysis. Nuclear morphology of the cells was monitored 
by 4’,6-diamidino-2-phenylindole staining. Expression of Caspase-3, poly ADP-ribose polymerase (PARP), c-Jun 
N-terminal kinase (JNK), and mitogen-activated protein kinase p38 was assayed by Western blot.

 Results: Compared to the H2O2 treatment, all doses of L-theanine treatments increased the cell viability, glutathione 
level, and the activities of glutathione peroxidase and superoxide dismutase (P<0.001). The contents of reac-
tive oxygen species, nitric oxide, and oxidized glutathione were decreased by L-theanine treatments (P<0.001). 
Meanwhile, L-theanine treatments decreased the apoptosis ratio of H2O2-induced H9C2 cells (P<0.001). Pro-
Caspase-3 expression was upregulated and cleavaged-PARP expression was inhibited by L-theanine (P<0.001). 
However, the phosphorylation of JNK and p38 was not affected by L-theanine treatments (P>0.05).

 Conclusions: These data indicate that L-theanine pretreatment prevents H2O2-induced apoptosis in H9C2 cells, probably via 
antioxidant capacity improvement. Therefore, it might be a promising potential drug candidate for prophylax-
is of ischemia/reperfusion-induced heart diseases.
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Background

H9C2 is a clonal cell line derived from rat heart and exhibits 
many of the properties of skeletal muscle. H9C2 cardiomyocytes 
are adherent cells and have been used as an ideal cell model 
for the study of cardiovascular diseases, which are the main 
cause of mortality and morbidity in the world [1]. Oxidative 
damage caused by reactive oxygen species (ROS) accumula-
tion has been implicated as a critical pathophysiological mech-
anism in the progression of heart diseases, including ischemia/
reperfusion injury [2,3]. The ROS are capable of attacking lipid 
membrane, proteins, and DNA, initiating lipid peroxidation and 
causing a depletion or inactivation of the antioxidant enzymes 
in myocardial cells, then resulting in cell injury and even apop-
tosis [4,5]. Fortunately, the attenuation of oxidative damage 
can ultimately protect myocardial cells from apoptosis [6,7]. 
Therefore, an increasing number of studies have been focused 
on the pathogenesis of oxidative stress in heart injury as well 
as therapeutic intervention with antioxidants.

L-theanine, namely N-ethyl-g-glutamine, is a unique non-pro-
tein amino acid in tea [8] that can be degraded by glutaminase 
to glutamate and ethylamine in vivo [9]. It has many physio-
logical functions, such as anti-oxidative stress [10], regulat-
ing immune response [11], and relaxing neural tension [12]. 
L-theanine alone or in combination with L-cystine administra-
tion can restore reduced glutathione (GSH) synthesis in mam-
mals [13], further enhancing the antioxidant capacity [14]. 
L-theanine can normalize alcohol or doxorubicin-induced in-
crease of lipid peroxide and reduction of GSH in mice [15–18]. 
Deng et al. [19] also reported that L-theanine decreased ox-
idative stress in Escherichia coli-infected mice. These studies 
indicate that L-theanine is an effective antioxidant in vivo. 
However, whether L-theanine can protect rat cardiomyocytes 
against oxidative injury is not clear.

Fewer studies reported that L-theanine protects neurocytes and 
hepatocytes from apoptosis. L-theanine can penetrate the blood-
brain barrier, competitively inhibit glutamate receptors, and pro-
tect hippocampus neurocytes against ischemia/reperfusion-in-
duced apoptosis by inhibiting JNK signaling pathway [20,21]. 
L-theanine also decreases alcohol- and carbon tetrachloride-
induced apoptosis of hepatocytes [16,22], attenuate ethanol- 
and H2O2-induced nuclear morphological damages, and de-
crease the apoptotic level of normal human liver cells [16,23].

