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Abstract
Heat stress leads to oxidative stress and induces apoptosis in various cells. Endoplasmic reticulum (ER) stress is an important 
apoptosis pathway. Manganese (Mn) has been shown to enhance the activity of manganese superoxide dismutase (MnSOD). 
To explore the potential effect of Mn on ER stress and apoptosis induced by heat stress, we examined crucial factors asso-
ciated with heat stress, ER stress, and apoptosis in cultured primary chick embryonic myocardial cells that had been pre-
treated with 20 μM Mn for 24 h and then subjected to 4 h of heat stress. The results showed that Mn decreased (P < 0.05) 
heat stress–induced reactive oxygen species (ROS) production and exerted antiapoptotic effects by increasing MnSOD 
enzymatic activity. The heat stress–induced accumulation of intracellular calcium was dramatically reduced (P < 0.05). Mn 
treatment significantly decreased (P < 0.05) the expression levels of the apoptosis-related gene Bax and ER stress markers 
glucose-regulated protein 78 (GRP78) and CCAAT/enhancer binding protein homologous protein (CHOP) in primary chick 
embryonic myocardial cells. Additionally, Mn reduced oxidative stress by activating the nuclear factor E2-related factor 2 
(NRF2)/SOD2 signaling pathway. Taken together, our findings indicate that Mn attenuates heat stress–induced apoptosis by 
inhibiting ROS generation, intracellular calcium accumulation, and the ER stress pathway and activating the NRF2/SOD2 
signaling pathway to protect myocardial cells from oxidative stress during chick embryonic development.
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Introduction

Myocardial damage caused by excessive ambient temper-
ature has been considered a risk factor that threatens the 
health of poultry and is characterized by rapid increases in 
respiratory rate, blood flow, and heart rate [1]. Heat stress 
may profoundly affect the heart and lead to sudden death in 
high-density poultry in captivity, especially in the summer. It 
is generally accepted that heat stress can change the activity 
of metabolic enzymes, thereby breaking the balance of the 

antioxidant system in the body, leading to oxidative stress 
and mediating apoptosis in multiple ways [2–4]. Heat stress 
causes intracellular reactive oxygen species (ROS) accu-
mulation, and excessive ROS levels activate downstream 
regulatory factor, and induce apoptosis, which manifests 
as mitochondrial p53 translocation and dynamic calcium 
(Ca2+) balance disorder [5–7].

Oxidative stress and endoplasmic reticulum (ER) stress 
are closely linked. Recent studies have shown that prolonged 
heat stress can trigger ER stress in cardiac myocytes, and 
the ER stress pathway is associated with apoptosis [8–10]. 
By inhibiting the ER stress pathway, selenium can reduce 
chronic heat stress–induced apoptosis [11]. Under heat 
stress conditions, alpha lipoic acid significantly alleviates 
the adverse effects of heat stress by affecting the activity of 
antioxidant enzymes and the occurrence of ER stress–related 
apoptosis in chicken testes [12].

Manganese (Mn) is an essential micronutrient in animals and 
a component of manganese superoxide dismutase (MnSOD). 
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MnSOD attenuates oxidative injury by enhancing ROS scaveng-
ing abilities and regulating the cellular redox status. Mn promotes 
the activity and gene expression of MnSOD, thus protecting myo-
cardial cells from oxidative stress during chick embryonic devel-
opment [13]. Studies by Li et al. showed that Mn could increase 
MnSOD gene expression and enzymatic activity via the protein 
tyrosine kinase (PTK) signal transduction pathway in the myocar-
dium of broiler chickens [14]. Evidence has shown that a mater-
nal diet supplemented with Mn significantly increases the activity 
and gene expression of MnSOD and increases the mRNA and 
protein expression of Bcl-2 in the myocardia of offspring chicken 
embryos, thus inhibiting heat stress–induced apoptosis [15, 16]. 
This finding suggests that maintaining or enhancing the function 
of MnSOD under heat stress may be beneficial in reducing heat 
stress–induced apoptosis.

Our previous study indicated that Mn could improve MnSOD 
activity [13] and reduce heat stress–induced apoptosis (the rel-
evant data has been submitted, but yet published) in primary 
chick embryonic myocardial cells. However, it is still not fully 
understood whether Mn protects against heat stress–induced 
apoptosis in primary chick embryonic myocardial cells by inhib-
iting ER stress and ROS generation. We hypothesized that Mn 
pretreatment would ameliorate ROS production and ER stress, 
and thus attenuate heat stress–induced apoptosis in cultured pri-
mary chick embryonic myocardial cells.

