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ABSTRACT
The role of maternal dietary zinc supplementation in protecting the embryos
from maternal hyperthermia-induced negative effects via epigenetic mechanisms was
examined using an avian model (Gallus gallus). Broiler breeder hens were exposed to
two maternal temperatures (21°C and 32°C) × three maternal dietary zinc treatments
(zinc-unsupplemented control diet, the control diet + 110 mg zinc/kg inorganic or
organic zinc) for 8 weeks. Maternal hyperthermia increased the embryonic mortality
and induced oxidative damage evidenced by the elevated mRNA expressions of
heat shock protein genes. Maternal dietary zinc deficiency damaged the embryonic
development associated with the global DNA hypomethylation and histone 3 lysine
9 hyperacetylation in the embryonic liver. Supplementation of zinc in maternal diets
effectively eliminated the embryonic mortality induced by maternal hyperthermia
and enhanced antioxidant ability with the increased mRNA and protein expressions
of metallothionein IV in the embryonic liver. The increased metallothionein IV mRNA
expression was due to the reduced DNA methylation and increased histone 3 lysine
9 acetylation of the metallothionein IV promoter regardless of zinc source. These
data demonstrate that maternal dietary zinc addition as an epigenetic modifier
could protect the offspring embryonic development against maternal heat stress via
enhancing the epigenetic-activated antioxidant ability.

contributed to the abnormal development and embryo
death in mice and human [6, 7].
Zinc (Zn) deficiency resulted in the abnormal
embryonic development and poor performing offspring in
both hens [8] and mice [9]. The disruption of embryonic
development due to Zn deficiency was associated with
epigenetic defects such as the reduced methylation levels
of DNA and histones, and these impairments were restored
by dietary methyl donor supplementation [9]. Zinc as an
antioxidant supplement can protect cells against oxidative
damage from various environmental stimuli including
heat stress [10, 11]. We have demonstrated that dietary

INTRODUCTION
Maternal heat stress impairs the fetal and embryonic
development in mammalian and avian species [1, 2].
Maternal hyperthermia induces the embryonic oxidative
stress resulting from the excessive reactive oxygen
species (ROS) in mammalian species [3, 4]. However,
few studies have been performed to confirm this effect in
avian species. Oxidative damage generated by maternal
environmental stresses also can induce the aberrant
epigenetic patterns [5]. Lower levels of global DNA
methylation and histone acetylation from maternal stress
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supplementation with Zn increased mRNA and protein
expressions of tissue metallothionein (MT) as free radical
scavengers in broilers [12–14]. A moderately chelated
organic Zn source was the most effective in augmenting
tissue MT mRNA expression [13, 14]. In vivo, prenatal
Zn deficiency increased MT2 promoter DNA methylation
and histone acetylation levels in liver of offspring mice
[15]. In vitro, it is proved that MT gene mRNA expression
was suppressed by DNA hypermethylation of its promoter
region in cancer cells [16–19]. Therefore, the hypothesis
of the present study was to investigate whether maternal
dietary supplementations with different Zn sources could
protect offspring chick embryos against the maternal
hyperthermia-induced oxidative damage via epigenetic
activation of MT4 expression.

dietary Zn affected (P = 0.001) healthy chick ratio.
There was an interaction (P = 0.009) in the embryonic
mortality between maternal TEMP and dietary Zn, but no
interaction (P > 0.90) was observed in the healthy chick
ratio. Compared to maternal normal temperature (NT),
maternal high temperature (HT) increased (P < 0.004)
the embryonic mortality by 2.5-fold. Maternal dietary
supplementation with either inorganic Zn (iZn) or organic
Zn (oZn) had 11% higher (P < 0.05) healthy chick ratio
than the control group (CON). Under NT, the embryonic
mortality was not affected (P > 0.46) by maternal dietary
Zn, while under HT, compared with CON, maternal dietary
Zn supplementation decreased (P < 0.05) the embryonic
mortalities to the similar level in the NT groups, but no
difference (P > 0.72) was observed between the two Zn
sources.