Although many studies have demonstrated the antioxidant ef-
fects of L-theanine, the anti-apoptotic mechanism of L-theanine 
is not entirely clear, especially for myocardial cells under oxida-
tive stress. Our recent study [24] showed that L-theanine ad-
ministration increased the activities of superoxide dismutase 
(SOD) and catalase, and decreased the level of nitric oxide 
(NO) by upregulating the mRNA expression of SOD2 in the 

rat heart. Hence, in this study, on the premise that L-theanine 
has the antioxidant capacity of protecting rat H9C2 cardiomyo-
cytes against H2O2-induced injury, we further hypothesized that 
L-theanine could protect H9C2 cells against H2O2-induced apop-
tosis via suppressing JNK or p38 signaling pathway. The link 
between its antioxidant effects and anti-apoptotic mechanism 
will be explored. This study was aimed at providing a new pre-
ventive treatment for oxidative stress-induced heart diseases.

Material and Methods

This experiment was conducted according to the animal care 
guidelines of the Animal Care Committee, Institute of Subtropical 
Agriculture, the Chinese Academy of Sciences, Changsha city, 
Hunan province, China (no. KYNEAAM-2013-0009). All efforts 
were made to minimize suffering of experimental animals.

Chemicals and reagents

L-theanine (purity ³99.2%) was purchased from Hongya Yaxing 
Biotechnology Co., Ltd (Meishan, Sichuan, China). H9C2 cells 
were obtained from Shanghai Institutes for Biological Sciences, 
the Chinese Academy of Sciences (Shanghai, China). The medi-
um was Dulbecco’s modified Eagle’s medium which contained 
4.5 g/L glucose (HG-DMEM) (Gibco, Carlsbad, CA, USA). The fe-
tal bovine serum (FBS) was purchased from Hyclone (Hyclone, 
Logan, Utah, USA). Cell Counting Kit-8 (CCK-8) and 4’,6’-di-
amidino-2-phenylindole (DAPI) were purchased from Dojindo 
(Dojindo, China) and Sigma Chemical Co. (MO, USA), respec-
tively. The antibodies to pro-Caspase-3, poly-adenosine diphos-
phate-ribose polymerase (PARP), and polyclonal antibodies to 
p38, JNK, b-actin, and anti-phosphorylated JNK (Thr183/Tyr185, 
p-JNK) and p38 (Thr180/Tyr182, p-p38) were purchased from 
Cell Signaling Technology (Beverly, MA, USA). All secondary an-
tibodies used for Western blot were obtained from Calbiochem 
(La Jolla, CA, USA). All assay kits of TBARS, NO, ROS, GSH, oxi-
dized glutathione (GSSG), SOD, and GSH-Px (Lot numbers A003-
1, A012, E004, A006-2, A061-1, A001-3, and A005, respective-
ly) were purchased from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, Jiangsu, China). All the other reagents used 
in this study were of analytical grade.

Cell culture

H9C2 cells were cultured in HG-DMEM supplemented with 10% 
FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C 
in a 5% CO2 humidified environment. L-theanine was dissolved 
in HG-DMEM, filtered through a 0.22-micron filter, and then 
stored at 4°C before use. The culture medium was changed 
to HG-DMEM medium without FBS for 24 h to reduce the se-
rum effect before any treatment. When indicated, L-theanine 
was added 24 h prior to the treatment of H2O2.
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Cell viability assay and cell treatment

Firstly, H9C2 cells were seeded into 96-well plates (5×103 
cells/well) for 24 h and treated by different concentrations of 
H2O2 (100~600 µM) for 4 h or L-theanine (1~32 mM) for 24 h. 
Cell viability was determined according to the protocols of the 
CCK-8 kit. Data are expressed as the percentage of cellular vi-
ability relative to the control culture (assuming 100%). As a 
result, 160 µM H2O2 caused about 50% cell viability loss and 
4~16 mM L-theanine increased the cell viability compared to 
the control group. Therefore, in the later experiments, H9C2 
cells were pretreated with various concentrations (0 mM, 
4 mM, 8 mM, and 16 mM) of L-theanine for 24 h, followed by 
H2O2 (160 µM) for 4 h.

