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Abstract The mycotoxin citrinin, is produced by
several species of Penicillium, Aspergillus and
Monascus, and is capable of inducing cytotoxicity,
oxidative stress and apoptosis. The aim of the present
study was to investigate the effect of citrinin in mouse
skeletal muscle cells (C2C12) and to overcome the
cellular adverse effects by supplementing green tea
extract (GTE) rich in polyphenols. C2C12 myoblasts
were differentiated to myotubes and were exposed to
citrinin in a dose dependent manner (0—-100 pM) for
24 h and ICsq value was found to be 100 uM that
resulted in decreased cell viability, increased LDH
leakage and compromised membrane integrity. Mito-
chondrial membrane potential loss, increased accu-
mulation of intracellular ROS and sub G1 phase of cell
cycle was observed. To ameliorate the cytotoxic
effects of CTN, C2C12 cells were pretreated with
GTE (20, 40, 80 pg/ml) for 2 h followed by citrinin
(100 uM) treatment for 24 h. GTE pretreatment
combated citrinin-induced cytotoxicity and oxidative
stress. GTE at 40 and 80 pg/ml significantly promoted
cell survival and upregulated antioxidant enzyme
activities (CAT, SOD, GPx) and endogenous antiox-
idant GSH, while the gene and protein expression
levels were significantly restored through its effective
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antioxidant mechanism. Present study results sug-
gested the antioxidant properties of GTE as a herbal
source in ameliorating the citrinin-induced oxidative
stress.
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Introduction

Citrinin (CTN) is a toxic secondary metabolite of
fungi isolated from P. citrinum Thom (Hetherington
and Raistrick 1931) and produced by other species of
Penicillium, Aspergillus (El-Banna et al. 1987) and
Monascus (Blanc et al. 1995). CTN contamination is
commonly encountered in crops like wheat, oats, rye,
corn, barley, rice and other foods and feeds (Bennett
and Klich 2003; Richard et al. 2003). The toxicity of
CTN has been implicated in humans as “yellow rice”
disease in Japan and Balkan Endemic Nephropathy in
South-Eastern European countries (Vrabcheva et al.
2000).

Various cell line studies have shown that CTN
mycotoxin has the potential to cause excessive gen-
eration of reactive oxygen species (ROS) (Chan 2007),
activation of signaling pathway (Chang et al. 2009;
Chen and Chan 2009; Liu et al. 2010) and apoptosis
(Yu et al. 2006; Liu et al. 2005; Klaric et al. 2012).
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Further, at the cellular level CTN mediates mitochon-
drial permeability transition as well as dysfunction of
mitochondria with loss of mitochondrial membrane
potential (MMP) (Da Lozzo et al. 1998; Chagas
et al.1992; Ribeiro et al.1997). Other deleterious
properties of CTN include aneuploidogenic, genotoxic
(Pfeiffer et al. 1998), embryocidal, fetotoxic, mildly
teratogenic effects (Reddy et al. 1982) and cell cycle
arrest at G2/M phase in HEK293 cells through
interruption of spindle formation and tubulin poly-
merization (Chang et al. 2011). Jeswal (1996),
reported that CTN exposure in mice results in
chromosome abnormalities and breakages in bone
marrow cells, chromosome aberrations such as gaps,
rings, breaks and centric fusions were also observed in
mice (Bouslimi et al. 2008).

Green Tea (Camellia sinensis L.,) is one of the most
widely consumed beverages in different parts of the
world such as China, Japan, India and Sri Lanka and is
probably the most consumed beverage that has
attracted greater attention in the recent years for its
significant effects on health in a variety of disease
conditions (Huo et al. 2008). The beneficial effects of
green tea are mainly due to the polyphenolic com-
pounds commonly called the catechins, which make
up about 30% of the dry weight of green tea leaves
(Graham 1992). The major catechins present in green
tea are (—) epicatechin (EC), (—) epicatechin-3-
gallate (ECG), (—) epigallocatechin (EGC), (—)
epigallocatechin-3-gallate (EGCG), (+) catechin and
(+) gallocatechin (GC). EGCG, the most abundant
catechin in green tea, accounts for 65% of the total
catechin content (Zaveri 2006). EGCG, apart from
possessing antioxidant activity has also been demon-
strated to exhibit health promoting properties against
diabetes, Parkinson’s disease, Alzheimer’s disease,
obesity and cardiovascular diseases (Khan et al. 2006;
Higdon and Frei 2003; Shankar et al. 2007; Velayu-
tham et al. 2008). Tea also contains large amounts of
other polyphenolic compounds with remarkable
antioxidant properties as well as DNA-damage pro-
tective properties (Wiseman et al. 1997; Anderson
et al. 2001). Several studies have reported that
polyphenols and tea catechins are exceptional electron
donors and effective scavengers of physiologically
relevant reactive oxygen species in vitro, including
superoxide anions (Nakagawa and Yokozawa 2002;
Nanjo et al. 1993), peroxyl radicals, and singlet
oxygen (Guo et al. 1999; Michalak 2006).
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C2C12 myotubes are frequently used as a model for
studying muscle cell growth and differentiation and
exhibit the characteristics of normal myoblastic cells
(Yaffe and Saxel 1977; Salucci et al. 2010). In contrast
to being resistant to cell death, apoptosis has been
observed in skeletal muscle tissues where it has shown
to affect skeletal muscle biology (Salucci et al. 2010).
An increased susceptibility to oxidative stress due to
elevated ROS production has been reported in a
number of muscle disorders such as Duchenne mus-
cular dystrophy (DMD), fibrosis, weakness in dys-
trophin deficiency etc., (Kozakowska et al. 2015)
Therefore, in the present study we investigated the
cytoprotective effects of GTE against CTN-induced
oxidative stress in C2C12 myotubes.