Materials and Methods

Isolation, Culture, and Treatment of Primary Chick 
Embryonic Myocardial Cells

All procedures were approved by the Animal Welfare Com-
mittee of the Institute of Animal Science, Gansu Agricul-
tural University. Chick embryonic myocardial cells were 
prepared from 10-day-old embryonated eggs as described 
by Qin et al. [13]. Briefly, the embryonic heart was removed 
and minced under sterile conditions. The myocardial tissue 
was digested with 0.12% collagenase II (Solarbio, China) in 
a shaking water bath at 37 °C for 8 min, and this process was 
repeated 4–5 times. The digested solution was centrifuged at 
1000 g for 5 min. The cell pellet was resuspended and main-
tained in DMEM/F-12 medium (BasalMedia, China) sup-
plemented with 20% fetal bovine serum (FBS) (Gibco, USA) 
and 1% penicillin–streptomycin solution (Solarbio, China) 
at 37 °C and 5% CO2. When the cells reached approximately 
80% confluence, the myocardial cells were treated with 
20 μM Mn (MnCl2, Sigma-Aldrich, USA; Mn compound 
amino acid complex, Trouw Nutrition, The Netherlands) for 
24 h. The culture medium was replaced with fresh medium, 
and the cells were placed in a 42 °C incubator in 5% CO2 
for heat stress for 4 h. Then, the cells were digested with 
0.25% trypsin, collected in the retained culture medium, and 

centrifuged at 1000 rpm for 5 min. The cell pellet was har-
vested for subsequent examinations.

Measurement of ROS

The levels of intracellular ROS were assessed using a ROS 
assay kit (Solarbio, China). Briefly, chick embryonic myocar-
dial cells were exposed to 42 °C for 4 h and then harvested. 
Then, the cell pellet was resuspended in serum-free DMEM 
containing 10 mM DCFH-DA and incubated at 37 °C for 
20 min in the dark. DCFH-DA is a probe that enters cells and 
reacts with ROS to form the fluorescent product DCF. The 
fluorescence intensity of the ROS probe was measured (excita-
tion 488 nm/emission 525 nm) using a multifunctional micro-
plate reader (Thermo Fisher Scientific, Varioskan LUX, USA).

MnSOD Activity Assay

MnSOD activity was measured using a Cu/Zn-SOD and Mn-
SOD assay kit with WST-8 (Beyotime, China) according to 
the manufacturer’s protocol. The protein concentrations were 
measured using a BCA protein assay kit (Solarbio, China). 
MnSOD activity is expressed as units per milligram of pro-
tein (U mg−1 protein), and one unit was defined as the SOD 
enzyme activity required to obtain 50% inhibition in the xan-
thine oxidase coupling reaction system.

Analysis of Apoptosis Rates

Apoptosis rates were analyzed using an Annexin V-FITC/PI 
apoptosis detection kit (Beyotime, China) according to the man-
ufacturer’s protocol. The cells were washed with phosphate-
buffered saline (PBS) and centrifuged (1500 rpm, 5 min), and 
then a 10 µL mixture of Annexin V-FITC and PI staining solu-
tions (1:1) was added to the cells and mixed. After 10 min of 
incubation in the dark at 4 °C, apoptosis was analyzed immedi-
ately using flow cytometry (BD, FACSCanto, USA).

Ca2+ Assay

Cytosolic Ca2+ was measured by using the cell-permeable 
Ca2+ fluorophore Fluo-4 (Solarbio, China). After 4 h of heat 
stress at 42 °C, chick embryonic myocardial cells were har-
vested and incubated with 5 µM Fluo-4 AM for 30 min at 
37 °C. Changes in cytoplasmic Ca2+ were evaluated by flow 
cytometry (BD, FACSCanto, USA).

