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ABSTRACT: Periparturient dairy cows are sub-
jected to altered intracellular reduction—oxidation
(redox) balance due to the high metabolic rates
and physiological adaptations characteristic of the
transition into lactation. Such conditions could
alter oxidative stress status. The objective of this
study was to investigate the cytoprotective effects
of tea polyphenols (TP) in cultured bovine mam-
mary epithelial cells (BMEC) exposed to hydrogen
peroxide (H,0,)-induced oxidative stress. To estab-
lish oxidative stress, isolated BMEC were exposed
to increasing concentrations of H,O, (0, 100, 200,
400, 600, 800, and 1,000 pM) for 0, 2, 4, 6, 8, 12,
and 24 h. Doses of TP (0, 60, 80, and 100 pg/
mL) were evaluated by pretreatment of BMEC
for 0, 2,4, 6, 8, 12 and 24 h, followed by an H,O,
(600 pM per culture well) challenge for 6 h. Bovine
mammary epithelial cells were preincubated for
30 min with or without 2,4-dinitrochloro-benzene
(DNCB), then cultured with or without TP (100 pg/
mL) for another 12 h followed by H,O, (600 pM
per culture well) exposure. There were 5 replicate
cultures for each treatment in each experiment.

Treatment with 600 pM H,O, per culture well for
6 h induced oxidative damage of BMEC, indi-
cating this system could be used to establish an
oxidative stress model. After H,O, (600 pM per
culture well) exposure, a concentration of TP of
100 pg/mL during a 12-h incubation increased cell
viability, decreased intracellular reactive oxygen
species accumulation, and increased the abun-
dance of nuclear factor-erythroid 2-related fac-
tor 2 (NFE2L2). Furthermore, TP upregulated
mRNA abundance of genes in the NFE2L2 and
mitogen-activated protein kinase (MAPK) path-
ways of BMEC. The DNCB assay allowed fur-
ther confirmation that the induction of NFE2L2
and HMOX-1 in response to TP was mediated
through the sustained upregulation of the abun-
dance of MAPK3/1 [formerly known as extracel-
lular regulated kinases 1/2] and MAPK11/12/13/14
(formerly known as p38). Overall, results indicate
that TP has beneficial effects on BMEC redox bal-
ance; it can reduce cellular oxidative stress-related
injury and may potentially serve as an antioxidant
against oxidative stress in dairy cows.
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INTRODUCTION

Oxidative stress (OS) is defined as an imbal-
ance between the formation of oxidative free rad-
icals and the antioxidant defense capacity of cells
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(Kruk and Duchnik, 2014). Uncontrolled reactive
oxygen species (ROS) and reactive nitrogen species
production can damage cellular macromolecules,
leading to DNA and protein modification and
lipid peroxidation [e.g., malondialdehyde (MDA)]
(Chang et al., 2008; Chen et al., 2012; Li et al.,
2016). Oxidative damage of DNA is considered
detrimental, as the replication of damaged DNA
can lead to genetic mutations or apoptosis (Wu
et al., 2004). These cascades of events create a state
of cellular dysfunction and disease (Kruk and
Duchnik, 2014).

The transcription factor nuclear factor-eryth-
roid 2-related factor 2 (NFE2L2) regulates multiple
antioxidant and detoxifying enzymes and is a key
regulator of OS in numerous cell types including
bovine mammary epithelial cells (BMEC). In non-
ruminants, NFE2L2 is primarily regulated by Kelch-
like ECH-associated protein 1 (Keapl), a substrate
adaptor for a CUL3-containing E3 ubiquitin ligase
(Jaramillo and Zhang, 2013). In the absence of
OS, NFE2L2 is located in the cytoplasm where it
interacts with Keapl and is rapidly degraded by the
ubiquitin—proteasome pathway (Bryan et al., 2013).
However, phosphorylation of NFE2L2 under OS
leads to its dissociation from Keapl and subsequent
translocation to the nucleus where it binds to the
antioxidant response element (ARE) sequence and
enhances the transcription of various antioxidant
enzymes that can play a key role in BMEC of peri-
parturient dairy cows (Espinosa-Diez et al., 2015).

Phytogenic antioxidants are plant phenolic
compounds, and it is estimated that they encompass
approximately 8,000 different structures (Dziato
et al.,, 2016). Green tea, originally cultivated in
China, is considered as one of the most popular
beverages in the world (Khan and Mukhtar, 2013).
Polyphenols, particularly flavonoids, constitute
the primary component of green tea leaves (Khan
and Mukhtar, 2013). The antioxidant and ROS-
scavenging ability of tea polyphenols (TP), the
major hydroxyphenols of green tea leaf extracts, in
nonruminants are well known (Ciraj et al., 2001).
Besides quenching free radicals, the TP can inter-
rupt lipid peroxidation chain reactions (Takano
et al., 2004; Lambert and Elias, 2010).

Phenolic antioxidants can influence ARE-
dependent mRNA abundance through the acti-
vation of mitogen-activated protein kinase
(MAPK) proteins (MAPK3/1, MAPK&/9/10, and
MAPKI11/12/13/14), probably through the sta-
bilization of NFE2L2 upon its phosphorylation
(Yu et al., 1997b). The end result of this cascade
of events is the upregulation of phase II enzymes

Ma et al.

(Yu et al., 1997a). Because of all these benefits of
TP and research demonstrating the functionality of
the NFE2L2 pathway in BMEC (Jin et al., 2016),
the main objective of this study was to determine
whether TP have a cytoprotective effect on BMEC
during OS and to study the underlying mechanisms
whereby TP helps control OS.

