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Abstract The aim of this study was to investigate the effects
of methionine on cell proliferation, antioxidant activity, apo-
ptosis, the expression levels of related genes (HSF-1, HSP70,
Bax and Bcl-2) and the expression levels of protein (HSP70)
in mammary epithelial cells, after heat treatment. Methionine
(60 mg/L) increased the viability and attenuated morpholog-
ical damage in hyperthermia-treated bovine mammary epithe-
lial cells (BMECs). Additionally, methionine significantly
reduced lactate dehydrogenase leakage, malondialdehyde for-
mation, nitric oxide, and nitric oxide synthase activity. Super-
oxide dismutase, catalase, and glutathione peroxidase enzy-
matic activity was increased significantly in the presence of
methionine. Bovine mammary epithelial cells also exhibited a
certain amount of HSP70 reserve after methionine pretreat-
ment for 24 h, and the expression level of the HSP70 gene and
protein further increased with incubation at 42 °C for 30 min.
Compared to the control, the expression of HSF-1 mRNA
increased, and there was a significantly reduced expression of
Bax/Bcl-2 mRNA and a reduced activity of caspase-3 against
heat stress. Methionine also increased survival and decreased
early apoptosis of hyperthermia-treated BMECs. Thus, methi-
onine has cytoprotective effects on hyperthermia-induced
damage in BMECs.
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Introduction

Under heat stress conditions in the tropics and subtropics
during the summer, lactating dairy cows suffer from reduced
food intake and lactation performance (Liu 2004; Chang
2003; Wang and Liu 2008). Heat stress induces a variety of
physiological and biochemical reactions in dairy cows, re-
duces food intake and performance traits, reduces breeding
performance and immunity, and causes serious harm to dairy
production, thus affecting the economic benefits of dairy cattle
producers (Yan and Li 2004; Du et al. 2006).

Lactoprotein is an important indicator of the quality of milk
and is synthesized on the ribosomes of the rough endoplasmic
reticulum in mammary epithelial cells. Therefore, the number
of mammary epithelial cells largely determines the protein
synthesis of lactoprotein (Mercier and Vilott 1993; Guo
2007; Zhou 2010). During heat stress, transcription and trans-
lation of RNA are inhibited, as is cell cycling growth; mem-
brane permeability is also changed (Sonn et al. 2002). Heat
stress induces many abnormalities in cell function, including
the inhibition of protein synthesis, changes in protein folding
and function, and changes in metabolism and membrane
fluidity, all of which reduce proliferation (Collier et al.
2008). This study showed that 42 °C is a turning point for
thermal tolerance, and when temperatures were higher than
42 °C, the cell’s own regulatory role was gradually reduced.
As the temperature rose to 46 °C, a number of key proteins in
the cells were denatured (Lepock 2005). Heat shock protein
(HSP) integrated the mutability of the lactoprotein in the form
of molecular chaperones, prevented the irreversible aggrega-
tion of the protein, and enhanced the ability to resist the heat
stress of cells (Kampinga 2006). Expression of the HSP genes
induced by heat stress was adjusted by the heat shock tran-
scription factor 1 (HSF-1). In normal conditions, a certain
amount of HSP70 exists in the cell, and the HSF-1 monomers
without DNA-binding activity in the cytoplasm form a
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complex with HSP70 (Wu 1995; Sun et al. 2007; Beere and
Green 2001). In conditions of heat stress, an external signal
stimulates the activation of HSF-1 and combines with the heat
shock element (HSE) to induce expression of the HSP
(Morano and Thiele 1999; Lindquist and Craig 1988).

Mitochondria are the “power plants” of cells and are the
main location of intracellular oxidative phosphorylation and
ATP synthesis. Increasingly, studies have found that mito-
chondria play a pivotal role in apoptosis, and many apoptotic
signals converge on mitochondria to activate or inhibit apo-
ptosis (Halestrap et al. 2002; Hengartner 2000).

The Bcl-2 family includes transmembrane proteins located
on the mitochondria that may synergize with other transmem-
brane proteins to affect the regulation of mitochondrial mem-
brane permeability and membrane potential that could play a
“master switch” role in apoptosis (Chipuk et al. 2010; Patel
et al. 2009). The Bcl-2 family consists of two categories,
namely one includes the anti-apoptotic factors, such as Bcl-
2, Bel-xL, Mcl-1, etc. and can function in the closing activity
of pore formation by Bax, preventing the release of the apo-
ptotic factor cytochrome C by the mitochondria and blocking
apoptosis or preventing the release of Ca®" and AIF, blocking
the caspase cascade and inhibiting apoptosis; the other in-
cludes pro-apoptotic factors, such as Bax, Bcl-xS, Bad, Bak,
etc. and can be inserted into the outer mitochondrial mem-
brane forming channels, releasing the active substances of
apoptosis (Gross et al. 1999; Nutt et al. 2002; Gao and
Suchida 1999). These two proteins interact via a dipolymer
network, where the balance between the different dipolymers
determines cell apoptosis so that the higher the ratio of Bax/
Bcl, the higher the incidence of apoptosis (Chang et al. 2005).

Methionine is one of the major limiting amino acids for
dairy cows (Han 2009; Lobley et al. 1987; Girard et al. 2005).
The benefits of methionine supplementation include improve-
ment in milk production and antioxidant capacity, reduction in
lymphocyte apoptosis, promotion of the expression of the Bcl-
2 genes of the lymphocytes, and inhibition of the Bax gene
(Han 2009; Nichols et al. 1998). Methionine can increase the
synthesis of lactoprotein by the extracorporeal perfusion of
free amino acids in lactating goats (Lin et al. 2009). In vitro
tests on bovine mammary cells show that adding a certain
amount of free lysine and methionine can improve the expres-
sion of asl casein (Li 2010; Wang 2008). Because of its
potential role in promoting cell proliferation in vitro, methio-
nine affects the metabolic capacity of the cell and promotes
cell division (Breillout et al. 1990; Wu et al. 2004).