Materials and methods

Citrinin, Dulbecco’s modified Eagle’s medium
(DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO), Rhodamine 123, 2’,7'-dichlorofluorescin
diacetate (DCFH,-DA), propidium iodide (PI), pro-
tease inhibitor cocktail, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Green tea extract (GTE) was
procured from Parry Nutraceuticals (Chennai, Tamil
Nadu, India). All other reagents were of the highest
purity unless otherwise stated.

DPPH free radical scavenging activity

The free radical scavenging activity of the GTE was
determined using the stable radical DPPH (Braca et al.
2001). Briefly, DPPH (0.004% in methanol) solution
was mixed with different concentrations of sample and
the volume was made up to 3 ml with methanol. The
mixture was incubated for 45 min at room temperature
in dark and decrease in absorbance was measured at
517 nm. Butylated hydroxyanisole (BHA) was used as
a standard. The percentage inhibition was calculated
as follows:

Percentage inhibition (%) = [Ac—As/Ac] x 100.

where A, is the absorbance of control and A, is the
absorbance of the sample. ICs, values represent the
concentration of sample needed to scavenge 50%
DPPH free radicals.
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Determination of total phenolic content

The total polyphenols were estimated using Folin—
Ciocalteau method (Singleton and Rossi 1965). To the
different concentrations of GTE (50-150 pg), 2.5 ml
of Folin-Ciocalteu reagent (1:10) and 2 ml of 7%
sodium carbonate (Na,CO3) were added, mixed and
incubated at room temperature for 90 min. The
absorbance of the sample was measured against the
blank spectrophotometrically at 765 nm. Gallic acid
was used as standard and the amount of total
polyphenolic content was expressed as mg gallic acid
equivalent per gram extract (mg GAFE/g).

Determination of total flavonoid content

Total flavonoids content of the GTE was determined
according to Sakanaka et al. (2005) with minor
modifications. Briefly, different concentrations of
GTE (50-150 pg) were mixed with 75 pl of 5%
sodium nitrite (NaNO,) and 150 pl 10% aluminium
chloride (AlCl3) and incubated at room temperature for
5 min. To this, 500 pl of 1 M sodium hydroxide
followed by 775 pl of water were added, vortexed and
finally the absorbance was measured immediately at
510 nm. Catechin was used as a standard and the
amount of total flavonoid was expressed as mg of
catechin equivalents per gram extract (mg Catechin/g).

RP-HPLC analysis of green tea extract

RP-HPLC analysis was carried out for identification of
phenolic compounds present in GTE using a Jasco
HPLC system equipped with a Jasco Intelligent HPLC
pump (PU-1580) and a photodiode array detector
(JASCO Pu-1580 HPLC system, Gross-Umstadt,
Germany) and Waters SunFire™ C18 (5 uM,
4.6 x 250 mm) column (Dublin, Ireland). The mobile
phase was 0.1% formic acid (A) and 100% methanol
(B) and the total run time was kept to 60 min. The
compounds were detected by monitoring at 280 nm.
The phenolic compounds were identified by compar-
ing the retention time of the GTE with that of
standards.

UPLC-MS analysis

UPLC-MS analysis of green tea extract was analyzed
using Waters Acquity UPLC (CIRF, University of

Mysore, Mysuru, India). The UPLC-MS system con-
sisted of MALDI SYNAPT G2 High Definition Mass
Spectrometry. Data analysis software was MassLynx
SCN781. GTE was separated with an ACQUITY
UPLC BEH CI18 (1.7 um 1.0 x 50 mm) column
(Waters). Mobile phase A was 0.1% formic acid in
water and mobile phase B was acetonitrile, a gradient
elution was performed. Flow rate of 0.3 ml/min and
2 pl of sample were injected for each analysis. The
column temperature was maintained at 50 °C. The ESI
source was operated in positive ion mode with
parameters for capillary voltage set at 1.8 kV, desol-
vation temperature at 200 °C and source temperature at
100 °C. The auxillary and sheath gas were nitrogen and
desolvation gas flow was 500 L/Hr. The mass spectra
was scanned across the range of 50-700 m/z.

Cell culture and treatments

C2C12 (mouse skeletal muscle cell line) myoblasts
(obtained from National Center for Cell Sciences,
Pune, India) were cultured in high glucose DMEM
supplemented with 10% fetal bovine serum (Hyclone,
Invitrogen, Carlsbad, CA, USA), 50 U/ml penicillin
and 50 pg/ml streptomycin solution (Sigma-Aldrich),
in a humidified atmosphere of 95% air and 5% CO, at
37 °C. When cells reached approximately 70-80%
confluence, the medium was switched to differentia-
tion medium containing DMEM and 2% horse serum
to induce myotube differentiation. The medium was
changed every day, the differentiated C2C12 myo-
tubes (C2C12 cells) were used for all experiments in
serum free medium. The treatment protocol was as
follows: for cytotoxicity experiments, C2C12 myo-
tubes were treated with different concentration of
CTN (0, 25, 50, 75, and 100 uM) for 24 h. For
cytoprotective studies C2C12 myotubes were pre-
treated with 20, 40, and 80 pg GTE/ml for 2 h
followed by with or without CTN treatment for 24 h.