MATERIALS AND METHODS

Cell Culture and Treatment

Mammary tissue was obtained from five
4-yr-old healthy lactating multiparous grazing
Chinese Holstein cows at a similar stage of lacta-
tion (day 200 £ 5 in milk) selected from the Inner
Mongolia Academy of Agriculture and Animal
Husbandry Sciences. Animals were sacrificed at a
local slaughterhouse (Hohhot, China). The mid-
point area of left rear side of the udder was clipped
and surgically scrubbed. Approximately 150 mg of
fresh tissue from each cow was removed and placed
in sterilized tubes containing ice-cold Dulbecco’s
phosphate buffered saline (Sigma, St Louis, MO)
and immediately transported to the laboratory.
Animal use was approved by Inner Mongolia
Academy of Agriculture and Animal Husbandry
Sciences Animal Care and Use Committee. The
purification and culture of mammary tissue were
described in a previous study from our group
(Ma et al., 2018).

To establish OS, isolated BMEC were exposed
to increasing concentrations of H,O, (0, 100, 200,
400, 600, 800, and 1,000 pM) for 0, 2, 4, 6, 8, 12,
and 24 h. Doses of TP (0, 60, 80, and 100 pg/mL)
were evaluated by pretreatment of BMEC for 0, 2,
4,6, 8,12, and 24 h, followed by an H,O, (600 pM)
challenge for 6 h. Bovine mammary epithelial cells
were preincubated for 30 min with or without
2,4-dinitrochloro-benzene (DNCB) and then cul-
tured with or without TP (100 pg/mL) for another
12 h followed by H,O, (600 nM) exposure. There
were 5 replicate cultures for each treatment in each
experiment.

The basal medium was composed of 95.74 mL
DMEM (12400-024, Gibco, Grand Island, NY),
2 mL penicillin streptomycin (Gibco), 0.5 mL 0.5%
insulin transferrin solution (Gibco), 100 pL 1 pg/mL
hydrocortisone (Gibco), 100 pL 2.5 pg/mL ampho-
tericin B (Gibco), 10 uLL 10 ng/mL epidermal growth
factor (Gibco), 50 pL 5 pg/mL prolactin (Gibco),
and 1.5 mL glutamine (Gibco), which was prepared
and kept at 4 °C.
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Determination of BMEC Proliferation Rate

The BMEC proliferation rate was performed
using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay kit (G3582, Promega, Madison, WI)
according to the manufacturer’s instructions. Briefly,
1 X 106mL BMEC were seeded into 96-well culture
plates incubated with the basal medium at 37 °C
under 5% CO, for 24 h. After 24-h incubation, the
basal medium was replaced with starvation medium
(without fetal bovine serum), and cells were incubated
at 37 °C, 5% CO, for 16 h. After 16-h incubation, the
starvation medium was replaced with the treatment
medium (basal medium plus different concentration
of H,0, and TP) and incubated at 37 °C under 5%
CO, for0,2,4,6,8,12,and 24 h. Cells were incubated
with 20 pL/well of MTS at 37 °C under 5% CO, for 4 h.
Subsequently, 150 pL of dimethyl sulfoxide (Sigma—
Aldrich, St. Louis, MO) was added to each well and
incubated for 10 min at 37 °C. Last, the absorbance
at 490 nm was determined with a microplate reader
(Molecular Devices, Sunnyvale, CA).

Detection of Intracellular Antioxidant Enzyme
Activity and MDA

To evaluate the potential protective effect of TP
against H,O,-induced OS, BMEC were treated as
described previously followed by incubation at 37 °C
for 6 h with H,0, (600 uM). The total superoxide dis-
mutase (SOD) and glutathione peroxidase (GSH-Px)
activities, the MDA production, 8-hydroxy-2’-deoxy-
guanosine (8-OHdG), 8-isoprostaglandin (8-iso-PG),
and protein carbonyl (PC) content in BMEC
were determined using ELISA kits from Nanjing
Jiancheng Biotechnology Institute (Nanjing, China)
according to the manufacturer’s instructions. In brief,
BMEC were washed with PBS and incubated with
fresh DMEM (Gibco, Grand Island, NY) at 37 °C
for 35 min, and then, 1 x 10° cells were harvested
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and resuspended in PBS. Absorbance was detected at
560 nm (SOD), 420 nm (GSH-Px), 450 nm (8-OHdG,
8-150-PG, and PC), and 532 nm (MDA) and was
recorded with a microplate reader (Multiskan
MS352, Labsystems, Helsinki, Finland).

Intracellular ROS Detection

A dichlorofluorescein (DCF) staining assay was
used to detect intracellular ROS. Briefly, BMEC were
washed with PBS and incubated with fresh DMEM
containing 10 pM DCF at 37 °C for 35 min, and
then, 1 X 10° cells were harvested and resuspended
in PBS. The optical density at 450 nm was recorded
with a microplate reader (Molecular Devices).

