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ABSTRACT

Nuclear factor (erythroid-derived 2)-like factor 2 
(Nrf2) is a transcription factor that binds to the an-
tioxidant response element (ARE) in the upstream 
promoter region of many antioxidative genes. The 
Nrf2-ARE signaling plays a key role in the cellular 
antioxidant-defense system, but whether Nrf2 activa-
tion has protective effects against heat shock (HS) 
stress in mammary epithelial cells (MEC) remains 
unclear. The objective of this study was to determine 
whether tert-butylhydroquinone (tBHQ), a well-known 
Nrf2 activator, could attenuate heat stress-induced cell 
damage in MAC-T cells of the bovine MEC line. The 
MAC-T cells were exposed to HS (42.5°C for 1 h) fol-
lowed by recovery at 37°C to mimic HS. Compared with 
cells that were consistently cultured at normothermia 
(37°C), the cell viability levels significantly decreased 
after HS stress. In parallel, heat stress increased the 
reactive oxygen species levels and induced cellular 
apoptosis and endoplasmic reticulum stress. The MAC-
T cells that were pretreated with tBHQ (10 μM) for 2 
h followed by HS had a reduction in the loss of cell vi-
ability. The tBHQ pretreatment significantly decreased 
cellular reactive oxygen species levels and stress-related 
marker gene expression. The tBHQ-treated MAC-T 
cells showed strong Nrf2-ARE signaling activation and 
a nuclear accumulation of Nrf2 and upregulated expres-
sion of Nrf2-ARE downstream genes. Small interfering 
RNA silencing of Nrf2 in HS-treated MAC-T cells 
almost completely abolished the cytoprotective effects 
by tBHQ. Overall, our results demonstrated that HS 
could cause cell damage in cultured bovine MEC, and 
that activation of Nrf2 by tBHQ could attenuate HS-
induced cell damage.

Key words: antioxidation, bovine mammary epithelial 
cell, heat shock, tBHQ

INTRODUCTION

Dairy cows are sensitive to high temperature and eas-
ily suffer stress when the temperature-humidity index 
exceeds 72, resulting in reduced milk productivity and 
economic losses (Rhoads et al., 2009; Bernabucci et al., 
2014). Heat-stressed cows are mainly characterized by 
high body temperatures accompanied with increased 
respiration rates and water consumption and reduced 
feed intake and milk yield. Meanwhile, physiological 
disturbances, increased susceptibility to parasites, and 
disease occurrences are often observed in heat-stressed 
cows (Hahn, 1999). Under heat stress, cows have re-
duced antioxidant capacity and over-production of free 
radicals at systemic and cellular levels, suggesting that 
free radicals may play important roles in heat stress 
(Liu et al., 2010; Chauhan et al., 2014). Therefore, 
restoring the redox balance and strengthening the an-
tioxidative capacity of the cows by supplying sufficient 
antioxidants or enhancing expression of antioxidant 
enzymes can be efficient management tools to protect 
dairy cow from heat stress.

Nuclear factor (erythroid-derived 2)-like factor 2 
(Nrf2) is a transcription factor that binds to the anti-
oxidant response element (ARE) in the upstream pro-
moter region of many antioxidative genes. Signaling of 
Nrf2-ARE regulates expression of several different anti-
oxidant enzymes involved in the elimination of reactive 
oxygen species (ROS), which are widely acknowledged 
as essential chemical agents that cause oxidative stress 
(Ma, 2013). We previously validated that the activa-
tion of Nrf2-ARE signaling promotes MAC-T cells, a 
bovine mammary epithelial cell (bMEC) line, survival 
following hydrogen peroxide treatment, which induces 
cellular oxidative damage as well as endoplasmic reticu-
lum (ER) and mitochondria stress-induced cell death 
(Jin et al., 2016). For some drugs, Nrf2-ARE signaling 
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activation contributes to their critical therapeutic or 
preventative effects in alleviating inflammation and 
combating other diseases in humans and in animals, 
such as various cancers, cardiovascular diseases, and 
Alzheimer diseases (Liby et al., 2005; Zhu et al., 2005). 
Activation of Nrf2 has been proven to be a molecular 
target candidate, and its promising effects have been 
shown to promote human and animal health (Ma, 
2013).