RESULTS
Embryonic development

Zn contents and antioxidant indices in the
embryonic liver

Maternal temperature (TEMP) affected (P = 0.002)
the embryonic mortality (Figure 1A), but had no effect
(P > 0.22) on healthy chick ratio (Figure 1B). Maternal

Liver as a main and sensitive target organ for
Zn accumulation was also susceptible to heat stress
[20]. Thus, focusing on the embryonic liver, we firstly

Figure 1: Effects of maternal environmental temperature and dietary Zn on the embryonic development. A. Embryonic

mortality was expressed as percentages of dead embryos in the total number of fertile eggs. B. Healthy chick ratio expressed as percentages
of healthy chicks in the total number of hatched birds. C. The healthy and weak hatched chicks were presented. Based on the 2-way ANOVA
analyses, lacking common letters (a or b, significant differences at P < 0.05) over a bar as determined by a main effect of maternal dietary
Zn (n = 12) or their interaction (n = 6). All values are expressed as means ± SE.
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Gene mRNA and protein expressions in the
embryonic liver

measured the Zn content, malonaldehyde (MDA) and
metallothionein IV (MT4) levels, and copper zinc
superoxide dismutase (CuZnSOD) activity to determine
whether maternal dietary supplementation with Zn
could protect offspring embryos against maternal HT
via enhancing antioxidant ability. Maternal TEMP had
no effect (P > 0.28) on Zn content (Figure 2A), MDA
(Figure 2B) and MT4 (Figure 2C) levels, but tended (P
= 0.07) to affect CuZnSOD activity (Figure 2D) in the
embryonic liver. Maternal dietary Zn affected (P < 0.04)
Zn and MT4 contents, but had no effect (P > 0.40) on
CuZnSOD activity and MDA content in the embryonic
liver. There were no interactions (P > 0.36) in all of the
above indices between maternal TEMP and dietary Zn.
Compared to NT, HT tended (P = 0.07) to increase the
liver CuZnSOD activity. Compared to the CON, maternal
dietary Zn supplementation increased (P <= 0.05) Zn
content in the embryonic liver with no difference (P >
0.30) between the two Zn sources. The MT4 level in
the embryonic liver was higher (P = 0.004) in the iZn
than in the CON, but no differences (P > 0.11) were
observed between the oZn and CON or between the two
Zn sources.

Compared to NT, maternal HT increased (P = 0.02)
the liver heat shock protein 90 (HSP90) mRNA expression
(Figure 3A) and tended to increase (P = 0.07) HSP70
mRNA expression (Figure 3B), but had no effect
(P = 0.34) on MT4 mRNA expression in the embryonic
liver (Figure 3C). Maternal dietary Zn affected (P =
0.01) the hepatic MT4 mRNA expression, but had no
effect (P > 0.10) on the HSP90 and HSP70 mRNA
expressions. Maternal TEMP and dietary Zn tended
(P = 0.07) to have an interaction on the CuZnSOD mRNA
expression (Figure 3D), but had no effect (P > 0.30) on
the rest indices. Maternal dietary Zn supplementation
increased (P < 0.005) the MT4 mRNA expression by
5-fold compared to the CON with difference (P > 0.62)
between the two Zn sources. Under NT, no differences (P
> 0.72) in the CuZnSOD mRNA expression were observed
among maternal dietary Zn treatments, while under HT,
maternal dietary Zn supplementation increased (P < 0.05)
CuZnSOD mRNA expression compared with CON with
no difference (P > 0.67) between the two Zn sources.

Figure 2: Effects of maternal environmental temperature and dietary Zn on Zn content and antioxidant ability in
the embryonic liver. The indices of Zn content A. MDA content B. MT4 content C. and CuZnSOD activity D. related with heat stress

and dietary Zn in the embryonic liver were used to assess the antioxidant ability. Based on the 2-way ANOVA analyses, * (significant
differences with a trend at 0.05 < P < 0.10) as determined by a main effect of maternal environmental temperature (n = 18); lacking common
letters (a or b, significant differences at P <= 0.05) over a bar as determined by a main effect of maternal dietary Zn (n = 12). All values are
expressed as means ± SE.
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Maternal TEMP, maternal dietary Zn and their interaction
had no effects (P > 0.11) on the protein expressions of
HSP70, HSP90 and CuZnSOD in the embryonic liver
(Figure 4A–4C).

by a combination of immunoprecipitation (IP) and RTPCR. The DNA methylation and H3K9 acetylation levels
of the liver MT4 promoter were affected (P ≤ 0.05) by
maternal dietary Zn, but not (P > 0.24) by maternal TEMP
or their interaction. Both the iZn and oZn had lower (P <
0.02) levels of DNA methylation and higher (P < 0.05)
levels of H3K9 acetylation in the MT4 promoter than the
CON with no differences (P > 0.47) between the two Zn
sources.