The present study was performed to investigate the effects
of methionine on mammary epithelial cells after heat treat-
ment. We measured the cell proliferation, antioxidant activity,
apoptosis, and expression of related genes and proteins in
response to high temperatures in order to provide a theoretical
basis for the study of bovine mammary epithelial cells against
heat stress, and we investigated the protective effects of
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methionine for heat-stressed cows and their udders at the
cellular level.

Materials and methods
Cell culture

Mammary tissues were obtained from a healthy Holstein dairy
cow in the middle stage of lactation. In vitro cultures of
mammary epithelial cells were prepared in accordance with
the established methods of the Nanjing Agricultural Univer-
sity of Dairy Cow Science Institute laboratory (Du et al.
2007). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 4.5 mg/ml glucose and supple-
mented with 10 % fetal bovine serum (Life Technologies,
Gaithersburg, MD, USA), 1 % antibiotic-antimycotic solution
(Sigma-Aldrich, St. Louis, MO, USA), and 2 mmol/L gluta-
mine (Sigma-Aldrich, St. Louis, MO, USA) in a humidified
incubator, with 5 % CO, at 37 °C. After the cells reached 80 %
confluence, they were removed with 0.25 % trypsin and
0.15 % trypsin plus 0.02 % EDTA. Positive staining of
cytokeratin-18 was conducted in the epithelial cells by the
immunocytochemical staining method.

Hyperthermia treatment of cultured cells

The dispersed cells were plated at a concentration of 5x
10* cells/ml in 6-well flat-bottomed plates, with the medium
supplemented in the absence (control) and presence of methi-
onine (0, 30, and 60 mg/L). After 24 h of culturing at 37 °C in
a water-saturated atmosphere, heat shock was performed by
immersion in a water bath, pre-heated in advance, to achieve a
stable temperature of 42 °C. The growth media was replaced
with media warmed to 42 °C, and the plates or flasks were
sealed with parafilm and immersed for 0.5 h. The media was
then replaced with growth media at 37 °C and incubated under
standard growing conditions for 6 h.

MTT cell viability assay

The cells were treated as described above for the hyperthermia
treatment. After 24 h, the medium was removed and 200 pl
MTT medium (0.5 mg/ml MTT reagent in fresh medium) was
added to each well. After incubation for 4 h, the MTT reagent
was removed and 150 pl of dimethyl sulfoxide (Jiancheng
Bioengineering Institute, Nanjing, China) was added to each
well, followed by 10 min of gentle shaking. Cell viability was
assessed by a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide trypan blue exclusion assay as the pro-
portion of absorbance values to the control. The absorbance
was read at a wavelength of 570 nm in a MULTISKAN MK3
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(Thermo Electron Corporation, USA) as the value expressing
the entity of proliferation.

Analysis of BMEC apoptosis with flow cytometry

A hanging liquid basal medium was used for the preparation
of the bovine mammary epithelial cells (BMECsS) cultured for
3 to 5 days. After 2 days of culturing at 37 °C in 6-well culture
plates, the cells were treated with different concentrations of
methionine (0, 30, and 60 mg/L), and hyperthermia treatment
was given as above. Each treatment was repeated three times.
The cells in each group were collected, and apoptosis was
assayed by an annexin V/PI double staining kit (BD
Pharmingen, CAT: 556547).

Determination of free radicals

The level of lipid peroxidation was determined by measuring
the concentration of malondialdehyde (MDA) following the
method of Esterbauer and Cheeseman (Esterbauer and
Cheeseman 1990), and the MDA level was determined by 2-
thiobarbituric acid reactive substance (TBARS) chromometry
(Zhang et al. 2011). The reaction of nitric oxide (NO) with
oxygen and water to form nitrate and nitrite, which react with
nitrate’s chromogenic reagent, can generate light red azo
compounds that indirectly detect the concentration of NO by
colorimetric analysis. Nitric oxide synthase (NOS) catalyzed
the L-Arg reactant with molecular oxygen to generate NO, the
NO reaction with the nucleophilic substance formed a colored
compound, and NOS activity was assayed by absorbance
changes at 530 nm. Cytotoxicity was estimated by the quan-
tification of lactate dehydrogenase (LDH) activity in the cul-
ture medium versus the total LDH activity in the samples after
treatment.

The cultured cells were treated with 10 % Triton X-100,
and the LDH activity was assayed by absorbance changes at
440 nm with an LDH kit. Commercial assay kits for MDA,
NO, NOS, and LDH were provided by the Nanjing
Jiancheng Biotechnology Research Institute (Nanjing, Chi-
na), and the measurements were performed according to the
protocol provided by the manufacturer in the laboratory of
the Nanjing Agricultural University of Dairy Cow Science
Institute.