Western Blot Analysis

Total cellular proteins were extracted with RIPA lysis buffer 
containing 1  mM PMSF (Solarbio, China), and protein 

Manganese Mitigates Heat Stress–Induced Apoptosis by Alleviating Endoplasmic Reticulum Stress… 2313

1 3



concentrations were measured using a BCA protein assay kit 
(Solarbio, China). A total of 20 µg of protein was separated 
by 10% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore, Germany). The 
membranes were blocked in 5% skimmed milk for 2 h at 
room temperature and then incubated overnight at 4 °C with 
the following primary antibodies: HSP70 (1:300; Bioss, 
Beijing, China), Bax (1:1000; Proteintech, Wuhan, China), 
glucose-regulated protein 78 (GRP78) (1:2000; Proteintech, 
Wuhan, China), CCAAT/enhancer binding protein homolo-
gous protein (CHOP) (1:500; Proteintech, Wuhan, China), 
nuclear factor E2-related factor 2 (NRF2) (1:500; Protein-
tech, Wuhan, China), calmodulin (1:200; Bioss, Beijing, 
China), MnSOD (1:3 000; Abcam, England), and GAPDH 
(1:5000; Proteintech, Wuhan, China). After being incu-
bated, the PVDF membranes were washed four times with 
Tris-buffered saline containing 0.1% Tween 20 (TBST) and 
then incubated with HRP-conjugated secondary antibodies 
(1:6000; Proteintech, Wuhan, China) for 1 h at room tempera-
ture. After being washed with TBST, the membranes were 
exposed to ECL reagent (Servicebio, China), and chemilu-
minescence was detected by an Amersham Imager 600 (GE, 
USA) and analyzed with ImageJ Software (National Institutes 
of Health, USA). GAPDH was used as a loading control.

Quantitative Real‑time PCR (qRT‑PCR)

Total RNA was extracted from primary chick embryonic 
myocardial cells using TRIzol reagent (TransGen, China). 
RNA was reverse transcribed into cDNA using the Pri-
meScript RT reagent kit (Takara, Japan) according to the 
manufacturer’s instructions. Real-time PCR was performed 
on a LightCycler 480 System (Roche, USA) using a SYBR-
Green Premix Pro Taq HS qPCR kit (AG, China). The 
primer sequences used to amplify the target genes are listed 
in Table 1. Target gene expression was normalized to the 
geometric mean of β-actin and GAPDH. Differential gene 
expression was calculated using the 2−△△Ct method.

Statistical Analysis

All data were analyzed by SPSS 19.0 (IBM SPSS Software, 
Armonk, NY, USA), and statistical analysis was performed 
using one-way ANOVA with Turkey’s multiple comparisons 
test. The data are shown as the mean ± SD, and P < 0.05 was 
considered statistically significant.

Results

The Effect of Manganese on ROS Production 
and Apoptosis Induced by Heat Stress in Primary 
Chick Embryonic Myocardial Cells

ROS generation plays an important role in heat stress 
and is known to be associated with apoptosis. To deter-
mine whether Mn, as a component of MnSOD, reduced 
ROS generation, intracellular ROS concentrations were 
measured using the DCFH-DA assay. As shown in 
Fig. 1A, we observed that Mn decreased (P < 0.05) heat 
stress–induced ROS production, and the reduction level 
of ROS by organic Mn was significantly higher than 
by inorganic Mn. To investigate whether Mn-mediated 
inhibition of ROS generation could alleviate apoptosis, 
we assessed MnSOD enzymatic activity, the apopto-
sis rate, and heat stress–related and apoptosis-related 
proteins in primary chick embryonic myocardial cells. 
Cells were pretreated with the antioxidant MnTMPyP 
(10 µmol/l) for 1 h and then treated with heat stress 
(42 °C) as a positive control. The data show that Mn 
exhibits antiapoptotic activity in primary chick embry-
onic myocardial cells by increasing the enzymatic activ-
ity of MnSOD (P < 0.05) (Fig. 1B–C). Mn significantly 
decreased the apoptosis rate (Fig. 1D) and the protein 
levels of HSP70 (a key marker of heat stress) and Bax 
(an apoptosis-related gene) in chick embryonic myocar-
dial cells (P < 0.05) (Fig. 1E–G).

Table 1   Primer sequences for real-time PCR amplification

Gene Gene Bank ID Forward primer(5′-3′) Reverse primer(5′-3′)