Cell morphology

C2C12 cells were seeded in 25 cm? flasks (1 x 10°
cells) and pre-treated with GTE (20, 40, 80 pg/ml) for
2 h followed by with or without CTN treatment for
24 h. The cellular morphology was observed and
photographed using phase contrast microscope
(Olympus, Tokyo, Japan) equipped with Cat Cam
200 and Scope photo 3.0.
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MTT assay for cell viability

Cell viability was determined by MTT assay by
culturing C2C12 cells in a 24 well plate. C2C12 cells
were treated as mentioned in the cell culture and
treatment section. After the treatment period, MTT
(0.5 mg/ml, dissolved in serum free medium) was
added to each well and incubated for 2 h at 37 °C. The
supernatant was removed and 500 pl of DMSO was
added to dissolve the formazan crystals. The absor-
bance was measured at 570 nm using Plate Chame-
leon-Multi-technology plate reader, (HIDEX, Turku,
Finland) and the percentage viability was calculated
(Hanelt et al. 1994).

Lactate dehydrogenase leakage (LDH) assay

LDH leakage assay was carried out using in vitro
toxicology assay kit, Lactic Dehydrogenase based
(TOX-7, Sigma-Aldrich) according to manufacturer’s
instructions. C2C12 cells were treated as mentioned
before. The assay is based on the reduction of NAD by
LDH and the resulting reduced NAD (NADH) is
utilized for the conversion of tetrazolium dye resulting
in a colored compound which is measured spectropho-
tometrically at 490 nm. LDH activity in the medium
was expressed as the percentage of the total LDH
activity.

Mitochondrial membrane potential (Ay,,) assay

C2C12 cells were grown in 24-well plates, after
treatment cells were loaded with Rhodamine-123
(10 pM) (Buckler and Vaughan-Jones 1998) and
incubated for 30 min at 37 °C in a CO, incubator.
The cells were then collected after washing twice with
PBS and the fluorescence was measured at an excita-
tion and emission wavelength of 485/535 nm.

Estimation of intracellular ROS

CTN-induced ROS accumulation in C2C12 cells was
measured with DCFH,-DA dye according to the
method of Wang and Joseph (1999). Briefly, C2C12
cells were seeded in a 24-well plate and treated as
described before. After incubation, the cells were
washed twice with PBS and loaded with 10 uM
DCFH,-DA for 30 min at 37 °C. ROS accumulation
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was measured at an excitation and emission wave-
length of 485/535 nm. The results were expressed as a
relative percent of DCF-fluorescence as compared to
control cells.

Antioxidant enzyme assays

C2C12 cells were seeded in 75 cm? flasks and treated
as mentioned before, cells were washed with cold PBS
and lysed using cell lysis buffer (50 mM sodium
phosphate buffer, pH 7.4 containing 2 mM EDTA and
0.1% Triton X-100) in cold conditions, lysate was
centrifuged at 12,000 g for 10-15 min at 4 °C. The
resulting supernatant was collected and protein con-
centration estimated by Lowry’s method (1951). The
activity of antioxidant enzyme such as superoxide
dismutase (SOD), glutathione peroxidase (GPx) was
measured using kits as per the manufacturer’s instruc-
tions (Cat no. SD125, RS504, Randox, Canada).
Catalase (CAT) activity was estimated spectrophoto-
metrically according to the method of Aebi (1984) by
measuring the rate of H,O, (10 mM) decrease at
240 nm at 25 °C for 120 s. Specific activity of catalase
was calculated via the following equation:

Specific activity (units/mg protein/min)
= AA(240nm)/min x 1000/43.6 mg protein.

Estimation of total glutathione (GSH)

Glutathione content was determined by a spectropho-
tometric method using Ellman’s reagent with minor
modifications (Tietze 1969; Ayka¢ et al. 1985).
C2C12 cells were grown in 75 cm? flasks and treated
as described previously. Samples were homogenized
in 5% trichloroacetic acid and 5 mM EDTA, cen-
trifuged at 12,000 g for 15 min at 4 °C. For the assay,
0.1 ml of sample supernatant, 2 ml cold phosphate
buffer (pH 7.5) and 0.5 ml of 5,5'-dithiobis(2-ni-
trobenzoic acid) (DTNB) was added and the absor-
bance was measured at 412 nm.

Cell cycle analysis by flow cytometry

Flow cytometry was carried out for DNA content
analysis by PI staining and apoptotic cells were
identified at sub-G1 phase. After treatment, cells were
harvested by trypsinization, washed with cold PBS and
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fixed with 70% ethanol at 4 °C overnight (Krishan
1975; Riccardi and Nicoletti 2006). Cells were re-
suspended in PBS and then propidium iodide solution
was added. Cell cycle analysis was carried out at a flow
rate of 10,000 events per second per sample on a FACS
Calibur (Becton—Dickinson, USA) at Central Imaging
and Flow Cytometry Facility (National Centre for
Biological Sciences, Bengaluru, Karnataka, India), data
were analyzed using Cell quest Pro software.