Determination of antioxidant enzyme activity

Adding enzyme-specific substrates to the cell homogenate
and measuring the rates of the disappearance of the substrate
by spectrophotometry determined the activities of the anti-
oxidant enzymes superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GSH-Px). The SOD
activity in the homogenate was assayed by the inhibition at
25 °C of pyrogallol autoxidation by SOD (with and without

sample) and was followed kinetically at 550 nm (Jiancheng
Bioengineering Institute, Nanjing, China). One unit of SOD
is defined as the amount of enzyme that causes 50 %
inhibition of pyrogallol autoxidation. The production of a
superoxide radical was determined by using a xanthine/
xanthine-oxidase system to reduce cytochrome C, and it
was calculated as units per milligram protein*minutes. The
CAT activity (Aebi 1984) was calculated as the reduction of
H,0, in nanomoles per milligram proteinxminutes. The
GSH-Px activity was measured by using H,O, as a substrate
by applying the method of Rotruck et al. (1973).

Quantitative real-time PCR

The total RNA was isolated by using the AxyPrep™
Multisource Total RNA Miniprep kit (Axygen, USA),
and an equivalent amount of RNA was converted into
complementary DNA (cDNA) with the PrimeScript™ RT
reagent kit (Takara, Japan). Subsequently, real-time PCR
was performed using an ABI 7500 Sequencing Detection
System (Applied Biosystems, USA) and SYBR® Premix
Ex Taq™ II (Takara, Japan). All of the procedures were
performed according to the manufacturer’s protocols. The
PCR conditions included a primary denaturation step at
95 °C for 20 s followed by 40 cycles of 2 min at 95 °C,
20 s at a corresponding annealing temperature of each
primer pair, and 1 min at 72 °C. The sequences of the
specific primer pairs for HSF-1, HSP70, Bax, Bcl-2, and
GAPDH are presented in Table 1. The comparative 2 °“T
method was used to calculate the relative expression level
of each targeted gene, with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) serving as the housekeeping
gene. RT-PCR data were normalized by measuring average
cycle threshold (Ct) ratios between candidate genes and
the control gene, GAPDH.

Western blot analysis

The cultured BMECs were washed twice with PBS, harvest-
ed with 1 ml of ice-cold RIPA lysis buffer, and incubated for
1 h at 4 °C. The insoluble material was removed by centri-
fugation at 10,000g for 10 min at 4 °C. The protein content
was determined by the Folin-phenol method with BSA as a
standard substance, and the proteins were then placed in a
diluted SDS sample buffer and denatured for 5 min at 99 °C,
before being subjected to 12.5 % SDS-PAGE. Sixty micro-
grams of total protein was loaded in each lane, subjected to
electrophoresis, and subsequently transferred to PVDF mem-
branes (Millipore Corp, Bedford, MA, USA) by
electroblotting. The membranes were blocked with 5 %
fat-free milk at room temperature for 1 h and then incubated
with primary antibody (1:1,000 for rabbit monoclonal anti-
HSP70; 1:2,000 for rabbit monoclonal GAPDH, catalog
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Table 1 Nucleotide sequence of
specific primer pairs applied for Gene Primer pairs and probes Product length (bp) Annealing (°C)
the quantitative real-time PCR
detection of heat shock factor-1 HSF-1 Forward: 5-TCTGACGGCAACTTCAACTG-3' 166 60
(HSF-1), heat shock protein-70 Reverse: 5-TCGAAGGAAGTCCAATGTCC-3'
(HSP70), Bax, Bel-2, and HSP70 Forward: 5'-CAAGATCACCATCACCAACG-3' 259 60
ﬁliceéaldehyde‘%ﬁlggﬁm Reverse: S“TTGTACTTTTCCGCCTCCTG-3'
ehydrogenase ( ) Bax Forward: 5-“TCTGACGGCAACTTCAACTG-3' 250 60
Reverse: 5-TCGAAGGAAGTCCAATGTCC-3'
Bcl-2 Forward: 5-ATGTGTGTGGAGAGCGTCAA-3’ 136 60
Reverse: 5-CCTTCAGAGACAGCCAGGAG-3'
GAPDH Forward: 5'-GGGTCATCATCTCTGCACCT-3’ 378 60

Reverse: 5-GGTCATAAGTCCCTCCACGA-3'

number: 10995-1-AP, supplier: Pierce) at 4 °C overnight;
after three washes in T-TBS, the membranes were incubated
with anti-rabbit IgG for 1 h at room temperature. After
washing, the signals were visualized using enhanced chemi-
luminescence (ECL) and X-ray film (Kodak, USA), with
GAPDH serving as an internal control. The results of the
representative chemiluminescence were scanned and
densitometrically analyzed using the ImageMaster VDS sys-
tem (Amersham, UK), with the help of the ImageQuant TL
site program.

Apoptosis assay via measurement of caspase-3 activity

The relative caspase-3 activity was determined using a
caspase-3 assay kit according to the manufacturer’s instruc-
tions (Jiancheng Bioengineering Institute, Nanjing, China).
This assay is based on the generation of free p-nitroanilide
(pNA) chromophores following the cleavage of the acetyl-
Asp-Glu-Val-Asp (DEVD)-pNA substrate by caspase-3 and
subsequent absorbance reading at 405 nm. Briefly, the
BMECs were placed in 24-well plates at a density of 2x10°
cells/well and incubated at 37 °C in a 5 % CO, atmosphere.
Following the treatment of the cells with different concentra-
tions of methionine (0, 30, and 60 mg/L), the hyperthermia
treatment was given as above. The cultured BMECs were
washed with PBS, trypsinized, harvested in a lysis buffer,
and centrifuged to eliminate cellular debris. Fifty-microliter
aliquots of the cell extracts were subjected to caspase-3 mea-
surements according to the manufacturer’s protocol, and the
absorbance was read at 405 nm using a MULTISKAN MK3
(Thermo Electron Corporation, USA).