Tert-Butylhydroquinone (tBHQ), a widely used 
food additive, is one of the most potent inducers of 
Nrf2 activity by increasing Nrf2 protein stability (Kraft 
et al., 2004). The stabilization of Nrf2 by tBHQ mainly 
occurs by blocking the ubiquitination and degradation 
of Nrf2 and by promoting its nuclear translocalization, 
which leads to increased ARE-mediated gene expres-
sion levels (Ma, 2013). These effects have been partly 
explained as a result of a direct reaction between the 
thiol group of Keap1 and tBHQ (Kraft et al., 2004; 
Gharavi et al., 2007; Wang et al., 2008). In vivo and 
in vitro studies have shown that the tBHQ-inducible 
Nrf2-mediated antioxidant response provides effective 
prophylaxis against various cellular or body dysfunc-
tions (Eftekharzadeh et al., 2010). However, it is not 
known whether any protective effects exists on heat 
shock (HS) stress by the tBHQ activation of Nrf2-ARE 
in bMEC. Therefore, the aims of our study were to de-
termine whether tBHQ can provide protection against 
heat stress-induced cell damage in cultured bMEC and 
to elucidate the roles of Nrf2 during this protection.

MATERIALS AND METHODS

Chemical Reagents

Tert-Butylhydroquinone (112941), 2 ,7 -dichloro-
fluorescin diacetate (DCHF-DA, D6883), and alkaline 
phosphatase-conjugated secondary antibody (anti-rab-
bit IgG) were purchased from Sigma-Aldrich (St. Louis, 
MO). Dulbecco’s modified Eagle medium (DMEM), 
fetal bovine serum, and penicillin-streptomycin were 
obtained from Life Technologies (Thermo Fisher 
Scientific, Boston, MA). Primary antibodies against 
β-tublin, Nrf2, heme oxygenase 1 (HO-1), thioredoxin 
reductase 1 (Txnrd-1), Bax, and Bcl2 were purchased 
from Abcam (Cambridge, MA), and primary antibod-
ies that recognize total and phosphorylated eukaryotic 
initiation factor 2α (eIF2α) were obtained from Cell 
Signaling Technology (Danvers, MA). The commercial 
kits used in this study included a CCK-8 kit (Dojido, 
Kumamoto, Japan), RNApure kit (Aidlab Biotechnolo-
gies, Beijing, China), PrimeScript RT reagent (Takara, 
Dalian, China), SYBR premix EX Taq (Takara), RIPA 

lysis buffer (Beyotime, Haimen, China), and a BCA 
protein quantification kit (Beyotime). Other analytical 
grade chemicals were purchased from Sangon Biotech-
nology (Shanghai, China).

Cell Culture and Acute HS Treatment

The MAC-T cells were cultured in DMEM that was 
supplemented with 10% fetal bovine serum, 100 U/
mL penicillin G, and 100 μg/mL streptomycin (Sigma-
Aldrich; Huynh et al., 1991). The cells were maintained 
in a humidified incubator at 37°C in an atmosphere of 
5% CO2 and 95% air. The HS procedure was performed 
as described in our previous study (Liu et al., 2010). 
Briefly, the dispersed cells were seeded at a density of 
1 × 105 cells/mL and cultured for 24 h under normal 
conditions (37°C) before the cells were challenged under 
a HS condition. The medium was replaced by 42.5°C 
prewarmed normal culture medium, then the cells were 
continuously maintained at this temperature for 1 h. 
The cells were then returned to the normal culture con-
dition, and the time point when the cells were returned 
was recorded as 0 h. Cells consistently cultured in 37°C 
conditions were used as corresponding controls.

Cell Viability and tBHQ Toxicity Determination

Cell viability and the tBHQ toxicity evaluations 
were performed using a CCK-8 kit according to the 
manufacturer’s instruction. For tBHQ toxicity determi-
nation, various concentrations of tBHQ were added to 
MAC-T cells for 24 h. After optimal tBHQ concentra-
tion was defined, MAC-T cells were pretreated with 
tBHQ for 2 h before HS. At the end of the experiments, 
10 μL/well of CCK-8 reagent was added to the cells 
cultured in triplicate wells in the 96-well plates. After 
incubation for 2 h, the optical density at 450 nm was 
recorded with a microplate reader (Molecular Devices, 
Sunnyvale, CA).