RNA Isolation, cDNA Synthesis, and
Quantitative PCR

Total RNA wasisolated from 50 mg of cells using
the miR Neasy kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s protocols. Samples were
treated on-column with DNasel (Qiagen); quantifi-
cation was performed using the NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies),
and RNA quality was measured using an Agilent
2100 Bioanalyzer (Agilent, Santa Clara, CA).
All samples had an RNA integrity number fac-
tor greater than 7.3. The quantitative PCR was
performed as described previously (Osorio et al.,
2014a) to determine the relative mRNA abun-
dance of NFE2L2, HMOX-1 (heme oxygenase-1),
NQOI (NAD(P)H:quinone oxidoreductase 1),
GCLC (glutamate-cysteine ligase catalytic subunit),
GCLM (glutamate-cysteine ligase modifier subu-
nit), MAPK3/1, MAPKS8/9/10, MAPKI11/12/13/14,
MAPK7,and TUBB (tubulin beta; internal control).
All reactions were run in triplicate. The primers for
NFE2L2 and downstream genes, and MAPK genes
used for quantitative real-time PCR (RT-PCR) are
listed in Table 1. Reverse transcription of total RNA

Table 1. Primers of downstream genes in the nuclear factor, erythroid 2 like 2 (NFE2L?2) signaling pathway

evaluated in the present study

Gene name Forward primer (5" —3") Reverse primer (5—3) Accession number
NFE2L2 CCAGCACAACACATACCA TAGCCGAAGAAACCTCATT 001011678.2
HMOX-1 GAACGCAACAAGGAGAAC CTGGAGTCGCTGAACATAG 001014912.1
NQOI CAACAGACCAGCCAATCA ACCTCCCATCCTTTCCTC 001034535.1
GCLC ATTGGGTGGAGAGTGGAA ACAGCGGGATGAGAAAGT 001083674.1
GCLM CCGATGAAAGAGAAGAAATG CAACAGGAGGTGAAGCAA 001038143.1
MAPK3/1 CTGCTCTGCCTTTGTCTG AGTCCCATCTCGTGTCCT 001110018
MAPKS/9/10 GCTCTGGCCCACGAGTGGAGA GCCCTCGATCACCGTGCAGTT 001244612.1
MAPKI1/12/13114 TCTCCCTTACTTCCCCTCT CAAAGCCAACACCATACC 001142865.1
MAPK7 CTGAGGCCCACTGTACCCTA GGCTGTGAGGAGTGGATGAT 001099080
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was performed using the PrimeScript RT Master
Mix (Takara Bio, Mountain View, CA). The reverse
transcription reaction system (20 pL) contained
14 yL ddH,O, 4 pL PrimeScript RT Master Mix,
and 2 pL RNA. Quantitative real-time PCR was
carried out in a 7,500c RT-PCR detection system
(Bio-Rad, Hercules, CA) with SYBR Premix Ex
Tap TM 1I (Takara Bio) in 20 pL reaction volumes:
7.2uL ddH,0, 0.4 pL 10 pM forward primer, 0.4 pL
10 pM reverse primer, 10 pL SYBR Premix Ex Tap
TM 1II (Takara Bio), and 2 pL ¢cDNA template.

Western Blot Analysis

To obtain total protein lysates, after treatment,
cells were washed twice with 4 °C PBS (0.01M,
pH 7.2 to 7.3) and were then lysed using a cell
lysis buffer containing 250 pL radio-immunopre-
cipitation assay lysis buffer (Beyotime Institute
of Biotechnology, Shanghai, China) standing for
5 min at 4 °C. Total protein was extracted from
BMEC using a tissue protein extraction reagent
(catalog no. 78510; Thermo Scientific, Waltham,
MA) containing inhibitor cocktail (100X, catalog
no. 78442; Thermo Scientific). Total protein con-
centration was determined using the BCA Protein
Assay Kit (Sigma, St Louis, MO). Samples were
diluted and adjusted to equal amounts of cellu-
lar proteins and then mixed with Laemmli’s sam-
ple buffer prior to boiling at 100 °C for 5 min.
Fifty milligram of total protein per lane was
resolved by 10% SDS-PAGE (Bio-Rad) and then
transferred from the gel to a polyvinylidene dif-
luoride membrane (0.45 pm, Millipore, Billerica,
MA). PageRuler Plus Prestained Protein Ladder
(Fermentas, Hanover, MD) was used to confirm
protein electrophoresis. Membranes were blocked
in Tris-buffered saline (TBST; 50 mM Tris, pH 7.6,
150 mM NacCl, and 0.1% Tween 20), which con-
tains 5% (wt/vol) nonfat dry milk for 2 h at room
temperature with gentle agitation. The membranes
were then incubated in TBST containing antibod-
ies to NFE2L2 (catalog no. ab137550, Abcam,
Cambridge, MA), HMOX-1 (catalog no. ab13248,
Abcam), NQOI (catalog no. ab28947, Abcam),
GCLC (catalog no. ab80841, Abcam), and GCLM
(catalog no. ab81445, Abcam) with gentle agita-
tion at 4 °C overnight. After incubating with pri-
mary antibody, the membranes were washed and
incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (HRP-labeled
Sheep anti-mouse, 1:50,000 and HRP-labeled
Sheep anti-rabbit, 1:50,000; catalog no. ab6721;
Abcam) in TBST for I h at room temperature. The
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membranes were washed and then incubated with
ECL reagent (catalog no. 170-5060; Bio-Rad).
Tubulin beta class I (catalog no. ab56676; Abcam)
was used as internal control. The images were cap-
tured using Chemi DOC MP (Bio-Rad). The inten-
sities of the bands were measured with Image-Pro
Plus 6.0 software.

Statistical Analysis

In the preliminary experiments, the effects of
time (0, 2,4, 6, 8, 12, and 24 h) and dose of H,0, (0,
100, 200, 400, 600, 800, and 1,000 pM) and TP (0,
60, 80, and 100 pg/mL) were analyzed using 1-way
ANOVA followed by a Student-Newman—Keuls
(SNK) multiple comparison with the MIXED
procedure of SAS 9.0 (SAS Institute Inc., Cary,
NC). The fixed effects in the model were time and
dose of H,O, and TP. For subsequent experiments
evaluating the effect of TP (100 pg/mL) and H,O,
(600 uM), we used an ANOVA followed by SNK
multiple comparison using SAS 9.0 (SAS Institute
Inc.). The fixed effect was treatment. In all cases,
the random effect was BMEC. There were 5 rep-
licate cultures for each treatment in each experi-
ment. All data are expressed as means = SEM for
the indicated number of independent experiments
performed. Differences were considered significant
at P <0.05.