Statistical analysis
The data were expressed as the mean + SD and analyzed by
ANOVA and Duncan’s multiple range tests using the SPSS

17.0 software system. p<0.05 was considered to be
significant.
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Results
Morphological identification of BMEC

Fibroblasts have a long fusiform morphology, while mamma-
ry epithelial cells are flat and polygonal, with a circular
nucleus near the center of the cytoplasm as a typical charac-
teristic. Cells grown very closely form a mesh or network,
which is also characteristic of epithelial cells (Fig. la—d).
Positive staining of cytokeratin-18 was done in the epithelial
cells via an immunocytochemical staining method, and 95 %
of'the cells were positive (Fig. 1e). The mesh structure may be
related to the secretion of the hyaluronidase of the stromal
cells, inducing liquefaction that causes the cells to separate
from each other and fall off the plate.

Effect of methionine on cell viability

The treatment with different concentrations of methionine
increased the cell viability as determined by an MTT assay
(Fig. 2). The viability of the 37 °C controls was significantly
higher than the 42 °C group (p<0.01). Addition of 60 mg/mL
of methionine provided the highest level of cell viability. The
cell viability following the 60 mg/L methionine treatment was
significantly improved by 33 %, when compared to the 0 mg/L
control in the hyperthermia-treated BMECs (p<0.05).

Effects of methionine on apoptosis of BMEC

Annexin V and propidium iodide (PI) double staining divided
the cells into three categories: living cells (annexin V and PI
negative), early apoptotic cells (annexin V positive, PI nega-
tive), and late apoptotic/necrotic cells (annexin V and PI
positive) (Fig. 3a, b). The results showed that after adding
different concentrations of methionine to the 37 °C group, the
rate of early apoptosis, late apoptosis/necrosis cells was sig-
nificantly decreased when compared with the control group
(»<0.05), but the differences between the treatment groups
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Fig. 1 Cultured cells. a Bovine
epithelial mammary cells. b
Fibroblast emerging from the
tissue edges. ¢ Polygon-like
aggregates of BMECs emerging
from the tissue edges. d Typical
net-balloon construction of the
epithelial cells. e Positive staining
of cytokeratin-18 in the epithelial
cells by immunocytochemical
staining methods. Scale bar=

20 um

were not significant (Fig. 3¢c). The influence of high temper-
ature on the mammary epithelial cell apoptosis and late
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Fig.2 Cytoprotection of methionine in heat-treated and non-heat-treated
BMECs. The cell viability was quantified via MTT assay and expressed
as the proportion of absorbance values to the control (*»<0.05 vs. 0 mg/L
at 42 °C. Values are expressed as the mean + SD of two independent
experiments; n==8)

apoptosis rates was comparatively large (Fig. 3d). Adding
methionine at 30 and 60 mg/L reduced the late apoptosis by
57 and 80 %, respectively (p<0.05), while the total mortality
was reduced by 35 and 39 % when compared to 0 mg/L
(»<0.01) under hyperthermia.

Effects of methionine on free radicals of BMEC

Before heat stress, the MDA formation at 60 mg/L methionine
was the lowest and significantly lower than the 0 mg/L control
group (»<0.05). The MDA formation was reduced by 31 % at
60 mg/L of methionine in the hyperthermia-treated BMECs,
when compared to 0 mg/L (»<0.01; Table 2).

The data represented by Table 3 show that at 60 mg/L, the
content of NO was at a minimum, but was not significantly
different from the other methionine treatment groups
(»>0.05). After heat stress, the content of the NO was
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significantly increased, and adding methionine at 60 mg/L
reduced it by 23 % when compared with the 0 mg/L control
group of hyperthermia-treated BMECs (p<0.01).

@ Springer

< Fig. 3 Effects of methionine on apoptosis on BMECs. a Effects of
methionine on apoptosis of non-heat-treated BMECs by annexin V and
PI double staining. With the annexin V and PI double staining labeled by
FITC, the cells were divided into three quadrants as follows: living cells
(FITC-, PI-); early apoptotic cells (FITC+, PI-); late apoptotic/necrotic
cells (FITC+, PI+). b Effects of methionine on apoptosis of hyperthermia-
treated BMECs by annexin V and PI double staining. Labeling as in a. ¢
Statistical chart of apoptosis rate against 37 °C. (¥*p<0.05 vs. 0 mg/L early
apoptotic; "p<0.05 vs. 0 mg/L late apoptotic/necrotic). Values are
expressed as the mean + SD of three independent experiments; n=8. d
Statistical chart of apoptosis rate against 42 °C. (¥*p<0.05 vs. 0 mg/L late
apoptotic/necrotic; &p<0.05 vs. 30 mg/L late apoptotic/necrotic,
#5<0.01 vs. 0 mg/L total mortality. Values are expressed as the
mean + SD of three independent experiments; n=8)

After adding the methionine, the activity of the NOS was
reduced. Before heat stress, the NOS activity at 60 mg/L of
methionine was the lowest, at 17 % lower than the 0 mg/L
control group (p<0.05). After heat stress, the activity of the
NOS was reduced by 35 and 43 % after treatment with 30 and
60 mg/L of methionine (p<0.01), but the differences between
the treatment groups were not significant (p>0.05; Table 4).

In the hyperthermia-treated BMECs, the activity of the
LDH was higher than in the non-heat-treated group. The
activity of the LDH at 60 mg/L of methionine was reduced
by 21 % under non-hyperthermia conditions and by 17 %
under hyperthermia conditions, when compared with the
0 mg/L control group (p<0.05), but the differences between
the treatment groups were not significant (p>0.05; Table 5).