Antioxidant indices assay

Cells were harvested in a lysate buffer containing 0.1% Triton 
X-100, then centrifuged at 12 000 rpm/min at 4oC for 15 min 
to remove the supernatant for assay. The contents of thio-
barbituric acid reactive species (TBARS), ROS, NO, GSSG, GSH, 
and the activities of SOD and GSH-Px in the cell homogenates 
were determined using analysis kits according to the manu-
facturer’ instructions.

Nuclear morphological assay

H9C2 cells cultured in 12-well plates at a seeding density of 
2×105 cells per well were stained with DAPI to evaluate nu-
clear morphology. Cells were fixed with 5% formaldehyde di-
luted in PBS for 30 min at room temperature. Fixed cells were 
permeabilized with 0.02% Triton in PBS for 5 min. Following 
incubation with 1 mL (l µg/mL) DAPI for 10 min at 37°C, the 
cells were washed again with PBS and examined by use of an 
Olympus fluorescence microscope (Olympus, Tokyo, Japan).

Flow cytometric analysis

Quantitative evaluation of apoptosis was determined using 
Annexin V-fluoresein-5-isothiocyanate (FITC) and propidine io-
dide (PI) double-staining flow cytometry. Cells were harvest-
ed, washed with PBS twice, trypsinized, and collected by cen-
trifugation at 1000×g for 5 min. Then cells were stained with 
1 mg/ml AnnexinV-FITC and 10 mg/ml PI in the dark for 10 
min at room temperature. Flow cytometric analysis was per-
formed with FACScan (Becton-Dickinson, Mountainview, CA, 
USA) with the Cell Quest program. For each sample, 5000 cells 
were analyzed. Both early apoptotic cells (localized in the low-
er right quadrant) and late apoptotic cells (upper right quad-
rant) were regarded as apoptotic cells.

Western blot analysis

The cells cultured in 10 mm culture dishes (2×107 cells) were 
washed twice with ice-cold PBS and lysed in RIPA buffer (20 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% SDS, 1 mM EDTA, 1 mM 
EGTA, 1 mM b-glycerophosphate, 2.5 mM sodium pyrophos-
phate, 1% Triton X-100, 1 mM sodium orthovanadate, 10 µg/mL 
aprotinin, 10 µg/mL leupeptin, and 1 mM phenylmethylsulfo-
nyl fluoride (PMSF) supplemented with protease inhibitors for 
30 min on ice. Lysates were centrifuged at 12 000 rpm/min 
for 15 min at 4oC, and the concentration of protein in the su-
pernatant was determined by BCA assay. The electrophoresis, 
transformation, and blocking of total proteins of cells were the 
same as the procedures of Yan et al. [25]. The anti-rat prima-
ry antibodies (pro-Caspase-3, 1: 200; PARP, 1: 500; Cleaved-
PARP, 1: 500; p-JNK, 1: 1000; JNK, 1: 500; p-p38, 1: 500; p38, 
1: 500; b-actin, 1: 4000) were diluted in Can Get Signal™ 
Solution 1 (Toyobo Co., Osaka, Japan) and incubated for 24 h 
at 4°C. After washing with PBS-Tween 20 buffer, membranes 
were incubated with horseradish peroxidase-conjugated goat 
anti-mouse secondary antibodies diluted 1: 3000 in Can Get 
Signal™ Solution 2 (Toyobo Co., Osaka, Japan) for 3 h at room 
temperature. Enzymatic detection of horseradish peroxidase 
was carried out by a Super ECL Detection Kit (KeyGEN Biotech, 
Nanjing, China). Densitometric signals were obtained after ex-
posure to an X-ray Kodak film (Eastman Kodak Co., Rochester, 
New York, USA). Band intensities were quantified by Quantity 
One software (Bio-Rad) and normalized to b-actin as an inter-
nal control for total protein loading. Aliquots of whole-cell ly-
sates were subjected to immunoblotting analysis to confirm 
appropriate expression of proteins.