Gene expression analysis by semi-quantitative
PCR

RNA extraction was carried out using RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. C2C12 cells were grown in 75 cm?
flasks and treated as mentioned before. RNA obtained
from C2C12 cells was reverse transcribed to cDNA
First Strand cDNA Synthesis Kit (Fermentas) as per the
manufacturer’s instructions. 1.5 pg of total RNA was
used for cDNA conversion followed by target-gene
amplification with PCR. 2 pL of amplified cDNA was
subjected to PCR. The sequence of the sense and
antisense primers used for semi-quantitative reverse
transcription-PCR were designed using Gene Runner
software; the NCBI accession number and product
length are given in Table 1. Amplification of each gene
showed a single band of the expected size (CAT-
357 bp, SOD1-139 bp, GPx-431 bp, GAPDH-223 bp).
The reaction conditions were an initial denaturation at
94 °C for 3 min, 35 cycles of amplification (94 °C for
30s, 58°C for 30s, and 72 °C for 45s) were
performed followed by 5 min extension at 72 °C for
CAT and GPx; 94 °C for 3 min, 35 cycles of ampli-
fication (94 °C for 30 s, 50 °C for 30 s, and 72 °C for
1 min) were performed followed by a 5 min extension
at 72 °C for SOD; 94 °C for 3 min, 35 cycles of
amplification (94 °C for 30 s, 60 °C for 30 s,and 72 °C

for 45 s) were performed followed by a 7 min exten-
sion at 72 °C for GAPDH. The PCR products were
separated by electrophoresis on a 1-1.5% agarose gel,
visualized by ethidium bromide staining and pho-
tographed. The house keeping gene GAPDH was used
as reference gene.

Western blot analysis

C2C12 cells were seeded in 75 cm? flasks and treated
as mentioned earlier. After treatment, the cells were
harvested and washed twice with PBS, lysed using ice-
cold RIPA buffer with protease inhibitor cocktail
(Sigma-Aldrich). The cell lysates were centrifuged at
12,000 g for 30 min at 4 °C, supernatants were
collected as whole cell extracts and protein concen-
tration determined by Lowry’s method (1951). Equal
amounts of protein (50 pg) were run on SDS-PAGE
followed by electro-blotting on polyvinylidenedifluo-
ride (PVDF, Millipore) membrane. After transfer, the
membranes were blocked overnight with 5% (w/v)
non-fat dry milk in Tris-buffered saline (10 mM Tris—
HCI, 150 mM NaCl, pH 7.5) containing 0.05%
Tween-20 (TBS-T) at 4 °C. The blots were incubated
with primary antibodies GAPDH (37 kDa, sc-25778),
SOD (23 kDa, sc-8637), CAT (64 kDa, sc-34280) and
GPx (23 kDa, sc-22146) at 1:1000 dilution for 2 h at
100 rpm in an orbital shaker. The membranes were
washed 4 times with TBST for 5 min and incubated
with goat anti-rabbit, rabbit anti-goat and goat anti-
mouse (DAKO, Glostrup, Denmark) horseradish per-
oxidase-conjugated secondary antibodies at 1:5000
dilutions, respectively. The membranes were again
washed 5 times at 5 min interval and the immunore-
activity was detected using the enhanced chemilumi-
nescence peroxidase substrate kit (CPS-160, Sigma).
The obtained signal was developed on a CL-XPosure
Film (Thermo Scientific, Waltham, MA, USA) and the

Table 1 List of antioxidant

Gene NCBI accession number Sequence Size (bp)
gene specific primers used
in this study GAPDH  XM_001476707.3 5'-AACTTTGGCATTGTGGAAGG-3' 223
5'-ACACATTGGGGGTAGGAACA-3’
GPx NM_008160.6 5'-CTCGGTTTCCCGTGCAATCAG-3’ 431
5'-GTGCAGCCAGTAATCACCAAG-3'
SOD2 NM_013671.3 5'-GCACCACAGCAAGCACCAC-3’ 139
5'"TGTCCCCCACCATTGAACT-3'
Catalase NM_009804.2 5'-TCTGCAGATACCTGTGAACTG-3’ 357
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band density was analyzed using NIH Image J
software.

Statistical analysis

The values were expressed as the mean + standard
deviation (n = 3). Data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s
post hoc test using SPSS statistical software (version
20.0; SPSS, Inc., Chicago, IL, USA). The significant
differences were indicated as p < 0.05.

Results
In vitro antioxidant activity of GTE

The antioxidant activity of GTE extract was deter-
mined based on the DPPH radical scavenging property
and the ICs, value was found to be 7.26 pg/ml. The
polyphenolic and flavonoid content was 643.53 mg
GAE/g (gallic acid equivalents) and 231.33 mg CE/g
of extract, respectively.