Effects of methionine on antioxidant enzyme activities
in BMEC

The SOD activity of the 37 °C controls was higher than in the
42 °C group (Table 6). In the non-heat-treated hyperthermia-
treated BMECs, the SOD activity of the 60 mg/L methionine
group was significantly higher than in the other groups, while
the rest of the groups were not significant (p>0.05). Adding
methionine at 60 mg/L markedly increased the SOD activity
of the hyperthermia-treated BMECs, which was 18 % higher
than in the 0 mg/L control group (»<0.05).

Before heat stress, the CAT activity gradually increased
after adding different concentrations of methionine. The
CAT activity of the 60 mg/L methionine group was the
highest, while the rest of the groups were not significant
(p>0.05). After heat treatment, the CAT activity was reduced;
adding methionine at 30 and 60 mg/L markedly increased the

Table 2 Effects of methionine on malondialdehyde (MDA) formation

Methionine group 0 mg/L 30 mg/L 60 mg/L
37 °C group 2.1240.06 1.93+0.09 1.7240.09*
42 °C group 2.78+0.10 2.29+0.11% 1.93+0.14"

#p<0.05 vs. 0 mg/L 37 °C; ¥ p<0.05 vs. 0 mg/L 42 °C, ™ p<0.01 vs.
0 mg/L 42 °C. Values are mean + SD, n=8, nmol/mL
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Table 3 Effects of methionine on nitric oxide (NO) formation

Table 5 Effects of methionine on lactated dehydrogenase (LDH) leakage

Methionine group 0 mg/L 30 mg/L 60 mg/L
37 °C group 3.52+0.52 3.30+0.16 2.94+0.44
42 °C group 4.38+0.40 3.69+0.52 3.36+0.29%+"

**p<0.01 vs. 0 mg/L 42 °C; #p<0.05 vs. 30 mg/L 42 °C. Values are
mean + SD, n=8, umol/g protein

CAT activity by 48 and 58 %, which was significantly differ-
ent at 0 mg/L (p<0.05; Table 7).

After adding the methionine, the GSH-Px enzyme activi-
ties of the non-heat-treated group were higher than those of the
heat stress group. In the non-heat-treated hyperthermia-treated
BMECs, the GSH-Px enzyme activities were increased by 3.7
and 5.1 % after treatment with 30 and 60 mg/L of methionine
(»<0.05). After heat treatment, the enzyme activity of the
GSH-Px at 60 mg/L of methionine was 15 % higher than in
the 0 mg/L control group (»p<0.01), but the differences be-
tween the treatment groups were not significant (p>0.05;
Table 8).

Effects of methionine on the mRNA levels of the HSF-1,
HSP70, and Bax/Bcl-2 genes in BMEC

The HSF-1 mRNA expression was determined by real-time
PCR, and the optical density of the HSF-1 was corrected for
that of the GAPDH. The results show that methionine can
induce the expression of HSF-1 mRNA, increasing it in a
dose-dependent manner (Fig. 4a). In the 37 °C treatment
groups, to which methionine was added at 60 mg/L, the
expression of the HSF-1 mRNA was significantly higher than
in the 30 mg/L control group (p<0.05) and significantly
different at 0 mg/L (p<0.01). After heat stress, the HSF-1
mRNA expression at 60 mg/L of methionine was the highest
and significantly improved by 88 and 31 % when compared to
the 0 and 60 mg/L groups, respectively (p<0.01).

As shown in Fig. 4b, the expression of the HSP70 mRNA
was consistent with the HSF-1 mRNA response. After heat
stress, the mRNA expression levels of the HSP70 on each
group were significantly increased. Heat stress can increase
the HSP70 mRNA transcriptional level of the BMECs,

Table 4 Effects of methionine on nitric oxide synthase (NOS) activity

Methionine group 0 mg/L 30 mg/L 60 mg/L
37 °C group 0.82+0.03 0.79+0.11 0.68+0.03*
42 °C group 1.75+0.29 1.14+0.16" 0.99+0.11%

#p<0.05 vs. 0 mg/L 37 °C; #p<0.01 vs. 0 mg/L 42 °C. Values are
mean + SD, n=8, U/mL

30 mg/L 60 mg/L

Methionine
group

0 mg/L

37 °C group 2631.68+413.40 2566.19+£276.69 2080.13+249.02*
42 °C group 3442.69+301.65 3116.51+340.71 2840.42+291.29"

#p<0.05 vs. 0 mg/L 37 °C; #p<0.05 vs. 0 mg/L 42 °C. Values are
mean + SD, n=8, U/mL

thereby protecting the cells from damage. After adding differ-
ent concentrations of methionine to the 37 °C group, the
expression of the HSP70 mRNA was significantly increased
(»<0.05), and its detection in the 60 mg/L methionine group
was 47 % higher than in the 0 mg/L control group (p<0.01).
Adding methionine at 60 mg/L increased the expression of the
HSP70 mRNA by 22 %, when compared to the 30 mg/L
control group (p<0.05), and increased it by 35 % compared
with the 0 mg/L group (p<0.01) under hyperthermia.

High temperature induced the mRNA level changes of the
Bcl-2 family and may mediate mitochondrial pathway in-
duced apoptosis. In the 37 °C treatment groups, after adding
different concentrations of methionine, the expression of Bax/
Bcl-2 mRNA was significantly decreased (p<0.05) and in the
60 mg/L methionine group was detected at greater than 71 %
lower than in the 0 mg/L control group (p<0.01). After 42 °C
heat treatment, the expression of Bax/Bcl-2 mRNA was sig-
nificantly increased. After adding methionine at 60 mg/L, the
expression of Bax/Bcl-2 mRNA was decreased by 47 %, when
compared to the 30 mg/L control group (p<0.05), and reduced
by 69 % when compared with the 0 mg/L control group
(»<0.01; Fig. 4c).