RESULTS

Screening for H,0, Optimum Conditions

Treatment of BMEC with increasing concentra-
tions of H O, (0 to 1,000 pM) for 0 to 24 h elicited
a time- and dose-dependent inhibition of cell pro-
liferation rate (Table 2), accompanied with sharp
increases of ROS (Fig. 1A) and sharp decreases of
SOD (Fig. 1B) and GSH-Px (Fig. 1C). Compared
with the control group, the treatment of cells with
600 uM of H,O, for 6 h decreased cell proliferation
to 32% (P < 0.05) and SOD and GSH-PX activi-
ties to 50% (P < 0.01) and 36% (P < 0.01), respec-
tively, and increased ROS 1.9-fold (P < 0.01). Thus,
600 uM of H,O, for 6-h incubation was chosen for
subsequent experiments.

Screening for Optimum Conditions of TP Incubations

Pretreatment of BMEC with 0 to 120 pg/mL
of TP for 0 to 24 h elicited a time- and dose-de-
pendent inhibition of cell proliferation rate
(Table 3). Compared with 60 to 100 pg/mL and
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Table 2. Effect of different concentrations and incubation times with hydrogen peroxide (H,O,) on the pro-
liferation rate of bovine mammary epithelial cells (BMEC)!

H,0, (umol/L) 0 100 200 400 600 800 1,000 SEM P-value

Time (h)
0 1002243 96.97A 96.204 95.792A 85.28:0A 56.938 56.02°8 5.234 <0.001
2 10024 97.3124 97.072A 96.57A 87.434 58.258 57.09%8 4.852 <0.001
4 10024 98.132A 97.892A 97.032A 90.9924 72.488 69.46%8 3.323 <0.001
6 10024 95.76*A 88.340A8 86.930A8 78.800<8 65.37°¢ 58.31%¢ 3.386 <0.001
8 10024 94.18A 88.00°A8 85.820A8 75.27 60.005<¢ 49.46¢ 4.258 <0.001
12 10024 93.55% 85.6308 70.09¢B¢ 59.244¢P 56.01<P 38.41¢ 5.001 <0.001
24 100248 92.432A 81.92048 61.1348C 48.67°P 37.424¢P 19.81P 8.267 <0.001

SEM 0 2.305 2.593 1.183 2.262 2.077 1.711

P-value — 0.5381 0.0004 <0.001 <0.001 <0.001 <0.001

'BMEC were treated with increasing concentrations of H,0, (0 to 1,000 uM) for 0 to 24 h. Cell proliferation rate was measured with 3-(4,5-dimeth-
ylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). There were 5 replications for each experiment and each

well.

Similar lowercase letters for means in the same column denote lack of significant differences (P > 0.05). Different lowercase letters for means in

the same column differ (P < 0.05).

3Similar capital letters for means in the same row denote lack of significant differences (P > 0.05). Different lowercase letters for means in the

same row differ (P < 0.05).

12-h incubation, when BMEC were pretreated with
120 pg/mL of TP for 24-h cell proliferation rate was
inhibited (P < 0.01). Therefore, 60 to 100 pg/mL
and 12-h incubation were considered safe to use for
subsequent experiments.

To further determine the optimum concen-
tration of TP to protect the BMEC and assess
whether TP has antioxidant effects, we analyzed
cell proliferation rate (Fig. 2A), SOD (Fig. 2B)
and GSH-Px (Fig. 2C) activities, ROS (Fig. 2D)
and MDA (Fig. 2E) production, caspase-3 activity
(Fig. 2F), PC (Fig. 2G), 8-OHdG (Fig. 2H), and
8-150-PG (Fig. 2I) content in oxidative damaged
BMEC. The results revealed that compared with
the control, the treatment of cells with 600 M of
H,O, for 6 h sharply decreased the cell prolifera-
tion rate (P < 0.01) and SOD and GSH-Px activ-
ities (P < 0.01) and strongly enhanced ROS and
MDA production (P < 0.01), 8-OHdG, 8-iso-PG,
and PC content (P < 0.01), and caspase-3 activity
(P <0.01). However, after pretreatment of cells with
60, 80, and 100 pg/mL of TP for 12 h, followed by
H,O, (600 pM) challenge for 6 h, the cell prolifera-
tion rate (P < 0.05) and SOD and GSH-Px activities
(P < 0.05) induced by H,O, increased significantly,
whereas ROS and MDA production (P < 0.05); PC,
8-OHdG, and 8-iso-PG content (P < 0.05); and the
caspase-3 activity (P < 0.05) induced by H,O, were
decreased markedly.

The cell proliferation rate increased to a max-
mum (95.5%) when the concentration of TP
increased to 100 pg/mL, which was significantly
greater than that in the H,O,-treated group (60.0%;
P <0.01),60 pg/mL TP group (77.0%; P <0.01), and

80 pg/mL TP group (81.8%; P < 0.05). Superoxide
dismutase and GSH-Px activities increased to a
maximum (175.5 U/mL, 785.9 U/L) when the con-
centration of TP was 100 pg/mL, which was signif-
icantly greater than that of the H,O,-treated group
(P < 0.01; 84.1 U/mL, 601.0 U/L), 60 pg/mL TP
group (P < 0.01; 115.2 U/mL, 698.7 U/L), and
80 ng/mL TP group (P < 0.01; 136.7 U/mL, 742.5
U/L), respectively.