Statistical analysis

Statistical analyses were conducted by one-way analysis of 
variance (ANOVA) using the Mixed Proc of SAS (version 8.2, 
SAS Institute, Cary, NC, USA). When indicated by ANOVA, 
means were separated using least significant differences. All 
data are expressed as means ±SD. Significance was declared 
at P<0.05 or P<0.01.

Results

Cell viability

As shown in Figure 1A, H2O2 significantly inhibited H9C2 cell vi-
ability in a dose-dependent manner. It was observed that H2O2 
at 160 µM reduced (P<0.001) the cell survival to 50.58±2.24%. 
This concentration (160 µM) of H2O2 was thereby used for 
subsequent experiments. As shown in Figure 1B, L-theanine 
within 2~32 mM range (except for 4 mM) increased (P<0.05) 
the cell viability to different extents. Due to its proliferation 
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effect, 4 mM, 8 mM, and 16 mM of L-theanine was thereby 
chosen for subsequent experiments. To evaluate the effect of 
L-theanine on H2O2-inducedcell viability loss, H9C2 cells were 
pretreated with L-theanine at different concentrations (4 mM, 
8 mM, and 16 mM) for 24 h, followed by 160 µM H2O2 treat-
ment for 4 h. As shown in Figure 2, H2O2 treatment decreased 
(P<0.001) the cell viability by about 40% compared to the con-
trol group. The decrease of cell viability induced by H2O2 was 
suppressed (P<0.001) by L-theanine treatments, with 4 mM 
L-theanine showing the greatest inhibitory effect.

Antioxidant indices

As shown in Figure 3, compared with the control group, H2O2 
treatment increased the contents of TBARS, ROS, NO, and GSSG, 
and decreased the GSH content and the activities of GSH-Px 
and SOD in the H9C2 cells (P<0.001). L-theanine addition at 4, 
8, and 16 mM decreased (P<0.001) the contents of TBARS, ROS, 
NO, and GSSG, but increased (P<0.001) the content of GSH and 
the activities of GSH-Px and SOD in the H2O2-induced H9C2 
cells (except for the TBARS content at 16 mM). Furthermore, 
compared with the H2O2 treatment, low and middle doses of 
L-theanine decreased (P<0.001) the content of TBARS, but the 
high dose did not. All doses of L-theanine increased (P<0.001) 
ROS, NO, GSSG, and GSH production and the activities of GSH-
Px and SOD compared to the H2O2 treatment group. As depict-
ed in the graphs, 4 mM and 8 mM of L-theanine pretreatment 
had significant antioxidant effect, with the greatest effect at 
the dose of 4 mM.

Nuclear morphology

The nuclear morphological changes of H9C2 cells were evalu-
ated by fluorescence microscopy after DAPI staining. As shown 
in Figure 4, characteristics of apoptosis of nuclear condensa-
tion and fragmentation were detected in the cells treated with 
H2O2, but concentrations of L-theanine pretreatment signifi-
cantly attenuated H2O2-induced nuclear morphological damage.

Apoptosis

To further quantify the effect of L-theanine conferring pro-
tection against H2O2-induced apoptosis, Annexin-V-FITC and 
PI staining were performed by flow cytometry. As shown in 
Figure 5, exposure of H9C2 cells to 160 µM H2O2 for 4 h caused 
the occurrence of apoptosis (P<0.001) and there were about 
16.30±0.18% of apoptotic cells. In contrast, pretreatment with 
L-theanine at concentration of 4, 8, and 16 mM remarkably at-
tenuated H2O2-induced apoptosis (P<0.01, P<0.001, and P<0.05, 
respectively), with the minimal apoptotic ratio at 8 mM.