Effects of methionine on the protein levels of Hsp70 in BMEC

As shown in Fig. 5a, b, the protein expression levels of HSP70
in each group were significantly increased after heat stress.
After using GELPro Analyzer software to scan the quantita-
tive results, the Western blot of the HSP70 results was con-
sistent with the HSP70 mRNA response to heat stress. Before
heat stress, the protein expression of the HSP70 was improved
by 62 and 109 % after treatment with 30 and 60 mg/L of
methionine (p<0.01). After heat stress, and with the addition

Table 6 Effects of methionine on superoxide dismutase (SOD) activity

Methionine group 0 mg/L 30 mg/L 60 mg/L
37 °C group 24.73+£2.17 25.22+0.63 26.62+1.03
42 °C group 11.76+£1.22 12.70+0.89 13.92+0.73*

*p<0.05 vs. 0 mg/L 42 °C. Values are mean + SD, n=8, U/mL
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Table 7 Effects of methionine on catalase (CAT) activity

Methionine group 0 mg/L 30 mg/L 60 mg/L
37 °C group 2.27+0.19 2.35+0.37 2.67+0.36
42 °C group 1.42+0.34 2.10+0.46* 2.25+0.46*

*p<0.05 vs. 0 mg/L 42 °C. Values are mean = SD, n=8, U/mL

of methionine at 60 mg/L, the protein expression of the
HSP70 was significantly improved by 31 and 17 %, when
compared to the 0 and 30 mg/L groups, respectively (p<0.01).

Methionine reduces hyperthermia-induced apoptosis
in BMEC

The level of activated caspase-3 is based on the generation of
free p-nitroanilide (pNA) chromophores, following the cleav-
age of the acetyl-Asp-Glu-Val-Asp (DEVD)-pNA substrate
by caspase-3. As seen in Fig. 6, the results showed that the
level of activated caspase-3 was significantly increased in the
hyperthermia-treated BMECs. Heat stress activated the activ-
ity of the caspase-3, which was the key factor in the apoptotic
cascade reaction, and caused apoptosis in the BMECs. Before
heat stress, following the conditions described above, the
lowest level of the activated caspase-3 was observed in the
60 mg/L methionine group, while the differences between the
treatment groups were not significant (p>0.05). After adding
methionine at 60 mg/L, the level of activated caspase-3 was
decreased by 31 % when compared to the 30 mg/L control
group (p<0.05) and reduced by 46 % when compared with the
0 mg/L under hyperthermia (p<0.01).

Discussion

The structure of the BMEC membrane was severely damaged
by the hyperthermia treatment. Condensed nuclei and vacuo-
lated cytoplasm occurred, many cell pieces were released into
the medium, and cytolysis and disorganization of the cells

Table 8 Effects of methionine on glutathione peroxidase (GSH-Px)
enzymatic activity

Methionine group 0 mg/L 30 mg/L 60 mg/L
37 °C group 84.82+0.69  87.98+121*  89.13+0.71*
42 °C group 6931145  75.77+1.56"  79.46+1.73%

#p<0.05 vs. 0 mg/L 37 °C; # p<0.05 vs. 0 mg/L 42 °C, ™ p<0.01 vs.
0 mg/L 42 °C. Values are mean = SD, n=8, GSH-Px activity unit (per
milligram protein per minute oxidate 1 umol GSH is defined as an
activity unit)
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Fig. 4 Effects of methionine on the mRNA expression on BMECs. a
Effects of methionine on the mRNA expression of the HSF-1 gene in
BMECs. (*p<0.05, **p<0.01 vs. 0 mg/L 37 °C; &p<0.05 vs. 30 mg/L
37 °C; #p<0.01 vs. 0 mg/L 42 °C; *"*p<0.01 vs. 30 mg/L 42 °C. Values
are expressed as the mean + SD of two independent experiments; n=8). b
Effects of methionine on the mRNA expression of the HSP70 gene in
BMECs. (*p<0.05, **p<0.01 vs. 0 mg/L 37 °C; &p<0.05 vs. 30 mg/L
37 °C; #p<0.01 vs. 0 mg/L 42 °C; “*p<0.05 vs. 30 mg/L 42 °C. Values
are expressed as the mean £ SD of two independent experiments; n=8). ¢
Effects of methionine on the mRNA expression of the Bax/Bcl-2 gene in
BMECs. (*p<0.05, **p<0.01 vs. 0 mg/L 37 °C; #p<0.01 vs. 0 mg/L
42 °C; *p<0.05 vs. 30 mg/L 42 °C. Values are expressed as the
mean + SD of two independent experiments; n=8)