Content of ROS and MDA decreased to a min-
imum (1,282.3 pg/mL, 38.0 mM) when the con-
centration of TP increased to 100 pg/mL, which
was significantly less than that of the H, O, -treated
group (P < 0.01; 2,736.8 pg/mL, 71.2 mM), 60 pg/
mL TP group (P < 0.01; 2,672.9 pg/mL, 66.3 mM),
and 80 pg/mL TP group (P < 0.01; 2,353.8 pg/mL,
56.9 mM), respectively. The content of PC, 8-OHdG,
and 8-1s0-PG decreased to a minimum (0.8 nmol/mg,
144.3 ng/L, and 67.2 ng/L) when the concentration of
TP increased to 100 pg/mL, which was significantly
less than that of the H,O,-treated group (P < 0.01;
1.5 nmol/mg, 281.6 ng/L, 150.9 ng/L), 60 pg/mL TP
group (P <0.01; 1.0 nmol/mg, 234.2 ng/L, 98.6 ng/L),
and 80 pg/mL TP group (P < 0.01; 0.8 nmol/mg,
182.6 ng/L, 85.3 ng/L), respectively.

The activity of caspase-3 decreased to a mini-
mum (144.0) when the concentration of TPincreased
to 100 pg/mL, which was significantly less than
that of the H,O -treated group (P < 0.01; 237.3),
60 pg/mL TP group (P < 0.05; 185.4), and 80 pg/
mL TP group (P < 0.05; 169.9). Thus, 100 pg/mL
and 12 h of TP were chosen for subsequent exper-
iments to assess the antioxidant effects of TP in
BMEC.
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Figure 1. Screening for optimum conditions for in vitro chal-
lenge with hydrogen peroxide (H,0,). (A to C) Reactive oxygen spe-
cies (ROS) production, superoxide dismutase (SOD) activity, and
glutathione peroxidase (GSH-Px) activity. Bovine mammary epithe-
lial cells (BMEC) were treated with increasing concentrations of
H,0, (0 to 1,000 pM) for 6 h. ROS production, SOD activity, and
GSH-Px activity were measured using commercial kits according to
manufacturer’s protocols. Means with different superscript letters
differ (P < 0.05). There were 5 replications for each experiment and
each well.

Cytoprotective Effects of TP Against OS in BMEC

The results indicated that TP significantly
upregulated NFE2L2 mRNA abundance in a
dose-dependent manner during OS, and NFE2L2
mRNA abundance was greatest under OS when the
content of TP was 100 ng/mL. Compared with the
control, treatment of cells with 600 uM of H,O, for
6 h also reduced the mRNA abundance of NFE2L2
by 61% (P < 0.05; Fig. 3).
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Compared with the control group, after pre-
treatment of cells with 100 pg/mL of TP for 12 h
followed by H,O, (600 uM) challenge for 6 h, the
mRNA abundance of NFE2L2 increased by 2.7-
fold (P < 0.01). Without OS, treatment of cells with
100 pg/mL of TP for 12 h led to a 3.2-fold increase
in mRNA abundance of NFE2L2 (P < 0.01;
Fig. 4A). In addition, after pretreatment of cells
with 100 pg/mL of TP for 12 h followed by H,O,
(600 uM) challenge for 6 h, the protein abundance
of NFE2L2 was increased compared with the con-
trol and H,O, group (P < 0.05; Fig. 4B). Therefore,
TP can increase the protein and mRNA abundance
of NFE2L2 in BMEC with or without OS.

Effects of TP Treatment on MAPK Signaling
Pathways With or Without H,0,

The mRNA abundance of MAPK3/I,
MAPKS/9/10, MAPKI1/12/13/14, and MAPK7
were all significantly decreased (P < 0.05) after treat-
ment with 600 pM H,O, for 6 h (Fig. 5) compared
with control group. These effects were reversed
after the pretreatment of cells with 100 pg/mL of
TP for 12 h followed by 600 uM H,O, for 6 h, caus-
ing an increase in mRNA abundance of MAPK3/I
(P < 0.001; Fig. 5A), MAPKS8/9/10 (P < 0.01;
Fig. 5B), MAPKI11/12/13/14 (P < 0.001; Fig. 5C),
and MAPK7 (P < 0.01; Fig. 5SD) compared with
control group. It is noteworthy that the response
in mRNA abundance of MAPK3/1, MAPKS/9/10,
MAPKI1/12/13/14, and MAPK7 was decreased
(P < 0.05) after the pretreatment of cells with
DNCB (20 pM) for 30 min and then treated with
TP (100 pg/mL) for another 12 h, followed by H,O,
(600 pM) exposure for 6 h (P < 0.01) compared
with control group. More importantly, the effect
of TP on the mRNA abundance of MAPK3/I and
MAPKI1/12/13/14 was more pronounced than on
abundance of MAPKS8/9/10 and MAPK7 (P <0.01).

Effects of TP Treatment on NFE2L2 Signaling
Pathways With or Without H,0,

The results indicated that the mRNA (Fig. 6)
and protein abundance (Fig. 7) of NFE2L2,
HMOX-1, NQOI1, GCLC, and GCLM and pro-
liferation rate of BMEC (Fig. 8A) were all signif-
icantly decreased (P < 0.05) after treatment with
600 pM H, O, for 6 h compared with control group.
Although ROS production (Fig. 8B) was signif-
icantly increased (P < 0.05) after treatment with
600 pM H,0O, for 6 h compared with control group.
These effects were reversed after the pretreatment
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Table 3. Effect of different concentrations and incubation times with tea polyphenols (TP) on the prolifer-
ation rate of bovine mammary epithelial cells (BMEC)!