Pro-Caspase-3 and PARP expression

Western blot analysis was used to examine the expression of 
pro-Caspase-3 and PARP. As shown in Figure 6, pro-Caspase-3 
protein was downregulated and PARP was cleaved after H2O2 
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treatment in H9C2 cells. The proteolytic cleavage of PARP result-
ed in the characteristic shift of the protein from 116 to 89 kDa, 
showing that H2O2-induced cells were undergoing apoptosis. 
Fortunately, L-theanine pretreatment inhibited the reduction of 
pro-Caspase-3 and the increment of cleavage of PARP induced 
by H2O2 (P<0.001). Moreover, all doses of L-theanine pretreat-
ment had the same dramatic anti-apoptotic effect (P<0.001).

P38 and JNK signaling pathways

Western blot analysis was used to examine whether L-theanine 
affected H2O2-induced activation of p38 and JNK. As shown 
in Figure 7, H2O2 and L-theanine treatments did not influence 
the levels of total JNK protein and phosphorylation of JNK (p46 

and p56, P>0.05). Expression of total p38 and its phosphory-
lation were also not affected by H2O2 or L-theanine (P>0.05).

Discussion

H2O2 is usually considered to be the major precursor of high-
ly reactive free radicals such as superoxide anion (O2–) and hy-
droxyl radical (-OH), ultimately leading to cell apoptosis or ne-
crosis [26]. It has been proven that H2O2 easily induces apoptosis 
in various cell types, including myocardial cells [27]. It has been 
reported that L-theanine administration alone or in combina-
tion with cysteine can increase GSH synthesis in human mac-
rophages [13,28], which can clear free radicals and lipid per-
oxidation, then enhance the antioxidation ability of the body 
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Figure 4.  Effects of L-theanine on the nuclear morphology of H2O2-induced H9C2 cells. H9C2 cells were pretreated with or without 
L-theanine for 24 h then treated with 160 µM H2O2 for 4 h. The nuclear morphological analysis was performed by DAPI 
staining under an Olympus fluorescence microscopy (magnification ×200). Arrows indicated nuclear condensation and 
nuclear fragmentation. LT – L-theanine.
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[16,23,29–31]. L-theanine pretreatment (750 µM and 1000 µM) 
can protect L02 cells from ethanol-induced injury by restoration 
of the GSH level and enhancement of the activity of SOD [16]. 
Besides, oral administration of L-theanine (2 and 4 mg/kg) atten-
uates the oxidative damage by recovering Ab1–42-induced de-
pletion of GSH and the generation of lipid peroxidation in mouse 
brain tissue [30]. Moreover, L-theanine treatment (50 µg/mL) pro-
tects human neuroblastoma cells against oxidative stress inju-
ry by restoring Ab1–42-induced depletion of GSH and suppress-
ing Ab1–42-induced development of ROS time-dependently in 

neuroepithelioma cells (nondopaminergic cells) and dose-depend-
ently in neuroepithelioma and neuroblastoma cells (dopaminer-
gic cells) [29]. In this study, the protective effects of L-theanine on 
H2O2-induced apoptosis in H9C2 cells were evaluated. We found 
that L-theanine pretreatment effectively decreased the contents 
of TBARS, ROS, NO, and GSSG, while it increased the content of 
GSH and the activities of GSH-Px and SOD in the H2O2-induced 
H9C2 cells. These results suggest that L-theanine can improve 
the antioxidant protection of H2O2-induced H9C2 cells, which is 
largely consistent with previous findings [16,29,30].
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Previous studies have reported that L-theanine pretreatment 
(1 mM) reduces the viability loss and the nuclear morpholog-
ical damage of H2O2-injured L02 cells [23] and rotenone- or 
dieldrin-induced human neuroblastoma SH-SY5Y cells [31]. 
The present study noted that L-theanine pretreatment reduced 
the mortality of H2O2-injured H9C2 cells, and the typical ap-
pearance of apoptosis induced by H2O2 (chromatin conden-
sation and fragmented nuclei) was alleviated by L-theanine. 
These results are completely in agreement with previous find-
ings [23,31], indicating that L-theanine can protect H9C2 cells 
against injury induced by oxidative stress.