Characterization of GTE by RP-HPLC and UPLC-
MS analysis

A high performance liquid chromatographic method
(HPLC) with UV detection is commonly used for the
analysis of tea catechins, identification of the individ-
ual phenolic compounds was achieved by comparing
the GTE unknowns (Fig. 1) with that of standards
(data not shown). The identified phenolic compounds
of GTE along with retention time were Gallic acid
(9.44), Protocatechuic acid (14.38), (+)-Catechin
(17.64), Chlorogenic acid (20.90), (—)-Epigallocate-
chin gallate (21.40), (—)-Epicatechin (22.81), p-Cou-
maric acid (29.08), Sinapic acid (30.50), Rutin hydrate
(35.96), Myricetin (38.58) and Quercetin (43.82).
The chromatograms presented in Fig. 2 show the
mass spectra of the identified compounds. The ESI-
MS method was used for the confirmation of bioactive
compounds in GTE. Mass spectra were recorded in
positive ionization mode and the method was able to
confirm the presence of five phenolic compounds. The
presence of these compounds was confirmed based on
the comparison of m/z values from the MS2 spectra
with the literature values for the standards. The peak at
m/z 443.15 corresponds to (—)-Epicatechin gallate,
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m/z 289.10 represents (4)-Catechin, m/z 307.11
represents (—)-Gallocatechin, (—)-Epigallocatechin
gallate gives a peak at m/z 459.14, while caffeine
shows a signal at m/z 195.11.

Cytotoxic effect of CTN on C2C12 myotubes
and its amelioration by GTE

C2C12 cells were exposed to CTN (25-100 puM) for
24 h and cytotoxicity was determined using MTT
assay and LDH leakage assay. Cell death was
distinctively observed from 75 and 100 pM compared
to control cells after 24 h incubation. At the lower
concentration of 25 and 50 pM, the effect was found to
be insignificant (Fig. 3a). The maximum reduction in
cell viability (49%) was observed at the highest dose
of 100 uM (p < 0.05 versus control). ICsq was found
to be 102.04 uM and is presented as bar graph in
Fig. 3a. Further, to determine the protective effect of
GTE against CTN-induced myotube damage, C2C12
cells were pre-treated with 20, 40 and 80 pg/ml of
GTE for a period of 2 h followed by treatment in
presence or absence of CTN for 24 h. Protective effect
of GTE was observed to an extent of 65% at the
medium dose and 80% at the higher dose of pretreat-
ment, respectively (Fig. 3b). In order to further
examine the cytotoxicity of CTN, LDH enzyme
activity was carried out to check the membrane
damage. Cells were treated with CTN in a dose-
dependent manner for 24 h followed by measuring the
LDH activity. As shown in Fig. 4a, an increase in
LDH release of 27 and 34% was observed at 75 and
100 uM of CTN which was significant (p < 0.05) with
respect to control, while, GTE pretreatment inhibited
LDH release significantly (p < 0.05) to near basal
level compared to CTN only treated cells (Fig. 4b).

Effect of GTE on cell morphology in CTN treated
cells

To evaluate the protective effect of GTE in ameliorat-
ing oxidative stress, C2C12 cells were pretreated with
three concentrations (20, 40, 80 pg/ml) of GTE for 2 h,
followed by treatment with the effective dose of
100 uM CTN for 24 h. The morphology of C2C12
myotubes of both control and CTN treated cells are
shown in Fig. 5. Control cells had a clear myotube
formation, while 100 pM CTN treatment damaged the
natural structures of the myotube leading to cell death.
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Fig. 3 Cell viability was measured using MTT assay a CTN
treatment with 0—100 uM CTN concentration for 24 h, b cells
were pretreated with GTE (20, 40, 80 pg/ml) for 2 h followed by
with or without CTN (100 uM) treatment for 24 h. Data are
expressed as the mean =+ standard deviation from three indepen-
dent experiments, each performed in triplicate. *p < 0.05 versus
control cells, #p < 0.05 versus CTN treated cells

GTE pretreatment for 2 h followed by 100 ptM CTN for
24 h protected myotube integrity and cell morphology.

Effect of GTE on CTN-induced reduction of MMP
(A‘I—’m)

Muscles are rich in mitochondria and healthy C2C12
cells uptake Rhodamine 123 (Rhol23) easily. After
treatments, C2C12 cell were exposed to Rho 123 for 30
min at 37 °C. Cells showed dose-dependent decrease in
MMP (Ay,,,) as shown in Fig. 6a, by 93.37,78.0, 69.87,
and 44.14% (25, 50, 75 and 100 pM) relative to control
cells (p < 0.05 for 50-100 uM) indicating the possi-
bility of CTN in affecting mitochondria and the skeletal
muscle cell function. While pretreatment with GTE
prevented the mitochondrial damage significantly in a
dose dependent manner to 50.25, 71.36 and 88.56%
(20, 40, 80 pg/ml of GTE) (Fig. 6b) compared to CTN
treated C2C12 cells.