Time (h)
TP concentration (pg/mL) 0 6 8 12 24 SEM P-value
0 100.002243 100.002A 100.000°4 100.000°4 100.000°4 0 —
60 101.278 103.068P 110.1685¢ 119.3844 115.71448 2.834 0.0007
80 103.192:8 106.0688 115.0484 119.432:4 117.09024 2.458 0.0004
100 105.51428 107.740%8 117.2644 120.060°4 119.4762 3.046 0.0054
120 90.438% 92.43024 94.106% 97.064% 95.224% 6.102 0.9491
SEM 2.616 5.582 2919 2.33 2.942
P-value 0.0065 0.3527 <0.0001 <0.0001 <0.0001

'BMEC proliferation rate in response to increasing concentrations of TP (0 to 120 ng/mL) without hydrogen peroxide (H,0,). The BMEC were
pretreated with 0 to 120 pg/mL of TP for 0 to 24 h prior to analysis of proliferation rate. Proliferation rate was measured with 3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). There were 5 replications for each experiment and each well.

Similar lowercase letters for means in the same column denote lack of significant differences (P > 0.05). Different lowercase letters for means
in the same column differ (P < 0.05).

3Similar capital letters for means in the same row denote lack of significant differences (P > 0.05). Different lowercase letters for means in the
same row differ (P < 0.05).
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Figure 2. Screening for optimum conditions for in vitro culture with tea polyphenol (TP). (A to I) Cell proliferation rate, superoxide dismu-
tase (SOD) and glutathione peroxidase (GSH-Px) activities, reactive oxygen species (ROS), malondialdehyde (MDA) production, caspase-3 activ-
ity, protein carbonyl (PC), 8-hydroxy-2’-deoxyguanosine (8-OHdG), and 8-isoprostaglandin (8-iso-PG) content in control and TP-supplemented
bovine mammary epithelial cells (BMEC:; 0 to 100 pg/mL) challenged with hydrogen peroxide (H,0,; 600 pM). The BMEC were pretreated with
TP (0 to 100 ug/mL) for 12 h followed by H,O, (600 pM) challenge for 6 h. The BMEC proliferation rate was measured by 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). Enzyme activities and concentrations of metabolites were measured
using commercial kits according to manufacturer’s protocols. Means with different superscript letters differ (P < 0.05). There were 5 replications
for each experiment and each well.
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Figure 3. Effect of tea polyphenol (TP) on hydrogen peroxide g 25 -
(H,0,)-induced NFE2L2 mRNA abundance in bovine mammary epi- o
thelial cells (BMEC). The BMEC were pretreated with TP (0 to 100 ng/ % 20
mL) for 12 h and then treated with H,O, (600 uM) for 6 h. Nuclear o
factor-erythroid 2-related factor 2 (NFE2L2) mRNA abundance was < 15
analyzed by quantitative real-time PCR. Means with different super- zZ
script letters differ (P < 0.05). There were 5 replications for each experi- x 1.0
ment and each well. e 1 H
3
J 5
h i
of cells with 100 pg/mL of TP for 12 h followed z 00 A rL 0 0
by 600 pM H,O, for 6 h, causing an increase in 0(\“ N\\«\"LO \\‘\ O \ "
the mRNA and protein abundance of NFE2L2 6(,0\) 6()0\3 ,\QQ\)Q'
(P < 0.05; Figs. 6A and 7A), HMOX-1 (P < 0.01; A
Figs. 6B and 7B), NQO1 (P < 0.01; Figs. 6C and 00\)9,\“‘
A

7C), GCLC (P < 0.01; Figs. 6D and 7D), and
GCLM (P < 0.01; Figs. 6E and 7E) and causing a
decrease in ROS production (P < 0.01) compared
with the control group, respectively.

The proliferation rate of BMEC was not affected
by 100 pg/mL TP with 600 uM H,O, compared with
control group. In addition, after the pretreatment
of cells with DNCB (20 pM) for 30 min followed by
treatment with TP (100 pg/mL) for another 12 h and

O, (600 ptM) exposure for 6 h, the mRNA abun-
dance of NFE2L2 (P < 0.05), mRNA and protein
abundance of HMOX-1 (P < 0.01), and prolifera-
tion rate of BMEC (P < 0.05) all decreased and ROS
production increased compared with the control
group. In contrast, compared with control group,
mRNA and protein abundance of NQO1, GCLM,
and GCLC were not affected by 20 uM DNCB when
incubating with 100 pg/mL TP during OS.

DISCUSSION

Reactive oxygen species are normally pro-
duced via aerobic metabolism in the mitochondrial

Figure 4. Effect of tea polyphenol (TP) on hydrogen peroxide
(H,0,)-induced nuclear factor-erythroid 2-related factor 2 (NFE2L2)
protein and mRNA abundance. (A, B) NFE2L2 protein and mRNA
abundance in control bovine mammary epithelial cells (BMEC) or
BMEC receiving H,0, and TP with or without H,0,. The BMEC
were pretreated with or without 100 pg/mL of TP for 12 h and then
treated with or without 600 pM of H,O, for 6 h. The NFE2L2 pro-
tein and mRNA abundance were analyzed by Western blot and quan-
titative real-time PCR. Means with different superscript letters differ
(P <0.05). There were 5 replications for each experiment and each well.