were found (Hong 2010). High temperatures can inhibit the
growth of cells; change the structure and function of proteins,
membrane permeability, and metabolism; and eventually in-
hibit proliferation (Sonn et al. 2002; Collier et al. 2008).
When added as an exogenous nutrient, methionine plays a
role in cell proliferation. Adding exogenous methionine in the
DMEM medium without fetal bovine serum can increase the
proliferation rate of normal healthy adult lymphocytes in vitro
(Crott et al. 2001). In addition, other studies suggest that
adding 57 mg/L (0.382 mmol/L) of methionine can signifi-
cantly increase the expression of the asl-casein protein gene,
which provides a basis for further research into methionine in
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Fig. 5 Effects of methionine on the protein expression of HSP70 in
BMEGC:s. a Detection of the protein expression of HSP70 using Western
blot assay. Panels / through 3 represent the protein expression of HSP70
after adding different concentrations of methionine (0, 30, and 60 mg/L)
in non-heat-treated BMECs. Panels 4 through 6 represent the protein
expression of HSP70 after adding different concentrations of methionine
(0, 30, and 60 mg/L) in heat-treated BMECs. b Effects of methionine on
the protein expression of HSP70 in BMECs. (**p<0.01 vs. 0 mg/L
37 °C; &&p<0.01 vs. 30 mg/L 37 °C; “p<0.05 vs. 0 mg/L 42 °C,
#p<0.01 vs. 0 mg/L 42 °C; *"p<0.01 vs. 30 mg/L 42 °C. Values are
expressed as the mean + SD of two independent experiments; n=8)

the milk protein synthesis mechanisms of in vitro BMECs
(Liu et al. 2007).

Research data are consistent with reports that a reduced
trend in thermal stress levels follows the addition of methio-
nine, up to a certain value (Mu et al. 2014). Methionine
supplementation at 30 and 60 mg/L could block these
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Fig. 6 Detection of apoptotic activity using the caspase-3 assay kit. This
assay is based on the generation of free p-nitroanilide (pNA) chromo-
phores following the cleavage of the acetyl-Asp-Glu-Val-Asp (DEVD)-
pNA substrate by caspase-3. The activity of caspase-3 can be suppressed
by DEVD, and DEVD can be degraded by DEVDase. If DEVDase
content is more, it will be explained that DEVD is relatively smaller;
thus, the activity of caspase-3 will be relatively large. So the content of
DEVDase and the activity of caspase-3 were positively correlated.
(**p<0.01 vs. 0 mg/L 42 °C; *p<0.05 vs. 30 mg/L 42 °C. Values are
expressed as the mean + SD of two independent experiments; n=8)

deleterious effects through the reduction of MDA and an
increase in SOD, thereby increasing survival and decreasing
early apoptosis. But the differences between treatment groups
(30 and 60 mg/L) was not significant, so this test selected 30
and 60 mg/L of methionine for further experiments to deter-
mine which has the best treatment effect on BMECs.

This experimental study was on the effects of methionine
on BMEC:s; the results show that adding methionine at 60 mg/
L markedly rescued the proliferation of heat-treated BMECs
(»<0.05). These data are consistent with reports that methio-
nine increases the reproductive and lactation performances in
dairy cows (Nichols et al. 1998; Wang 2012; Yang 2007; Liu
etal. 2007) and alleviates the effects of heat stress (Han 2009).
Thus, our in vitro data are consistent with these findings.

The structure of the BMEC membrane was severely dam-
aged by hyperthermia treatment. The mitochondrial electronic
chain and energy production had been switched off, mem-
brane permeability increased, and transmembrane potential
was lowered (Koremer et al. 1997), which can precipitate
apoptosis. Early apoptotic cell membranes were intact, while
the necrotic cell membrane integrity was destroyed at an early
time period (Wang 2007). In the current study, our results
agreed with the finding that adding methionine at 60 mg/L
markedly decreased early apoptosis, while it significantly
decreased late apoptosis (»p<0.05) and total mortality
(»<0.01) of hyperthermia-treated BMECs. Morphological
damage induced by hyperthermia can be significantly attenu-
ated, as indicated by the relative integral of the cell mem-
branes, increasing the survival rate from oxidative injury and
reducing apoptosis in BMECs (Han 2009).

Cells produce large amounts of reactive oxygen radicals
after heat stress that attack the polyunsaturated fatty acids of
the biomembrane, causing a chain reaction of lipid peroxida-
tion, resulting in the amplification of free radicals and lipid
peroxidation. The peroxidase lipid generated MDA by the
decomposition of the peroxidase; MDA is widely used as an
index of lipid peroxidation (Sehirli et al. 2008). MDA poly-
merization and crosslinking to form lipofuscin with proteins,
peptides, or lipids caused changes in membrane structure and
function and increased cell damage. The free radical NO
synthesized in mammalian cells can cause oxidative injury
in large numbers of cells. In addition, NOS can act on arginine
to produce NO, which generates free radicals that are harmful
to the body. Lipid peroxide can damage the plasma mem-
brane, whereas normal cells do not release LDH from the
cytoplasm, making LDH release a useful indicator of plasma
membrane damage (Davila et al. 1998; Punyiczki and Fesus
1998; Jin 2007). Methionine inhibited the heat-induced LDH
leakage.

Enzymatic radical scavenging systems are mainly involved
in SOD, CAT, and GSH-Px. SOD is a family of antioxidant
enzymes that act as the first line of cell defense against
oxidative stress (Hu 2011), and SOD catalyzes the reaction
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of superoxide anion radicals generating H,O, and O,. CAT
further promotes the metabolism of H,O, decomposing to the
molecules O, and H,O, thereby preventing attack by H,O,.
GSH-Px catalyzes the peroxidation of GSH and clears the
peroxide and hydroxyl radicals generated in the metabolic
process of cellular respiration, thereby reducing the peroxida-
tion of polyunsaturated fatty acids in the membrane,
protecting the integrity of the membrane structure and
function.