Global and MT4 promoter DNA methylation and
H3K9 acetylation levels
The global level of DNA methylation and the relative
degree of histone H3K9 acetylation after normalization to
the total histone H3 level were measured in the embryonic
liver (Figure 4D). Global DNA methylation (Figure 5A)
and H3K9 acetylation (Figure 5B) levels were affected
(P < 0.03) by maternal dietary Zn, but not (P > 0.37) by
maternal TEMP or their interaction. Both the iZn and oZn
had higher (P ≤ 0.05) global levels of DNA methylation
and lower (P < 0.05) global levels of H3K9 acetylation
than the CON with no difference (P > 0.38) between
the two Zn sources. We further determined the DNA
methylation (Figure 5C) and histone H3K9 acetylation
(Figure 5D) levels of MT4 promoter in the embryonic liver

DISCUSSION
As reported previously in mammals [3, 4],
maternal heat stress increased embryonic mortality in
laying hens in this study. The embryonic death from
maternal hyperthermia was partially ascribed to the high
susceptibility of embryos to oxidative stress in bovine
[3] and porcine [4] species. The excessive ROS from
oxidative stress induced the damages of lipid, protein and
DNA and then arrested development of embryos [21, 22,
23]. However, lipid peroxidation was not observed in the

Figure 3: Effects of maternal environmental temperature and dietary Zn on gene mRNA expressions in the embryonic
liver. The mRNA expressions of HSP90 A. HSP70 B. MT4 C. and CuZnSOD D. genes related with heat stress and antioxidant ability were

determined in the embryonic liver. The geometric mean of internal references, β-actin and GAPDH, was used to normalize the expression
of target genes. Based on the 2-way ANOVA analyses, ** (significant differences at P < 0.05) or *(significant differences with a trend at
0.05< P < 0.10) as determined by a main effect of maternal environmental temperature (n = 18); lacking common letters (a or b, significant
differences at P < 0.05; A or B, significant differences with a trend at 0.05< P < 0.10) over a bar as determined by a main effect of maternal
dietary Zn (n = 12) or their interaction (n = 6). All values are expressed as means ± SE.
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livers of maternal heat-stressed embryos based on MDA
content. It is implied that MDA content might be not a
sensitive biomarker for reflecting oxidative damage of
chick embryos during incubation. Additionally, ROS could
act as second messengers by activating key transcription
factors to alter target gene expressions [24]. The ROS can
activate the binding activity of HSF1 and then increase
the mRNA expressions of HSP70 and HSP90 in rats [25].
The HSP accumulations have been used as sensitive redox
biomarkers for potential oxidative damage [26, 27]. In
the present study, the oxidative damage was induced in
embryos from maternal heat stress based on the elevation
of HSP90 and HSP70 mRNA expression levels in the
embryonic liver. However, a lack of correlation between
the mRNA and protein expressions of either HSP90 or
HSP70 was observed in the liver of maternal heat-stressed
embryos. It is probably due to the reduced translational
efficiency of gene mRNA [28] and rate of protein synthesis
[29] in response to heat stress.
In the present study, Zn deficiency resulted in less
high-quality hatched chicks (Figure 1C) from hens fed a
semi-purified diet containing 9.98 mg of Zn/kg of diet,
which confirmed the results of previous studies [8, 30].
Maternal dietary Zn deficiency significantly decreased
Zn accumulation in embryos, and subsequently led to the