electron transport chain (Decoursey and Ligeti,
2005). However, large amounts of ROS production
that exceed antioxidant capabilities by the host can
cause OS and consequent inflammatory reactions
leading to disease (Wiegman et al., 2015). In the
bovine mammary gland, the sudden increase in met-
abolic activity, cellular proliferation, and physiolog-
ical adaptations after calving, all expose mammary
tissue to a considerable amount of ROS (Wiegman
et al., 2015). For example, excessive lipid peroxida-
tion and a deficiency of antioxidants within mam-
mary gland result in OS during lactation (Castillo
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Figure 5. Effect of tea polyphenol (TP) treatment of bovine mammary epithelial cells (BMEC) on mRNA abundance of mitogen-activated
protein kinase 3/1 (MAPK3/1), MAPKS8/9/10, MAPK11/12/13/14, and MAPK?7 with or without hydrogen peroxide (H,0,). (A to D) MAPK3/1,
MAPKS/9/10, MAPKI11/12/13/14, and MAPK7 mRNA abundance under control and oxidative stress (OS) conditions in BMEC. The BMEC were
preincubated with a MAPK-specific inhibitor, 2,4-dinitrochloro-benzene (DNCB), for 30 min and then treated with TP (100 pg/mL) for another
12 h followed by H,O, (600 pM) exposure for 6 h. The mRNA abundance of MAPK3/1, MAPK8/9/10, MAPKI11/12/13/14, and MAPK7 was ana-
lyzed by quantitative real-time PCR. Means with different superscript letters differ (P < 0.05). There were 5 replications for each experiment and

each well.

et al., 2006; Nathan and Cunningham-Bussel,
2013).

The search for natural antioxidants that can
scavenge free radicals and protect cells from oxi-
dative damage has been activated for a number of
years. For instance, TP, a natural chemical com-
pound found in tea, possessed antioxidant cap-
acity in a number of in vitro and in vivo studies
(Frei and Higdon, 2003; Lambert and Elias, 2010).
Therefore, an important aim of the present stud-
ied was to uncover a potential role of TP in ame-
liorating OS in BMEC. We further explored the
possible molecular mechanisms underlying the
antioxidant effects of TP against oxidative damage
in H O,-treated BMEC.

In vitro oxidative damage models induced by
H,O, have been widely used (Jiao et al., 2003).
Hydrogen peroxide is one important type of ROS
with well-defined physical and chemical properties
(Tkachev et al., 2011). The present study revealed

that incubation of BMEC with 600 utM H,O, for
6 h caused substantial damage resulting in altered
cell morphology and decreased cell viability. This
is consistent with previous studies in BMEC (Jin
et al., 2016). In addition, the marked increase in
caspase-3 activity indicated that H,O, treatment
decreased BMEC proliferation rate but increased
apoptosis.

A greater supply of antioxidants in the diet
could protect dairy cattle against OS, especially
during the transition period (Loor et al., 2013;
Osorio et al., 2014b). A number of previous studies
have indicated that supplementation of vitamin E
(Politis, 2012), Se (Gong and Xiao, 2016), and con-
jugated linoleic acid (Hanschke et al., 2016) plays a
positive role in protecting against OS while main-
taining immune function during negative energy
balance. In addition to the above nutrients, recent
studies revealed that caffeic acid (Kilani-Jaziri
et al., 2017) and resveratrol (Jin et al., 2016) can
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Figure 6. Effect of tea polyphenol (TP) treatment on mRNA abundance of nuclear factor-erythroid 2-related factor 2 (NFE2L2) signaling
pathway proteins in bovine mammary epithelial cells (BMEC) under control and oxidative stress (OS) conditions. (A to E) mRNA abundance of
NFE2L2, heme oxygenase-1 (HMOX-1), NAD(P)H:quinone oxidoreductase 1 (NQO/), glutamate-cysteine ligase catalytic subunit (GCLC), and
glutamate-cysteine ligase modifier subunit (GCLM) in BMEC under control and OS conditions. The BMEC were preincubated with a MAPK-
specific inhibitor, 2,4-dinitrochloro-benzene (DNCB), for 30 min and then treated with or without TP (100 pg/mL) for another 12 h followed by
hydrogen peroxide (H,0,; 600 pM) exposure for 6 h. The mRNA abundance of NFE2L2, HMOX-1, NQOI, GCLC, and GCLM was measured by
quantitative real-time PCR. Means with different superscript letters differ (P < 0.05). There were 5 replications for each experiment and each well.

protect mammary epithelial cells from OS. In the
present study, we first provide the evidence of the
potential benefit for the utilization of TP as antiox-
idants. The data revealed that the dose-dependent
cytoprotective effect of TP against H,O,-induced
OS in BMEC occurred at least in part through the
induction of multiple antioxidant response genes
and the reduction of 8-OHdG, 8-i1so-PG, and PC
content, as well as caspase-3 activity.

To date, cytoprotective effects of TP/epigallo-
catechin gallate (EGCG) in bovine or BMEC have
not been reported. The antioxidant effect of EGCG
on human umbilical vein endothelial cells is related
to an increase in the amount of redox-regulated
antioxidant proteins that can scavenge free rad-
icals (Yang et al., 2015). Therefore, the upregula-
tion of several major antioxidant enzymes involved
in cytoprotection against OS (Zhai et al., 2013)
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Figure 7. Effect of tea polyphenol (TP) treatment on protein abundance of nuclear factor-erythroid 2-related factor 2 (NFE2L2) signaling
pathway proteins in bovine mammary epithelial cells (BMEC) under control and oxidative stress (OS) conditions. (A to E) Protein abundance
of NFE2L2, heme oxygenase-1 (HMOX-1), NAD(P)H:quinone oxidoreductase 1 (NQO1), glutamate-cysteine ligase catalytic subunit (GCLC),
and glutamate-cysteine ligase modifier subunit (GCLM) in BMEC under control and OS. The BMEC were preincubated with a MAPK-specific
inhibitor, 2,4-dinitrochloro-benzene (DNCB), for 30 min and then treated with or without TP (100 pg/mL) for another 12 h, followed by hydrogen

peroxide (H,0,;

2

600 pM) exposure for 6 h. The protein abundance of NFE2L2, HMOX-1, NQO1, GCLC, and GCLM was measured by Western

blot. Means with different superscript letters differ (P < 0.05). There were 5 replications for each experiment and each well.

indicated that TP could help restore cellular redox
state in BMEC.