CTN induced ROS generation and its amelioration
by GTE treatment

The ability of CTN to induce intracellular ROS
accumulation was measured as % DCF fluorescence.
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Fig. 4 Effect of CTN on LDH leakage in C2C12 cells a CTN
treatment with 0-100 pM CTN concentration for 24 h, b cells
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expressed as the mean =+ standard deviation from three
independent experiments, each performed in triplicate.
#p < 0.05 versus control cells, *p < 0.05 versus CTN treated
cells

DCFH,-DA, a cell permeable non-fluorescent precur-
sor of DCF was used as an intracellular probe for
oxidative stress. Figure 7a shows CTN concentration
ranging from O to 100 pM treatments elevated ROS
accumulation in a concentration-dependent manner in
C2C12 cells compared to control C2CI12 cells
(» <0.05). A 4.4 fold increase in ROS generation
was observed at 100 pM and this excessive production
of ROS is one of the mechanism by which CTN
induces oxidative stress. GTE pretreatment dose-
dependently reduced the DCF fluorescence intensity,
which is a measure of ROS accumulation. A 3-fold
decrease (p < 0.05) in ROS was observed at the higher
dose of GTE (80 pg/ml) relative to CTN treated cells
(Fig. 7b).

Flow cytometry analysis for hypo-diploid nuclei
The DNA specific dye PI, identified a distinct hypo-

diploid cell population. The results showed that CTN
treatment resulted in higher proportion of cells in sub



Cytotechnology (2017) 69:681-697 689

Fig. 5 Morphological features of C2C12 cells under phase contrast microscope, a control, b CTN 100 pM, ¢ GTE 20 pg/ml + CTN,
d GTE 40 pg/ml + CTN, e GTE 80 pg/ml + CTN
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Fig. 7 Effect of CTN on ROS generation a C2C12 cells
were treated with 0-100 pM CTN for 24 h, b ameliorative
effect of GTE on CTN-induced ROS generation in C2C12 cells.
Data are expressed as the mean =+ standard deviation from
three independent experiments, each performed in triplicate.
#p < 0.05 versus control cells, *p < 0.05 versus CTN treated
cells

Gl phase (from 1.42 to 25.49%) compared with
control cells indicating apoptosis (Fig. 8). The per-
centage of sub GI phase cells was reduced after
pretreatment with GTE (20, 40, 80 pg/ml) from 25.49
to 14.15, 4.86 and 1.95%, respectively.

GTE ameliorates CTN induced oxidative stress
by antioxidative mechanism

The ameliorative properties of GTE polyphenols in
counteracting ROS-mediated oxidative stress was
studied in terms of activities of antioxidant enzymes
such as GPx, CAT and SOD. The treatment with
CTN significantly decreased the activities of the
antioxidant enzymes GPx, CAT and SOD (p < 0.05)
(Table 2). Pretreatment with GTE at the dose of 40
and 80 pg/ml helped in maintaining the enzyme
activities at their basal levels by scavenging free
radicals.
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GTE restores depleted GSH

The cellular levels of glutathione (GSH), a tri-peptide
antioxidant, decreased significantly (p < 0.05) upon
treatment with 100 pM CTN whereas, pre-treatment
with GTE evoked a satisfactory increase in intracel-
lular GSH at the highest dose of 80 pg/ml (p < 0.05)
compared to CTN alone treated cells (Table 2).

Effect of GTE on gene expression of antioxidant
enzymes

Gene expression studies for the antioxidant enzymes
such as GPx, CAT and SOD genes were carried out by
semi-quantitative RT-PCR. Figure 9 shows that the
mRNA levels of GPx, CAT and SOD were found to be
decreased in 100 uM CTN treated cells with respect to
control. While pretreatment with GTE at the lower and
medium dose of 20 and 40 pg/ml slightly increased
these mRNA levels and at the higher dose of 80 pg/ml
the expression levels were almost restored to that of
control.

Effect of GTE on antioxidant protein markers

The activity of antioxidant protein markers namely
GPx, CAT, SOD were decreased upon CTN treatment,
whereas pretreatment with GTE (20, 40, and 80 ng/
ml) ameliorated the protein expression levels near to
basal levels as observed by western blot analysis
(Fig. 10).

Discussion

Food and animal feeds are often contaminated with
various mycotoxins such as citrinin (CTN), ochratoxin
A (OTA), deoxynivalenol (DON), zearlenone, patulin,
HT-2 etc. posing serious health problems. As like
other toxins, CTN contamination naturally occurs
after the harvest by the fungal species and this toxin
occur predominantly in stored grains and fruits
(Peraica 2012). In addition, phytocompounds such as
(—)-Epigallocatechin gallate (EGCG) have also been
shown to protect against DON and HT-2 toxin induced
cell death suggesting that EGCG could contribute to
reducing the toxicities of these mycotoxins (Sugiyama
et al. 2011; Kalaiselvi et al. 2013). Similarly, lutein
exerts a cytoprotective role in HT-29 cells against
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Fig. 8 Flow cytometry analysis of propidium iodide stained C2C12 myotubes after 24 h treatment indicating the percentage of cells at
sub-G1 phase. a Control, b CTN 100 pM, ¢ GTE 20 pg/ml 4+ CTN, d GTE 40 pg/ml + CTN, e GTE 80 pg/ml + CTN

Table 2 GTE ameliorates CTN-induced down-regulated antioxidant status antioxidant markers

Treatment Groups GPx (uM/mg protein)

Catalase (mM/mg protein)

SOD (U/mg protein) Total GSH (nM/mg protein)