Intracellular ROS Detection

A DCHF-DA staining assay was used to detect intra-
cellular ROS as described in our previous study (Wang 
et al., 2015). Briefly, MAC-T cells were washed with 
PBS and incubated with fresh DMEM containing 10 
μM DCHF-DA at 37°C for 30 min, then 1 × 106 cells 
were harvested and resuspended in PBS. The percent-
age of fluorescence-positive cells was determined with 
flow cytometry analysis (BD Biosciences, San Jose, 
CA) using excitation and emission filters of 488 and 
530 nm, respectively.
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Nrf2 Immunofluorescence Microscopy

The MAC-T cells were seeded in laser confocal Petri 
dishes (Coring Life Science, Lowell, CA), and the im-
munofluorescence staining was performed as previously 
reported (Jin et al., 2016). Briefly, cells were fixed with 
ice-cold methanol and acetone (vol/vol = 1:1) solution 
for 30 min, permeabilized with 0.5% PBS-Triton (San-
gon Biotechnology, Shanghai, China) for 30 min, and 
blocked by 10% goat serum-PBS for 30 min. Then, the 
cells were incubated with a primary rabbit anti-Nrf2 
antibody (1:200 dilution) overnight at 4°C, followed 
by incubation in the dark with FITC-conjugated goat 
anti-rabbit IgG (1:500 dilution) and 4 ,6-diamidino-
2-phenylindole to stain the Nrf2 protein and the cell 
nuclei, respectively. The images were visualized under 
confocal laser microscopy (Leica, TSC SP5, Biberach, 
Germany).

Quantitative Real-Time PCR

Total RNA was extracted from MAC-T cells with an 
RNApure kit and reverse-transcribed with PrimeScript 
RT reagent (Takara). The cDNA products (1:10 dilu-
tion) were quantitated with real-time PCR, in which 
SYBR premix EX Taq and specific primers (Table 1) 
were utilized in a standard 2-step reaction on a 7500c 
Real-time PCR-detection system (Applied Biosystems, 
Carlsbad, CA). β-Actin was used for gene expression 
normalization.

Western Blot

The MAC-T cells were lysed in RIPA lysis buffer (50 
mM pH 7.5 Tris·HCl, 50 mM MNaCl, 1% NP-40, 1% 
sodium deoxycholate, 0.1% SDS, 2 mM EDTA) with 1 
mM (phenylmethylsulfonyl fluoride. The lysates were 

collected and centrifuged at 12,000 × g for 10 min at 
4°C to remove cell debris. Equal amounts of cell lysate 
(20 μg) were used for Western blot analysis, as de-
scribed previously (Wang et al., 2013).

Small Interfering RNA Transfection

The RNA interference was used to silence Nrf2 
gene expression in MAC-T cells. Transient Nrf2 
gene silencing was attained following small interfer-
ing (si)RNA transfection (sense 5 -CAGUUGAG-
GACUUCAAUGAdTdT-3  and antisense 5 -UCAU-
UGAAGUCCUCAACUGdTdT-3 ; Jin et al., 2016). 
The Nrf2 siRNA (50 nM) or a negative control siRNA 
(sense 5 -UUCUCCGAACGUGUCACGUdTdT-3  and 
antisense 5 -ACGUGACACGUUCGGAGAAdTdT-3 ) 
were transfected into MAC-T cells with the Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA) for 
24 h before any subsequent treatments.

Statistical Analysis

All data are expressed as the means ± standard error 
of the mean from the indicated numbers of independent 
experiments performed in triplicate. Statistical analysis 
was performed using one-way ANOVA, followed by 
Duncan’s test for multiple comparisons. Differences 
were considered significant at P < 0.05. All statisti-
cal tests were carried out using SPSS 17.0 (SPSS Inc., 
Chicago, IL).

RESULTS

tBHQ Ameliorates Acute HS-Induced  
Cell Viability Loss

The MAC-T cells were challenged with HS stress 
treatment (42.5°C for 1 h), and their viabilities were 

Table 1. Primers sequences used for quantitative real-time PCR

Gene  Primer sequence
Product  
size (bp)

Annealing  
temperature (°C)  

GenBank  
Accession No.