Through its interaction with ARE, the tran-
scription factor NFE2L2 plays a central role in the
regulation of abundance of several antioxidant/
detoxifying enzymes and protects cells against cyto-
toxicity caused by OS. In several cellular models,

there is evidence that TP could activate NFE2L2 by
disrupting the NFE2L2/Keapl interaction (Yang
et al., 2015). Therefore, the positive effect of TP
on mRNA abundance of NFE2L2 and the protein
abundance and mRNA abundance of HMOX-I,
NQOI, GCLC, and GCLM under H,O, treatment
confirmed the previous data.
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Figure 8. Effect of tea polyphenol (TP) treatment on proliferation
rate of bovine mammary epithelial cells (BMEC) and reactive oxy-
gen species (ROS) production in BMEC under control and oxidative
stress (OS) conditions. (A, B) Proliferation rate of BMEC and ROS
production in BMEC under control and OS conditions. The BMEC
were preincubated with or without a MAPK-specific pathway inhib-
itor, 2,4-dinitrochloro-benzene (DNCB), for 30 min and then treated
with or without TP (100 pg/mL) for another 12 h followed by hydro-
gen peroxide (H,0,; 600 uM) exposure for 6 h. Cell proliferation rate
was measured by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), and ROS produc-
tion was measured by a commercial kit following the manufacturer’s
instructions. Means with different superscript letters differ (P < 0.05).
There were 5 replications for each experiment and each well.

Moreover, a number of cellular kinases, includ-
ing MAPK, may regulate NFE2L2. MAPK are
implicated in the upregulation of antioxidant/
detoxificant enzymatic activities (Kim and Novak,
2007), which together with NFE2L2 induction
constitutes an important pathway to protect cells
against oxidative damage (Masella et al., 2005). The

Ma et al.

activation of MAPK and PI3k signaling pathway
initiated by antioxidants results in the activation
of the NFE2L2 signaling pathway and upregulates
the abundance of HMOX-1 (Lee et al., 2013). One
of the possible mechanisms by which TP prevents
H,O,-induced BMEC injury might be the acti-
vation of the NFE2L2/HMOX-1 pathway. For
example, pretreating endothelial cells with EGCG
exerted significant cytoprotective effects against
H,O,, suggesting that the induction of HMOX-1 is
an important component of the protective effects
against OS (Wu et al., 2006; Wung et al., 2006). The
present results indicated that TP can decrease inter-
cellular ROS production through a similar mecha-
nism, underscoring the role of HMOX-1 activation
in the prevention of ROS-induced cellular injury.

The findings that TP increased the mRNA
abundance of MAPK3/1, MAPK®8/9/10, MAPK 11/
12/13/14, and MAPK?7 underscore its role in
BMEC survival against OS and confirm the pre-
vious data in non-ruminant cells (Ou et al., 2010;
Pullikotil et al., 2012; Wang et al., 2016). In this
study, the findings that DNCB abolished the pro-
tective effects of TP by inhibiting the abundance of
MAPK3/1 and MAPK11/12/13/14 in the MAPK
pathway, decreasing the proliferation rate, and
increasing intracellular ROS by downregulating
NFE2L2/HMOX-1 demonstrate that MAPK3/1
and MAPKI11/12/13/14 pathways participate in
the nuclear transport of NFE2L2. As such, abun-
dance of HMOX-1 is induced by NFE2L2 and
probably plays an important role in mediating the
protective effect of TP as shown in other studies
(Takano et al., 2004). Therefore, the present data
in BMEC indicate that the activation of MAPK3/1
and MAPK11/12/13/14 might be required for the
protective effects of TP.

There are few in vivo data studying the role
of TP or other plant extracts on OS in transition
cows (e.g., Winkler et al., 2015). The fact that grape
pomace/marc (high in polyphenols) fed to late-lac-
tation cows induced changes in ruminal bacterial
and archeal communities along with a reduction in
methane production (Moate et al., 2014) indicates
that these products may need to be protected from
rumen metabolism to enhance delivery of TP to tis-
sues of the cow. Data from a study with transition
cows fed green tea and curcuma extract (rich in TP)
revealed some positive effects in terms of allevi-
ation of hepatic inflammation postpartum (Winkler
etal., 2015). If, in fact, systemic inflammation could
be alleviated by long-term supplementation of TP
during transition, it could enhance energy utiliza-
tion for milk production (Winkler et al., 2015).
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CONCLUSIONS

Treatment with TP protects BMEC against
H,O,-induced OS by scavenging ROS formation and
stimulating the NFE2L2-ARE self-defense mech-
anism. This molecule regulates the abundance of
NFE2L2 and HMOX-1, along with increasing the
abundance of MAPK3/1 and MAPK11/12/13/14
in the MAPK pathway. These beneficial effects of
TP provide us with information about its potential
application as a therapeutic antioxidant in rumi-
nants. Further in vivo studies with periparturient
cows are warranted.
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