Control 1.62 £ 0.02 0.080 £+ 0.01* 599 £ 1.17% 6.43 £ 0.25%
CTN 100 pm 0.87 £+ 0.01 0.038 £+ 0.01* 1.81 £ 0.40%* 2.81 £ 0.33%
GTE 20 pg/ml + CTN  0.94 + 0.01 0.038 £ 0.01 3.02 £0.28 2.84 £ 0.53
GTE 40 pg/ml + CTN  0.94 £ 0.01 0.064 + 0.01* 3.17 £ 0.33 3.63 £0.29
GTE 80 pg/ml + CTN  1.30 £ 0.02 0.087 £ 0.01* 4.05 + 0.38% 5.04 + 0.39"

Cells were pre-incubated with GTE (20, 40, 80 pg/ml) for 2 h, followed by CTN treatment (100 uM) for 24 h. Data are expressed as
the mean = standard deviation from three independent experiments, each performed in triplicate

* p < 0.05 versus control cells, # p < 0.05 versus CTN treated cells

DON-induced oxidative stress and cytotoxicity (Kr-
ishnaswamy et al. 2010). Rosmarinic acid, a natural
phenolic compound was shown to protect against
Aflatoxin B1 and Ochratoxin-A-induced cell damage
in Hep G2 cells (Renzulli et al. 2004). In another
study, resveratrol which possesses antioxidant and
anti-tumor properties inhibits CTN-induced ROS
generation, activation of JNK and loss of MMP (Chen
and Chan 2009).

The present study was aimed to evaluate the
cytoprotective role of GTE in ameliorating citrinin-
induced oxidative stress in C2C12 myotubes.
Although, green tea has been examined intensively
over many years for a spectrum of medicinal proper-
ties (Higdon and Frei 2003; Nakachi et al. 2003;
Nakagawa and Yokozawa 2002), reports on the
beneficial effect of GTE in counteracting the myco-
toxin like CTN are scanty. The results of the present
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Fig. 9 a The protective effect of GTE on CTN-induced
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SOD by semi-quantitative RT-PCR analysis, b densitometry
analysis of GPx, catalase and SOD gene expression (% of

study showed that GTE contains high levels of
phenolic and flavonoid compounds which could be
responsible for the remarkable antioxidant activity of
the extract. The observed antioxidant activity of the
extract could be attributed to the antioxidant com-
pounds present in the extract. Earlier reports on green
tea extracts showed a strong antioxidant activity,
reducing power and scavenging effects on active
oxygen and free radicals (Yen and Chen 1995). The
bioactive compounds of GTE exhibit considerable
antioxidant activities in vitro. In C2C12 cells, GTE
prevented high ROS levels and elevated the stress
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from three independent experiments. *p < 0.05 versus control
cells, *p < 0.05 versus CTN treated cells

resistance by its attenuating effect of the oxidative
markers and by increasing the survival rate after
exposure to mycotoxin CTN.

The presence of phenolic compounds in GTE was
identified by HPLC and confirmed by UPLC-MS
analysis. The main bioactive compounds identified by
UPLC-MS analysis were (—)-Epicatechin gallate,
(+)-Catechin, (—)-Gallocatechin, (—)-Epigallocate-
chin gallate and Caffeine (Figs. 1, 2). Our mass
spectral data are in agreement with the previous results
of Savic et al. (2014). In a cellular model, the
appropriate dose at which CTN induces the
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Fig. 10 a Western blot analysis of oxidative stress marker
proteins GPx, catalase and SOD, b densitometry analysis of
GPx, catalase and SOD protein expression (% of control). Data

toxicological effects was studied in C2C12 myotubes.
C2C12 skeletal muscle cells were chosen as they are
one of the susceptible target for ROS injury under
physiological condition during contraction due to
rapid changes in energy supply and oxygen flux (Chan
etal. 1994). When cells were exposed to a graded dose
of CTN from 25 to 100 uM for a period of 24 h,
cytotoxicity was observed in a dose-dependent man-
ner, accompanied by severe membrane damage with
concomitant release of LDH into the growth medium.
The released LDH is a direct measure of membrane
disintegration and cytotoxicity (Figs. 4, 5). We

are expressed as the mean + standard deviation from three
independent experiments. *p < 0.05 versus control cells,
#p < 0.05 versus CTN treated cells

observed the LDH enzyme release after CTN treat-
ment which served as a marker for myotube damage in
this study.