GRP78 Forward (F): 5 -GACCCTGACTCGGGCTAAAT-3 243 60 NM_001075148.1
 Reverse (R): 5 -TGGACAGCGGCACCATATG-3    
CHOP F: 5 -TGAACGACTCAAACAGGAAATC-3 248 60 NM_001078163.1
 R: 5 -ACGCTAAGACCCTTTTCTATCG-3    
Bax F: 5 -TGGACATTGGACTTCCTTCG-3 122 60 NM_173894.1
 R: 5 -CCAGCCACAAAGATGGTCAC-3    
Bcl2 F: 5 -GGATGACCGAGTACCTGAACC-3 185 60 NM_001166486.1
 R: 5 -GCCCAGATAGGCACCCAG-3    
Nrf2 F: 5 -AGGACATGGATTTGATTGAC-3 272 60 NM_001011678.2
 R: 5 -TACCTGGGAGTAGTTGGCA-3    
HO-1 F: 5 -GGCAGCAAGGTGCAAGA-3 221 60 NM_001014912.1
 R: 5 -GAAGGAAGCCAGCCAAGAG-3    
Txnrd-1 F: 5 -GTGTTCACGACTCTGTCGGT-3 240 60 NM_174625.3
 R: 5 -CTGCCTTCCACGAATCACCT-3    
β-actin F: 5 -CAAGGACCTCTACGCCAAC-3 257 60 NM_173979.3
 R: 5 -AGAAGCATTTGCGGTGGAC-3    
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registered during the subsequent recovery incubation 
period, up to 24 h at 37°C. As shown in Figure 1A, cell 
viability immediately decreased after HS treatment, 
reached to its lowest point at 12 h (32% loss), and then 
slowly increased. The tBHQ-mediated cytotoxicity on 
the MAC-T cells following 24 h of treatment is shown 
in Figure 1B and tBHQ was safe up to a 10 μM dosage. 
We next tested the effect of tBHQ pretreatment (0–10 
μM) for 2 h on cell viability changes after 1 h of HS 
and a 12-h recovery incubation. As shown in Figure 1C, 
tBHQ pretreatment (5 and 10 μM) significantly im-
proved cell viability (86 and 85% compared with 78% in 
the HS group, P < 0.001) in the heat-stressed MAC-T 
cells in a dose-dependent manner.

tBHQ Diminished HS-Induced ROS Accumulation 
and Alleviated Cellular Stress

Several cellular stress responsive indices, including 
ROS accumulation, ER stress, and the expression of 
apoptosis-related genes, were examined in MAC-T cells 
after HS. As shown in Figure 2A, the ROS levels in 
MAC-T were elevated to 127 ± 2 (expressed as dichlo-
rodihydrofluoresence mean value) after 42.5°C exposure 
and 3 h of recovery, compared with 88 ± 9 in the control 
cells that received no HS. This increase was close to the 
level of the cells exposed to 500 μM H2O2 for 3 h (116 ± 
3, Figure 2A). The HS-induced ROS accumulation was 
significantly reduced by 5 (102 ± 1) and 10 μM (113 ± 

Figure 1. Tert-butylhydroquinone (tBHQ) protects MAC-T cells against heat shock (HS)-induced cell viability loss. (A) Cell viability was 
measured in MAC-T cells treated with acute HS (42.5°C, 1 h) and then recovered at 37°C for the indicated time periods. The viability of the cells 
cultured consistently at 37°C (control) at each time point was set to 1. (B) The MAC-T cells were treated with tBHQ at the indicated doses for 
24 h. The cell viability was measured and expressed as the percentage of the control cells (without tBHQ treatment). (C) The MAC-T cells were 
pretreated with tBHQ at the indicated doses for 2 h, followed by HS and recovery at 37°C for 12 h. The viability of the cells was measured and 
expressed as the percentage of the control cells that were consistently cultured at 37°C and received no tBHQ treatment. The data are expressed 
as the means ± SEM from 4 independent experiments.*P < 0.05, **P < 0.01, ***P < 0.001.
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1) tBHQ pretreatment for 2 h (P = 0.002; Figure 2A). 
Additionally, the expression of GRP78 (a central regu-
lator of ER stress) and CHOP (a key signaling compo-
nent involved in ER stress-induced apoptosis), as well 
as eIF2α phosphorylation (an initiator of the apoptotic 
pathway induced by ER stress), were examined as ER 
stress markers in MAC-T cells. As shown in Figures 2B 
and 2C, 10 μM tBHQ pretreatment significantly sup-
pressed HS-induced GRP78 and CHOP gene expression 
levels as well as the eIF2α phosphorylation levels (Fig-
ures 2B to 2D, left panels). Furthermore, HS exhibited 
a potential proapoptotic effect, as demonstrated by the 
upregulation of the proapoptotic protein, Bax, at both 
the mRNA and protein levels in HS-treated cells (Fig-
ures 2B to 2D, right panels). Pretreatment of the cells 
with 10 μM tBHQ decreased the HS-induced expression 
of Bax and increased expression of the anti-apoptotic 
protein, Bcl2 (Figures 2B to 2D, right panels).