β-actin NM205518.1 CCG​CTC​TAT​GAA​GGC​TAC​GC CTC​TCG​ GCT​GTG​GTG​GTG​AA
GAPDH NM_204305.1 AGA​ACA​TCA​TCC​CAG​CGT​ AGC​CTT​CAC​TAC​CCT​CTT​G
Caspase-3 NM_204725.1 GAA​CTT​CCA​CCG​AGA​TAC​C GTC​CAC​TGT​CTG​CTT​CAA​T
HSP70 NM_001006685.1 CGT​CAG​TGC​TGT​GGA​CAA​GAGTA​ CCT​ATC​TCT​GTT​GGC​TTC​ATCCT​
Bax XM_001235092.4 TCC​ATT​CAG​GTT​CTC​TTG​ACC​ GCC​AAA​CAT​CCA​AAC​ACA​GA
GRP78 NM_205491.1 GAT​TGG​ACA​AGA​GAG​AGG​GTGA​ CCA​TAA​CAC​GCT​GGT​CAA​AGTC​
CHOP XM_015273173.2 TGG​ATG​AGA​CAC​TGA​ATG​C CTT​CCG​CTT​TGT​CCT​CTG​
Mn SOD NM204211.1 TTC​CTG​ACC​TGC​CTT​ACG​ACTAT​ CCA​GCG​CCT​CTT​TGT​ATT​TCT​
NRF2 NM_205117.1 CAT​AGA​GCA​AGT​TTG​GGA​AGAG​ GTT​TCA​GGG​CTC​GTG​ATT​GT
Keap1 XM_025145847.1 ACT​TCG​CTG​AGG​TCT​CCA​AG CAG​TCG​TAC​TGC​ACC​CAG​TT
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Manganese Mitigates Heat Stress–Induced 
Apoptosis and ER Stress in Primary Chick Embryonic 
Myocardial Cells

To investigate the effect of Mn on heat stress–induced 
apoptosis and ER stress, primary chick embryonic myo-
cardial cells were treated with 20 μM Mn for 24 h and 

heat stressed at 42 °C for 4 h. Heat-treated primary chick 
embryonic myocardial cells were subjected to q-PCR 
and Western blotting as shown in Fig.  2. The results 
showed that the mRNA expression levels of HSP70, Cas-
pase3, Bax, GRP78, and CHOP (ER stress–related pro-
teins in heat-treated myocardial cells) were significantly 
increased (P < 0.05) compared with the those of the control 

Fig. 1   The effect of manganese on ROS production and apoptosis 
induced by heat stress. Primary chick embryonic myocardial cells 
were treated with Mn for 24 h and heat stressed at 42 °C for 4 h. (A) 
The levels of ROS were assayed by DCFH staining. (B–C) MnSOD 
activity was measured by WST-8. (D) Apoptosis was analyzed by 
flow cytometry. (E–G) Western blotting was used to analyze the pro-

tein expression levels of the heat stress–related marker protein HSP70 
(F) and the apoptosis-related protein Bax (G). GAPDH was used as 
an internal control. The data shown represent the mean ± SD of at 
least three independent experiments, and different lowercase letters 
indicate significant differences (P < 0.05)
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(Fig. 2A–B). Mn decreased (P < 0.05) heat stress–induced 
mRNA expression of HSP70, Caspase3, Bax, GRP78, and 
CHOP, but there was no significant difference in the effects 
of Mn sources (P > 0.05) except regarding Bax expression. 
Similarly, after heat treatment, the protein levels of HSP70, 
Caspase3, Bax, GRP78, and CHOP increased promi-
nently (P < 0.05) (Fig. 2C–H). Mn significantly decreased 
(P < 0.05) the protein levels of HSP70, Bax, GRP78, and 
CHOP in heat-stressed chick embryonic myocardial cells. 
However, the effect of the Mn source was not consistent.

Manganese Reduces Heat Stress–Induced 
Intracellular Calcium Elevation

Ca2+ is a critical second messenger involved in apoptosis, and 
in the early and late stages of apoptosis, increased intracellular 
Ca2+ has been observed [17, 18]. To investigate whether heat 
stress–induced apoptosis is associated with increased intracel-
lular Ca2+ and to determine whether Mn reduces the accumu-
lation of intracellular Ca2+, we examined the effect of Mn on 
changes in Ca2+ during heat stress–induced apoptosis using 
flow cytometric analysis of primary chick embryonic myo-
cardial cells stained with the fluorescent probe Fluo-4. The 
results showed that heat stress caused a significant increase 
in the intracellular Ca2+ concentration, while similar to the 
changes in ROS levels, Mn dramatically reduced the heat 
stress–induced accumulation of intracellular Ca2+ (Fig. 3).