It has been reported [32] that Caspase-3 is the main effector 
of cell death, involving the cleavage of many apoptosis relat-
ed proteins such as PARP, which can be cleaved into 2 parts 
(24 and 89 kDa), serving as an indicator of cells undergoing 
apoptosis. Previous studies have shown that L-theanine pre-
treatment (1 mM) diminishes ethanol-induced [16] and H2O2-
induced [23] apoptosis of hepatocytes by decreasing the 
expression of cleaved-PARP and Caspase-3. L-theanine pre-
treatment (0.5 mM) also depresses cadmium-induced upreg-
ulation of Caspase-3 and the cleavage of PARP in pheochro-
mocytoma (PC12) cells [33]. Our data show that H2O2 induced 
pro-Caspase-3 downregulation and PARP cleavage in H9C2 
cells, denoting that the cells were undergoing apoptosis [34], 
and this result is consistent with the apoptosis ratio of flow 
cytometric analysis. Fortunately, L-theanine pretreatment ef-
fectively attenuated the reduction of pro-Caspase-3 and the 
increase of cleaved-PARP. This result largely agrees with the 
previous studies [16,23,31,33] mentioned above, suggesting 
that L-theanine pretreatment protects H9C2 cells from H2O2-
induced apoptosis.

A variety of stresses and proapoptotic signals, such as H2O2, 
TNF-a, chemotherapeutics, and growth factor deprivation, can 
preferentially stimulate the MAPKs signaling pathways, which 
are evolutionarily well-conserved in all eukaryotic cells [35–37]. 
MAPKs involve cellular apoptosis, proliferation, differentiation, 
and development [38] and consists of both apoptotic and an-
ti-apoptotic proteins, including JNK and p38. Activation of the 
JNK and p38 pathways further induce the stimulation of ef-
fector caspases, including Caspase-3 [39,40]. Previous stud-
ies have also reported that L-theanine exerts anti-apoptosis 

effects by suppressing the activation of JNK or p38 and NF-kB 
in H2O2-induced hepatocytes [23], L-glutamate-induced human 
Amyloid-beta A4 protein (Swedish mutation) transgenic SH-SY5Y 
cells [41], Ab1–42-induced human neuroblastoma cells [29], and 
mouse brain nerve cells [29] due to its ROS-scavenging ability. 
L-theanine pretreatment also protects PC12 cells from apopto-
sis by depressing cadmium-induced protein phosphorylation 
of ERK, JNK, Akt, p38, and the ratio of Bax/Bcl-2 and recover-
ing mitochondrial dysfunction [33]. These studies have dem-
onstrated that L-theanine can protect cells against apoptosis 
through inhibiting the activation of the apoptotic pathways. 
Our results show that L-theanine pretreatment did not affect 
the phosphorylation of JNK and p38, indicating that JNK and 
p38 are not involved in the regulation of H2O2-induced apopto-
sis in H9C2 cells. These results are not consistent with previous 
findings [16,22,23,29,30,33,41] and this discrepancy might be 
due to the difference in cell models or the dose of L-theanine 
used. Furthermore, other proteins, such as ERK, NF-kB, and 
mitochondrial apoptotic pathways, including Bax/Bcl-2 and 
PI3K/AKT, may also play an anti-apoptosis role. Further inves-
tigation is needed to elucidate the antioxidant and anti-apop-
totic mechanisms of L-theanine in cardiocytes.

Conclusions

In summary, L-theanine pretreatment within the dose range of 
4~16 mM increased the cell viability, GSH content, and activi-
ties of GSH-Px and SOD, and decreased levels of TBRAS, ROS, 
NO, and GSSG in H2O2-induced H9C2 cells. Furthermore, all 
doses of L-theanine decreased the apoptosis ratio, upregulat-
ed pro-Caspase-3 expression, and downregulated cleavaged-
PARP expression without the activation of p38 and JNK. Our 
study indicates that L-theanine pretreatment protects H9C2 
cells against H2O2-induced apoptosis, probably via antioxidant 
capacity improvement. Therefore, it might be a promising po-
tential drug candidate for prophylaxis of oxidative stress-in-
duced heart diseases.
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