HS-Induced Nrf2-ARE Signaling Activation  
Is Augmented in tBHQ-Treated MAC-T Cells

Heat shock-induced Nrf2-ARE signaling activation in 
MAC-T cells, with or without 2 h of tBHQ pretreat-
ment, was elucidated by examining Nrf2 nuclear trans-
location and the ARE-driven gene expression levels. As 
shown in Figure 3A, hyperthermia treatment induced 
Nrf2 protein translocation into the nucleus of MAC-T 
cells. Pretreatment of MAC-T cells with tBHQ for 2 
h showed further conspicuous nuclear translocation of 
Nrf2 and dramatic mRNA and protein upregulation 
of the ARE-driven genes, HO-1 and Txnrd1 (Figures 
3A to 3C). Taken together, tBHQ treatment further 
boosted the Nrf2-ARE signaling activation that was 
induced by HS.

tBHQ Cytoprotective Effects Against Heat  
Stress in MAC-T Cells

To explore whether Nrf2-ARE signaling activation is 
essential for the cytoprotective effects by tBHQ against 
HS stress in MAC-T cells, siRNA-mediated Nrf2 gene 
silencing was performed. In the presence of tBHQ, Nrf2 
siRNA transfection significantly decreased the Nrf2 
mRNA levels (82% decrease) and its target genes, HO-1 
and Txnrd1 (89 and 71% decrease, respectively; Figure 
4A). Upon HS exposure, the viability of MAC-T cells 
that were transfected with Nrf2 siRNA was reduced 
24% compared with cells transfected with control 
siRNA (Figure 4B). Moreover, Nrf2 depletion almost 
completely abrogated the tBHQ-mediated HS-induced 
cell death protection (Figure 4B). These data indicated 
that Nrf2-ARE signaling activation is essential for 

tBHQ cytoprotective effects in heat-stressed MAC-T 
cells.

DISCUSSION

Numerous reports have confirmed the positive roles 
of Nrf2 in eliciting adaptive responses to diverse stresses 
by upregulating cellular antioxidant defense and restor-
ing the cellular redox status (Magesh et al., 2012). In 
the current study, we investigated whether tBHQ, a 
well-known Nrf2 activator, could protect bMEC against 
HS-induced cell damage in vitro.

Many studies have investigated heat stress in dairy 
cows over the past several decades, as it causes signifi-
cant economic loss in the dairy industry (Hammami et 
al., 2015; Perano et al., 2015). Dairy cows show several 
direct and indirect responses to heat overload, includ-
ing changes in productive, physiological, health, and 
behavioral parameters (Allen et al., 2015). Research-
ers chose hyperthermia-treated bovine primary cells 
(such as hepatocytes and mammary epithelial cells) to 
mimic changes in cellular functions in animal tissues 
during heat stress (White et al., 2012; Han et al., 2015). 
These studies, including our previous one (Liu et al., 
2010), showed that heat stress leads to a substantial 
effect on cell growth, morphology, and apoptosis. In 
the current study, we used immortalized MAC-T cells 
to establish a new HS stress model because of its effec-
tiveness in siRNA treatments compared with primary 
bMEC. Treatment of the MAC-T cells at 42.5°C for 1 
h resulted in thermal stress, which was comparable to 
results obtained in other epithelial or endothelial cell 
lines (Presley et al., 2010; Mu et al., 2014).