Manganese Inhibits Oxidative Stress by Activating 
the NRF2/SOD2 Signaling Pathway

NRF2 is a key transcription factor that regulates the anti-
oxidant stress response, can promote the expression of the 
antioxidant protein SOD2 (MnSOD) and activate the endog-
enous antioxidant response [19, 20]. To explore whether 
the NRF2/SOD2 pathway is involved in the effect of Mn 
on heat stress–induced apoptosis, we measured the mRNA 
and protein expression of NRF2 and SOD2. As shown in 
Fig. 4A, the mRNA expression levels of NRF2, Keap1 (a 
negative regulatory factor of NRF2) and SOD2 of the heat 
stress group were significantly increased (P < 0.05) com-
pared with those of the control (Fig. 4A). Mn decreased 
(P < 0.05) the heat stress–induced mRNA expression of 
NRF2 and Keap1 but increased the mRNA expression of 
SOD2 (P < 0.05). After heat treatment, the protein levels of 
NRF2 increased notably (P < 0.05) (Fig. 4B–D), and Mn sig-
nificantly attenuated this change (P < 0.05). Additionally, the 
protein levels of SOD2 decreased under heat stress, and Mn 
treatment group significantly enhanced the SOD2 expression 
level (P < 0.05) in heat-stressed chick embryonic myocardial 
cells (Fig. 4C, D).

Correlation Analysis

To further clarify the correlation of apoptosis and ROS produc-
tion, intracellular Ca2+ concentration, ER stress levels in heat-
stressed chick embryonic myocardial cells, we conducted a 
Pearson correlation coefficient analysis (Table 2). Data showed 
strong correlation between the protein expression of bax (marker 
of apoptosis) and ROS, intracellular Ca2+ concentration, the pro-
tein expression of GRP78 (marker of ER stress) (P < 0.05), but 
no significant correlation with the protein expression of CHOP. 
Additionally, there was a significant correlation between ROS 
and intracellular Ca2+concentration (P < 0.05), and between intra-
cellular Ca2+concentration and the protein expression of GRP78 
(P < 0.01). However, there was no significant correlation between 
ROS and the expression of ER stress–related genes.

Discussion

Heat stress is a difficult problem that is often encountered in 
the concentrated feeding of poultry, which can lead to great 
loss of growth and reproduction. Heat stress causes intracellu-
lar ROS accumulation, which leads to disruptions in the anti-
oxidant mechanism of the body, resulting in oxidative stress 
[3, 4, 21]. Therefore, heat stress is widely recognized as a 
major extracellular stimulus [22]. In addition, heat stress leads 
to protein denaturation, especially that of various enzymes, 
and the disruption of normal physiological processes, lead-
ing to apoptosis [23]. Heat stress and apoptosis are closely 
linked. Studies have shown widespread heat stress–induced 
apoptosis in several cell types, such as cells of the spleen, 
lymph node, thymus, and small bowel and cells of lymphoid 
origin in the lamina propria [24], which triggers ER stress, 
disordered Ca2+ balance, and mitochondrial p53 translocation 
[5, 6, 8]. Mn is an essential trace mineral that has a variety of 
beneficial effects on animals. As a cofactor of MnSOD, Mn 
plays an antioxidant role by inhibiting or scavenging exces-
sive ROS in the body [25]. In the present study, we showed 
that Mn attenuated heat stress–induced apoptosis in cultured 
primary chick embryonic myocardial cells. After 4 h of heat 
stress, ROS increased dramatically. Generally, basal levels 
of ROS contribute to normal cellular function, but excessive 
ROS are induced by extreme environments, including irra-
diation, external stimulation, or environmental pollution, and 
could induce oxidative stress and cell death [26]. We also 
observed that the apoptosis rates of heat-treated cells were 
significantly increased compared with those of the control. 
We believe that heat stress and heat-induced ROS production 
may jointly promote cell death [27–29]. In this study, consist-
ent with other reported studies [13, 30], heat stress stimulated 
the enzymatic activity of MnSOD in primary chick embryonic 
myocardial cells, and we hypothesized that MnSOD activity 
was a defense measure against heat stress. We found that the 
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Fig. 2   Manganese mitigates heat stress–induced apoptosis and ER 
stress. Primary chick embryonic myocardial cells were treated with 
Mn for 24 h and heat stressed at 42 °C for 4 h. (A–B) qRT-PCR was 
used to analyze the mRNA levels of target genes. (C–H) Western 
blotting was used to analyze the protein expression levels of the heat 

stress–related marker protein HSP70 (E), cell apoptosis-related pro-
tein Bax (F), and ER stress activation markers GRP78 (G) and CHOP 
(H). GAPDH was used as an internal control. The data shown rep-
resent the mean ± SD of at least three independent experiments, and 
different lowercase letters indicate significant differences (P < 0.05)
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enzymatic activity of MnSOD was significantly increased; 
additionally, the expression levels of HSP70 and Bax were 
decreased after Mn treatment, suggesting that Mn could alle-
viate the level of heat stress by improving MnSOD activity 

and reducing cell apoptosis. Organic Mn showed better antia-
poptotic effects than inorganic Mn, which may be due to the 
higher bioavailability of organic Mn.