abnormal development and loss of the embryos. Maternal
dietary supplementation with Zn eliminated the embryonic
mortality induced by maternal heat stress. Maternal dietary
Zn supplementation increased CuZnSOD mRNA and MT4
mRNA and protein expressions levels functioning as free
radical scavengers in the embryonic liver from maternal
heat stress. Therefore, the embryos from hens fed the diets
supplemented with Zn might benefit from the enhanced
antioxidant ability to prevent oxidative damage and
embryonic mortality induced by maternal hyperthermia.
Except for oxidative damage, the embryonic development
was also impaired by the alteration of epigenetic processes,
such as DNA methylation and histone modifications [6, 7,
31]. These epigenetic changes can further block or silence
expressions of imprinted genes during embryogensis [7].
The lower global levels of DNA methylation and histone
acetylation could contribute to the abnormal embryonic
development [6, 9]. Zinc is necessary for the structure
and function of DNA methyltransferases, methyl-binding
proteins and deacetylases [32]. Maternal Zn-deficient
diet induced the global DNA hypomethylation and
H3K9 hyperacetylation in the embryonic liver, which
confirmed the previous results reported in the liver of
rats [9, 33, 34]. The reduced DNA methylation levels due
to maternal Zn deficiency might be associated with the

Figure 4: Effects of maternal environmental temperature and dietary Zn on protein expressions in the embryonic
liver. The data on protein expressions of HSP90 A. HSP70 B. and CuZnSOD C. in the embryonic liver were presented. D. Representative
immunoblots of the indicated proteins were shown.
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lower DNA methyltransferases activity and methyl group
turnover rate [9, 34]. The abnormal epigenetic pattern
was considered as one of reasons for the disruption of
the embryonic development and embryo death. Gene
expressions can be suppressed by DNA hypermethylation
in CpG islands of the gene promoter region involved
in a transcriptional repression mechanism [35]. In the
current study, maternal Zn-deficient diet led to DNA
hypermethylation of MT4 promoter and inhibited MT4
mRNA expression in the embryonic liver. The suppression
of MT gene mRNA expression due to the higher levels of
DNA methylation has been proven in various cancer cells
[16–19]. In addition, the aberrant H3K9 hypomethylation
accompanied by DNA hypermethylation was observed in
the same region of the MT4 gene. Histone deacetylation
was associated with gene silencing via alterations in
the structure of the nucleosomes or activation of RNA
polymerase and other transcription coactivator binding
[36, 37].

This study revealed that maternal hyperthermia
increased the embryonic mortality and induced
oxidative damage evidenced by the elevated mRNA
expressions of HSP90 and HSP70 in the embryonic
liver. Maternal dietary Zn deficiency impaired the
embryonic development associated with the global DNA
hypomethylation and H3K9 hyperacetylation in the
embryonic liver. Maternal dietary supplementation with
Zn enhanced antioxidant ability with increased MT4
mRNA and protein expression levels against oxidative
damage, and effectively eliminated the negative effect of
maternal hyperthermia on the embryonic mortality. The
MT4 mRNA expression was increased by the reduced
DNA methylation and the increased H3K9 acetylation of
the MT4 promoter. It is suggested that maternal dietary
Zn addition as an epigenetic modifier could protect the
embryonic development against maternal heat stress via
enhancing the epigenetic activation of the antioxidant
ability.

Figure 5: Effects of maternal environmental temperature and dietary Zn on DNA methylation and H3K9 acetylation
in the embryonic liver. The global levels of DNA methylation A. and H3K9 acetylation B. were determined using ELISA and Western-

blot methods, respectively. The MT4 promoter DNA methylation C. and H3K9 acetylation D. were determined using methylated DNA
immunoprecipitation and chromatin immunoprecipitation methods, respectively. Based on the 2-way ANOVA analyses, lacking common
letters (a or b, significant differences at P <= 0.05) over a bar as determined by a main effect of maternal dietary Zn (n = 12). All values are
expressed as means ± SE.
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MATERIALS AND METHODS

with the inorganic Zn, according to supplemental amounts
of methionine and lysine from the Zn proteinate source.
Eggs were collected from the last 3 wk of the
experiment period. The eggs from each replicate of the
all maternal treatments were kept on the same egg tray
(6 trays totally) of one incubator (9TDJ-A, LanTianJiao
Electronic Technology company, Beijing, China). The
eggs were incubated at a temperature of 37.8°C and
a relative humidity of 55 to 60% for 21 d. Eggs were
candled at 7 d of incubation (E7) and E18.5 to identify
nonviable embryos. All removed eggs on E7 and E18.5
were counted, opened, and visually evaluated also to
determine the true embryonic mortality. On E21, the
number of hatched healthy chicks was determined.
Hatched chicks were classified as healthy birds if they
could stand up and move freely, and breathed much more
smoothly and developed better than weak birds [30].
Embryonic mortality was expressed as percentages of
dead embryos in the total number of fertile eggs for each
replicate per maternal treatment. Healthy chick ratio was
expressed as percentages of healthy chicks in the total
number of hatched birds for each replicate per treatment.