In vivo and in vitro studies have shown the involve-
ment of oxidative stress in hyperthermia-induced cel-
lular injury, as characterized by lipid peroxidation and 
oxidative damage to proteins and DNA (Nabenishi et 
al., 2012; Chen et al., 2014). Oxidative stress, which 
results from the imbalance between antioxidants and 
prooxidants, is mainly mediated by ROS. Reactive oxy-
gen species are generated as by-products of normal cel-
lular metabolism and serve as key signaling molecules 
in various physiological and pathological processes 
(Apel and Hirt, 2004). Our results confirmed that heat 
overload evoked superfluous intracellular ROS to levels 
that were even higher than the ROS levels induced by 
exogenous prooxidants (H2O2) in MAC-T cells. The in-
creased ROS production in heat-treated MAC-T cells 
provided direct evidence of a redox imbalance status in 
these cells, which is consistent with our previous study 
in primary bMEC, which demonstrated that hyperther-
mia treatment impairs the cellular antioxidant capacity 
by increasing the levels of malondialdehyde and lactate 
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Figure 2. Pretreatment of MAC-T cells with tert-butylhydroquinone (tBHQ) attenuates heat shock (HS)-induced cellular stress responses. 
(A) The MAC-T cells were pretreated with or without tBHQ at the indicated doses for 2 h and then HS challenged (42.5°C for 1 h) followed 
by recovery at 37°C for 3 h. Cells cultured at 37°C with 500 μM H2O2 were used as a control. The intracellular reactive oxygen species (ROS) 
levels were measured by flow cytometry. DCF = dichlorodihydrofluorescence. (B–D) The MAC-T cells were pretreated with 10 μM tBHQ for 2 
h, followed by HS and recovery at 37°C for 12 h. The Bax, Bcl2, GPR78, and CHOP mRNA expression levels were measured by real-time PCR 
and normalized to β-actin levels (B). The Bax, Bcl2, EIF-2α, and phosphorylated EIF-2α protein levels were measured by Western blotting 
and normalized to β-tubulin levels (C). The band intensities of the Western blots were scanned and are quantitatively shown in (D), in which 
the phosphorylated EIF-2α levels were relative to the total levels of EIF-2α (left panel). The data are expressed as the means ± SEM from 3 
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Pretreatment of MAC-T cells with tert-butylhydroquinone (tBHQ) further activates the Nrf2-ARE signaling that is induced by 
heat shock (HS). The MAC-T cells were pretreated with or without 10 μM tBHQ for 2 h, followed by heat shock (42.5°C for 1 h) and recovery 
at 37°C for 12 h. Cells that were consistently cultured at 37°C and received no tBHQ treatment were used as the control group (blank). (A) 
Confocal images of MAC-T cells stained with anti-Nrf2 and a fluorescein isothiocyanate-conjugated secondary antibody (green) and 4 ,6-diamid-
ino-2-phenylindole (DAPI; blue), alone or together. (B) The Nrf2, HO-1, and Txnrd1 mRNA expression levels were measured by real-time PCR 
and normalized to β-actin mRNA levels. (C) The HO-1 and Txnrd1 protein levels were measured by Western blot analysis and normalized to 
β-tubulin (left panel), and the quantitative data are shown in the right panel. The data are expressed as the means ± SEM from 3 independent 
experiments. **P < 0.01, ***P < 0.001. Color version available online.
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dehydrogenase (Liu et al., 2010). We also previously 
observed that H2O2-induced ROS overproduction in 
MAC-T cells strongly upregulates the mRNA lev-
els of ER stress markers (GRP78 and CHOP) and 
mitochondria-related cell apoptosis genes (Bcl2 and 
Bax; Jin et al., 2016). Because the intracellular ROS 
levels and mRNA and protein levels of ER stress and 
cellular apoptosis markers were increased in the HS-
treated cells in the current study, we propose that the 

detrimental effects caused by HS might be attributed 
to ROS-mediated oxidative damage in MAC-T cells, at 
least to some extent.

Accumulating evidence indicates that ER stress-
mediated apoptotic cell death plays a critical role in 
HS-induced cellular damage (Zhong et al., 2011; Bet-
taieb and Averill-Bates, 2015), although the underlying 
mechanisms remain elusive (Gu et al., 2014). In the 
current study, we found that HS in MAC-T cells re-
sulted in remarkably increased expression of the ER 
stress markers, GRP78 and CHOP, which correlated 
well with increased expression of the proapoptotic pro-
tein, Bax, and decreased cell viability.