Fig. 3   Manganese reduces heat stress–induced intracellular calcium 
elevation. Primary chick embryonic myocardial cells were treated 
with Mn for 24 h and heat stressed at 42 °C for 4 h. The effect of heat 
stress and Mn on Ca2+ overload was determined using flow cytomet-

ric analysis with the fluorescent probe Fluo-4. The data shown rep-
resent the mean ± SD of at least three independent experiments, and 
different lowercase letters indicate significant differences (P < 0.05)

Fig. 4   Manganese inhibits oxidative stress by activating the Nrf2/
SOD2 signaling pathway. Primary chick embryonic myocardial cells 
were treated with Mn for 24 h and heat stressed at 42 °C for 4 h. (A) 
qRT-PCR was used to analyze the mRNA levels of target genes. (B–
D) Western blotting was used to analyze the protein expression levels 

of Nrf2 (C) and SOD2 (D). GAPDH was used as an internal control. 
The data shown represent the mean ± SD of at least three independent 
experiments, and different lowercase letters indicate significant differ-
ences (P < 0.05)
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The ER is the main site of protein synthesis, secre-
tion, modification, and transport and is the storage site 
of Ca2+ in cells, playing an important role apoptosis 
[31]. Ca2+ is an important second messenger in cells that 
affects various physiological and pathological activities 
by translating extracellular stimuli into intracellular 
signaling pathways [32]. Increased cytoplasmic Ca2+ 
concentrations disrupt Ca2+ homeostasis and induce cas-
pase activation and subsequent apoptosis [33, 34]. In this 
study, Mn dramatically decreased the accumulation of 
intracellular Ca2+ and the heat stress–induced expres-
sion levels of apoptosis-related genes and ER stress 
activation markers Bax, GRP78, and CHOP in primary 
chick embryonic myocardial cells. Other studies with 
mouse granulosa cells [11] and human umbilical vein 
endothelial cells [7] have also shown that the inhibition 
of ER stress and Ca2+ disorder can effectively reduce 
apoptosis. A prior study reported that Ca2+ depletion in 
the ER was the main cause of apoptosis and ER stress; 
conversely, blocking ER Ca2+ outflow could promote 
oxidative phosphorylation and maintain intracellular 
adenosine triphosphate (ATP) levels, consequently sup-
porting cell growth [35]. Based on previous findings, 
we hypothesized that the inhibitory effect of Mn on ER 
stress and Ca2+ accumulation would be beneficial for 
alleviating heat stress–induced apoptosis in primary 
chick embryonic myocardial cells.

NRF2 can activate the endogenous antioxidant response 
as a key transcription factor that regulated the intracellular 
antioxidant stress response [36]. After oxidative stimulation, 
NRF2 enters the nucleus, binds to the oxidative response 
element, and then stimulates antioxidant function by acti-
vating downstream antioxidant genes such as HO-1 Rbx1 
and TrxR1 [37, 38]. There have been few reports about the 
interaction between MnSOD and Nrf2-mediated signaling 
pathways. In this study, we investigated the expression of 
NRF2 and SOD2 in primary chick embryonic myocardial 
cells that were pretreated with Mn for 24 h and subjected to 
heat stress for 4 h. The data show that as a type of oxidative 
stress, heat stress can increase the expression of NRF2 and 
decrease the expression of SOD. As expected, Mn treatment 

decreased the expression of NRF2 and increased the expres-
sion of SOD. In addition, the protective effect of Mn on 
primary chick embryonic myocardial cells under heat stress 
was confirmed. Based on this comprehensive analysis, we 
believe that the NRF2/SOD2 signaling pathway is involved 
in the mitigating effect of Mn on heat stress–induced apop-
tosis in primary chick embryonic myocardial cells.

In conclusion, our results reveal that Mn mitigated heat 
stress–induced apoptosis by inhibiting ROS generation, 
intracellular Ca2+ accumulation, and the ER stress pathway. 
Moreover, Mn may activate or enhance the NRF2/SOD2 
signaling pathway and thus can protect myocardial cells 
against oxidative stress during chick embryonic develop-
ment. These findings suggest that Mn may be used as a 
potential preventive or therapeutic agent for heat stress–asso-
ciated loss of production performance in broiler.
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