MDA, NO, NOS, LDH, SOD, CAT, and GSH-Px obser-
vation and analysis showed whether methionine had a protec-
tive effect on hyperthermia-treated BMECs and had a specific
action on the mechanism combating oxidative stress. After
adding different concentrations of methionine, the cells given
60 mg/L showed markedly reduced MDA, NO, NOS, and
LDH formation and increased SOD, CAT, and GSH-Px enzy-
matic activity, which were all significantly different in the
heat-treated cells not given methionine (p<0.01). Methionine
therefore effectively protects the integrity of the cell mem-
brane. These results further support the antioxidant action of
methionine in hyperthermia-induced toxicity in BMECs. The
determination of the lipid peroxidation status in cultured
BMECs after hyperthermia and methionine treatments indi-
cated that the toxicity induced by heat stress through lipid
peroxidation can be alleviated.

HSP70 is the highly inducible HSP belonging to the
HSP70 family of cytoprotective proteins. Hsp70 participates
in the regulation of apoptosis passing through the immune
system, regulating enzymatic activity, and affecting related
gene expression (Jaattela 1999). The increased expression of
HSPs can protect against various kinds of cell damage, espe-
cially with regard to heat tolerance. Methionine is an extreme-
ly promising inducer of HSP, as it can increase HSP70 ex-
pression during heat stress, oxidative stress, and other stress
states in cells or tissues and exhibits protective effects for cells
or tissues under stress (Zhou 2010). This study found that after
24 h of culturing in 60 mg/L of methionine, the expression of
HSP70 was significantly increased (»<0.01) and inhibited the
heat stress-induced apoptosis of BMECs, while increasing cell
viability. The pretreatment with methionine may increase
thermal tolerance through the induction of the expression of
HSP70. Under normal circumstances, the synthesis and utili-
zation of methionine in the body is via dynamic equilibrium,
which prevents the loss of methionine. However, under severe
stress, the methionine homeostasis is unbalanced, causing an
excessive loss of methionine in damaged tissue and a rapid
decline of immunity and disease resistance. Replenishing
methionine can enhance the capability of resisting various
diseases and stress. Thus, when the cell or organism succumbs
to a nonfatal stress response, HSP70 overexpression may
protect them from injury.

Apoptosis is programmed cell death controlled by gene
expression. At present, the signal regulation of apoptosis is
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thought to have three key regulatory nodes: the Bcl-2 family,
the caspase family, and mitochondria (Chipuk et al. 2010).
The caspase family is the key component in the process of
apoptosis; its activation and extraordinary expression induce
apoptosis, and caspase-3 is situated downstream of the apo-
ptotic cascade reaction, which is a convergence point trans-
ferring a variety of apoptosis signals (Gao and Suchida 1999;
Yan et al. 2000). Bcl-2 inhibits the cytochrome C released by
the mitochondria, hinders Apaf-1 binding with effector mole-
cules, and blocks the apoptosis cascade (Li et al. 1997; Satoh
et al. 2000). The benefits of methionine supplementation
include an improvement in milk production and a reduction
in the lymphocyte apoptosis, promotion of the expression of
the Bcel-2 gene of the lymphocytes, and inhibition of the Bax
gene (Han 2009). Rumen methionine supplementation in
lactating cows can promote the proliferation of peripheral
blood lymphocytes (Soder and Holden 1999).

This study found that pretreatment with methionine re-
duced the expression of Bax/Bcl-2 mRNA, prevented the
increase of caspase-3 activity due to heat stress, and inhibited
apoptosis induced by heat stress in BMECs. The Bcl-2 gene
family includes important regulatory genes of apoptosis, while
Bcl-2 has anti-apoptotic effects, and on the behalf of cell
survival genes, Bax promotes apoptosis genes. These two
proteins interact by forming a dimer network, where apoptosis
is determined by the balance between different dimers; the
higher the ratio of Bax/Bcl, the greater the likelihood of
apoptosis. Amino acids can promote the synthesis and inhibit
the breakdown of protein, which influences transcription to
varying degrees. As a substrate of a protein, amino acid-
regulated gene expression at the mRNA translation level plays
an important regulatory role in mRNA translation at the initial
stage through the plurality of signal channels and
mechanisms.

The Bax-« gene is one of the genes that promotes apopto-
sis (Yonezawa et al. 2002), and at high temperatures, the
abundance of Bcl-2 mRNA and Bax mRNA increased in the
peripheral blood lymphocytes. Methionine can provide a
methyl donor of DNA methylated in lymphocytes, where the
5" end must form a cap structure in the process of mRNA,
meaning that it is connected to a methylated guanosine by
pyrophosphate in the mRNA terminal nucleotide. Further-
more, the riboses of the nucleotides connecting the cap struc-
ture also require different levels of methylation; the cap struc-
ture can protect the mRNA against the degradation of nucle-
otides and provide identification in the protein synthesis, thus
increasing the abundance of mMRNA (Nan et al. 1997). Adding
methionine can increase Bax gene synthesis in the lympho-
cytes of the blood (Han 2009). Additionally, a lack of methi-
onine can induce apoptosis in prostate cancer cells (Shan et al.
2002).

In conclusion, cultured BMECs provide a convenient and
sensitive in vitro model for the assessment of hyperthermia-
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induced damage. Hyperthermia interferes with the integrity of
cell membranes and causes cytotoxicity in cultured BMECs;
however, methionine supplementation at 60 mg/L could block
these deleterious effects through a reduction in MDA, NO,
NOS, and LDH and an increase in SOD, CAT, and GSH-Px.
Methionine supplementation increases the expression levels
of HSP70 and HSF-1, reduces the expression of Bax/Bcl-2,
thus increasing survival and decreasing apoptosis.
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