Experimental design and treatments
A completely randomized design involving a
2 [maternal environmental temperatures, normal 21
± 1°C (NT) and high 32 ± 1°C (HT)] × 3 [maternal
dietary Zn treatments, a semi-purified diet without Zn
supplementation as control basal diet (CON), the CON
diet + 110 mg Zn/kg as either the inorganic (iZn) or
organic Zn (oZn)] factorial arrangement of treatments was
adopted. Thus, a total of 6 treatment groups (NT-CON,
NT-iZn, NT-oZn, HT-CON, HT-iZn, and HT-oZn) were
included. All eggs collected from the above 6 maternal
treatments were incubated for 21 d.

Animals and diets
This study with all experimental procedures was
approved by Animal Welfare Committee of the Institute
of Animal Science, Chinese Academy of Agricultural
Sciences. A total of 144 18-wk-old female broiler
breeders (Arbor Acres, Huadu Broiler Company, Beijing,
China) were randomly allotted to 1 of 6 treatments with
6 replicates (4 birds per replicate) for each treatment
according to the experimental design. All broiler breeder
hens were initially adapted from 18 to 29 wk of age using
a conventional corn-soybean meal diet. The body Zn
stores were deleted for all the birds from 30 to 32 wk of
age using a corn starch-isolated soybean protein purified
diet without Zn addition. After that, the birds in 3 dietary
Zn treatments from the NT group were housed at 21 ±
1°C, while those in 3 dietary Zn treatments from the HT
group were reared at 32 ± 1°C for the experimental period
from 33 to 42 wk of age. All hens were provided free
access to tap water and the experimental diets. Semen was
collected from male broiler breeders from 27 to 29 wk of
age and mixed, and the volume and numbers of semen
and sperm motility were determined before insemination.
Artificial insemination was performed for twice a week.
The basal diets for the depletion period (corn starchisolated soybean protein purified diet) and experimental
period (corn-corn starch-isolated soybean protein semipurified diet) were formulated to meet or exceed the
requirements for laying broiler breeders, except for
Zn (Table 1). According to the experimental design,
inorganic Zn sulfate (reagent grade, ZnSO4·7H2O) and
the Zn proteinate with a moderate chelation strength (feed
grade, Qf = 30.7) [14] were added to the basal diet based
on the analysed Zn contents, respectively. The analysed Zn
contents in diets are shown in Supplementary Table 1. To
remove the effect of additional amino acids from the Zn
proteinate, dietary methionine and lysine, as the first and
second limited amino acids in poultry diets, were balanced
to the same levels by adding synthetic DL-methionine and
L-lysine·HCl to the control diet and diet supplemented
www.impactjournals.com/oncotarget

Sample collections
On E18.5, 24 embryos (4 per replicate) from each
treatment were killed by cervical dislocation. The livers
from the embryos were immediately dissected and frozen
in liquid nitrogen and then stored at -80°C for further
analyses. Equal weight sub-samples of the livers from the
4 embryos in each replicate were pooled into one sample
for analyses.

Measurements of crude protein, calcium, zinc,
nonphytate phosphorus
The crude protein and calcium contents in feed
ingredients and diet samples and Zn contents in Zn
proteinate, diets and the embryonic liver tissue were
measured as described previously [14]. Dietary nonphytate
phosphorus was determined as described previously [39].