A number of cell line studies have confirmed the
potential toxicity of CTN to induce apoptosis, generate
ROS and activate the signaling pathways (Chan 2007;
Yu et al. 2006). In HL-60 cells, apoptosis was
mediated through the intrinsic pathway as well as by
the activation of caspases (Yu et al. 2006; Chan 2007).
Similarly, CTN also activates signaling pathway in
other cells such as HEK293, Hep G2, and MES-13
cells (Chang et al. 2009; Chen and Chan 2009; Liu
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et al. 2010). In our study, treatments with 100 uM
CTN elevated the level of intracellular ROS by 4.4
fold confirming CTN as an inducer of oxidative stress
(Fig. 7a). CTN is also known to produce mitochon-
drial damage and inhibit several enzymes of respira-
tory chain (Chagas et al.1992; Ribeiro et al. 1997). A
change in MMP is considered as an indication of
damage to mitochondria which can be generally
measured using Rhodamine-123 (Rho-123). Quench-
ing of Rho-123 fluorescence occurs when mitochon-
drial energization is induced and the rate of
fluorescence decay is proportional to the mitochon-
drial membrane potential (Baracca et al. 2003). In
addition, the depolarization of the mitochondrial
membrane as an early marker represents the onset of
apoptosis. The lipophilic nature of Rho-123 allows it
to diffuse through the mitochondrial membrane in
response to potential and concentration gradients.
Results presented in this paper (Fig. 6a) show that
CTN treatment resulted in loss of MMP which in turn
might have led to apoptosis (Yu et al. 2006). The effect
of CTN on cell cycle distribution and arrest was
studied using flow cytometry analysis. Our experi-
mental data (Fig. 8) show that CTN treatment resulted
in increased proportion of sub Gl phase cells
compared to other phases which might be result of
accumulation of hypodiploid cells. Further, changes in
cell morphology (Fig. 3) are primary indicators of cell
damage and have been regarded as a critical process in
apoptosis (Collins et al. 1997; Zhang and Ming 2000).
The result presented here might throw a light on
involvement of CTN in cytoskeletal function of
C2C12 cells which might have been inactivated by
cleavage of caspases thus affecting replication, tran-
scription, or translation and pushing the cells to death
(Nagata 2000).

Oxidative muscle injuries and their related disease
conditions could be overcome by improving the
antioxidant status of the cells. This becomes a basic
strategy in treatment involving herbal or alternative
and complementary medicine. In this regard, the
ameliorative effect of GTE against CTN- induced
oxidative stress was investigated. GTE supplementa-
tion alone did not show any adverse cytotoxic effects
on C2C12 cells even after 24 h of treatment and
therefore cell viability was similar with respect to
control. GTE supplementation (80 pg/ml) into the
growth medium for 2 h before the actual exposure of
CTN displayed the most protective potential at the
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highest concentration evaluated (Fig. 4b). The results
of cell viability and LDH leakage assay showed that
GTE inhibited cytotoxicity significantly (p < 0.05)
(Fig. 5b).

Previous in vivo studies have reported that
supplementation of GTE decreases the oxidative
stress primarily by the multiple-antioxidant mecha-
nism (Buetler et al. 2002). The endogenous-antiox-
idant enzymes such as GPx, SOD and CAT found in
muscle tissue play a vital role in preventing or
delaying the oxidative damage. The other non-
enzymatic cellular antioxidant include glutathione
which is a tripeptide antioxidant synthesized in most
organisms. The concentration of reduced GSH is used
as an index of non-enzymatic antioxidant since their
level critically reflects cellular redox status. Further,
CTN-induced depletion of GSH level in C2C12 cells
were normalised by the the addition of GTE
(Table 2), which may be beneficial in restoring
muscle mass in chronic inflammatory disorders
(Ardite et al. 2004). Green tea catechins also exhibit
antioxidant activity through inhibiting pro-oxidant
enzymes and inducing antioxidant enzymes (Ve-
layutham et al. 2008). GPx, SOD and CAT are the
major scavenging enzymes that were decreased by
CTN insult and upon GTE pretreatment the enzyme
activities were restored. Decreased activity of antiox-
idant enzymes may be due to increased ROS accu-
mulation and our data are consistent with the study by
Murphy and Kehrer (1986) where concentrations of
antioxidant enzymes were altered in muscles of either
DMD patients or mdx mice and cellular antioxidants
were found to be lower than normal indicating the
involvement of ROS. In another study GTE was
demonstrated to improve the muscle health in mdx
mice (Buetler et al. 2002).

We also observed that under stress condition of
mycotoxin exposure the mRNA expression levels
were altered and the gene expression levels of GPx,
CAT and SOD were reduced upon CTN insult.
Pretreatment with GTE modulated these genes by
enhancing their expression level (Fig. 9). The extract
further enhanced the expression of these antioxidant
protein markers with respect to CTN control group as
observed by western blot analysis (Fig. 10). This type
of induction and regulation of antioxidant enzymes
becomes essential for protecting the myotubes under
oxidative stress. The importance of these enzymes
were demonstrated in a study by Franco et al. (1999)
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where they observed that increased sensitivity of
myotubes corresponded with decreased antioxidant
defenses and as muscle cells differentiated, both
transcript and antioxidant enzymes activity levels
decreased. The protective effect of GTE as observed
from our study is in consistent with the work of Buetler
et al. (2002) where GTE protected C2C12 myotubes
from tert-butyl hydroperoxide-induced injury (tBHP).
Taken together, these findings strongly supported that
GTE plays an important role in protecting C2C12
myotubes from oxidative stress-induced by CTN.

Conclusion

Overall, results of the present study showed that GTE
as an herbal supplement was effective in scavenging
free radicals generated by CTN toxicity and further
protected the C2C12 muscle cells from oxidative
stress-induced damage in a C2C12 cellular model. The
ameliorative effect of GTE may be due to synergistic
activities of several phenolic and other constituents of
the extract. Further studies on the mechanisms of
regulation of antioxidant defenses is needed for the
better understanding of muscles disorders in which
ROS play a major role.
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