We further explored the use of a commercially avail-
able antioxidant, tBHQ, to protect bMEC that were 
exposed to HS. The tBHQ is widely used as a food 
and feed additive for humans and animals (Reeves et 
al., 1993; Wang et al., 2010; Braeuning et al., 2012); 
at low concentrations, it exerts cytoprotective effects 
in some cells by boosting cellular antioxidative defense 
systems, including the induction of phase II detoxify-
ing (glutathione S-transferases) or antioxidant enzymes 
(HO-1, Txnrd1; Kraft et al., 2004). However, at high 
concentrations, tBHQ is toxic to cells (Ma, 2013). 
In the current study, tBHQ produced cytotoxicity in 
MAC-T cells when its concentration was higher than 
10 μM, which is much lower than its toxic concentra-
tions in lymphocytes (Morzadec et al., 2014), bronchial 
epithelial cells (Chen et al., 2015), and hepatocytes 
(Duan et al., 2014). Because all of these previous stud-
ies used human cell lines, the sensitivity differences 
of MAC-T cells to tBHQ may represent cell type or 
species differences. More importantly, our study clearly 
demonstrated that pretreatment of MAC-T cells with 
tBHQ could significantly rescue them from HS-induced 
cell death.

Because tBHQ is known to enhance Nrf2-mediated 
transcriptional activation and subsequent antioxidant 
protection (Li et al., 2005; Chen et al., 2015), we inves-
tigated whether Nrf2-ARE signaling activation might 
be responsible for the cytoprotective effects of tBHQ 
in MAC-T cells during HS. The Nrf2-ARE signal-
ing activation induces the liberation of Nrf2 from its 
Keap1-mediated cytoplasmic entrapment, leading to its 
translocation to the nucleus. The translocated Nrf2 can 
then bind to the ARE element and start the transcrip-
tion of several ARE-regulatory genes (Kensler et al., 
2007). Both HO-1 and Txnrd1 are known Nrf-2 regu-
lated genes that play important roles in combating cell 
stress and detoxification. Gene HO-1 is highly inducible 
under several pathological conditions, including inflam-
mation and heat stress (Bindu et al., 2013; Kikusato 
et al., 2015); Txnrd1 is a major component of the cell 
antioxidative thioredoxin system, and it defends cells 

Figure 4. Signaling activation of Nrf2-ARE is essential for the 
cytoprotective effects of tert-butylhydroquinone (tBHQ) against heat 
shock (HS). (A) The MAC-T cells were transfected with Nrf2-specific 
small interfering RNA (Si-Nrf2) or a control small interfering RNA 
(NC) for 12 h and then treated with 10 μM tBHQ for additional 2 h. 
The Nrf2, HO-1, and Txnrd1 mRNA levels were measured by real-time 
PCR and normalized to β-actin levels. (B) After transfection with Si-
Nrf2 or a control small interfering RNA (NC) for 12 h, MAC-T cells 
were pretreated with or without 10 μM tBHQ for 2 h, followed by 
heat shock (42.5°C for 1 h) and recovery at 37°C for 12 h or consis-
tent culture at 37°C. The cell viability levels were determined. OD = 
optical density. The data are expressed as the means ± SEM from 3 
independent experiments. *P < 0.05, ***P < 0.001.
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against oxidative stress through its disulfide reductase 
activity and by regulating the protein dithiol and di-
sulfide balance (Lu and Holmgren, 2014). Interestingly, 
our study showed that HS slightly activates Nrf-ARE 
signaling in MAC-T cells even without tBHQ treat-
ment, indicating a possible self-defense mechanism of 
MAC-T cells to respond to HS. This is consistent with 
a previous study that showed that Nrf2 knockout mice 
were more sensitive to oxidative stress (Limonciel and 
Jennings, 2014). Importantly, we identified that the an-
tihyperthermia effects of tBHQ were Nrf2-dependent. 
Knockdown of Nrf2 increased the sensitivity of MAC-T 
cells to HS and reduced the cytoprotective effects of 
tBHQ. Our data clearly showed that Nrf2 is necessary 
for cell survival during HS stress, and activated Nrf2 
augmentation is a promising means to combating heat 
stress in dairy cows.

CONCLUSIONS

Our study provides the first evidence that tBHQ 
treatment can protect bMEC against heat stress in vi-
tro. We also demonstrated that this protection was de-
pendent on Nrf2-ARE signaling. The efficacy of tBHQ 
or other reagents that activate Nrf2-ARE signaling in 
protecting dairy cows from heat stress demands further 
study.
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