Determinations of antioxidant indices in the
embryonic liver
As described previously [38], the homogenates of
the embryonic liver samples were prepared to determine
the total protein content, MDA and MT4 levels and
CuZnSOD activity. The levels of total protein MDA and
MT4 were determined using a BCA Protein Assay kit (Cat
#23225, Pierce, Rockford, IL, USA), a commercial assay
kit (Cat #A003-1, Nanjing Jiancheng Bioengineering
Institute) and a Chicken MT4 ELISA Kit (Cat #CG3309,
Waltham), respectively. The CuZnSOD activity was
measured following the nitrite method [14]. All of the
above indices were expressed as one unit per mg protein.
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Table 1: Composition and nutrient levels of the basal purified and semi-purified diets for laying broiler breeders
during the Zn depletion period and experimental period (as-fed basis)
Item

Zn depletion period

Experimental period

-

35.20

Corn starch

67.48

35.20

Soy isolated protein

15.80

12.55

Soybean oil

1.50

1.40

Cellulose

3.00

3.00

CaCO

7.55

7.65

CaHPO41

1.20

1.00

NaCl1

0.60

0.45

0.10

0.10

0.52

0.60

KCl

0.10

0.30

DL-Met (98%)

0.45

0.40

Gly

0.40

0.35

0.40

0.65

-

0.25

ME4, MJ/kg

11.77

11.79

CP

Ingredient, %
Corn

1
3

KH2PO4

1

MgSO4·7H2O

1

1

1

Micronutrients

2

Corn starch + Zn additive, etc. additive , et al.
3

3

3

Nutrient composition, %
15.62

15.48

4

Lys

0.87

0.78

Met4

0.57

0.56

Met + Cys4

0.65

0.70

Thr

0.95

0.88

0.92

0.55

Ca5

3.29

3.28

Nonphytate P5

0.46

0.47

Zn , mg/kg

3.65

9.98

5

4

Gly

4

5

Reagent grade.
Provided per kilogram of diet for the Zn depletion period: vitamin A (retinyl acetate), 4500 IU; cholecalciferol, 450 IU;
vitamin E (α-tocopherol acetate), 50.0 IU; menadione, 1.50 mg; thiamin, 13.4 mg; riboflavin, 15.0 mg; pyridoxine, 4.50
mg; cyanocobalamin, 0.02 mg; pantothenate, 18.0 mg; niacin 50.0 mg; folic acid 6.0 mg; biotin, 0.60 mg; choline (choline
chloride), 1500 mg; Cu (CuSO4·5H2O), 10.0 mg; Fe (FeSO4·7H2O), 50.0 mg; Mn (MnSO4·H2O), 120 mg; I (KI), 1.20 mg;
Se (Na2SeO3), 0.30 mg; Mo (NaMoO4·2H2O), 8.30 mg.
Provided per kilogram of diet for the experimental period: vitamin A (retinyl acetate), 11000 IU; cholecalciferol, 3500 IU;
vitamin E (α-tocopherol acetate), 50.0 IU; menadione, 4.40 mg; thiamin, 6.60 mg; riboflavin, 12.0 mg; pyridoxine, 4.50
mg; cyanocobalamin, 0.02 mg; pantothenate, 15.5 mg; niacin 50.0 mg; folic acid 2.0 mg; biotin, 0.22 mg; choline (choline
chloride), 2000 mg; Cu (CuSO4·5H2O), 10.0 mg; Fe (FeSO4·7H2O), 50.0 mg; Mn (MnSO4·H2O), 120 mg; I (KI), 1.20 mg;
Se (Na2SeO3), 0.30 mg; Mo (NaMoO4·2H2O), 8.30 mg.
3
Zinc additive, DL-Met, or L-Lys·HCl were added to diets by replacing an equal weight of corn starch.
4
Calculated values.
5
Analysed values based on triplicate determinations.
1
2
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Reverse transcription-qPCR assays
Total RNA was extracted from the embryonic
liver tissues using Trizol reagent (Cat #15596018,
Life Technologies) and then reverse-transcription was
performed using QuantiTech Reverse Transcription Kit
(Cat #205311, Qiagen) following the manufacturer’s
protocols with genomic DNA wiping off. The protocol
of two-step PCR using ABI Fast PCR System was as
follows: denaturation at 95°C for 2 min followed by 40
cycles at 95°C for 60 s, 60°C for 30 s, and 72°C for 30 s.
The primer sequences are listed in Supplementary Table
2. The geometric mean of internal references, β-actin and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
was used to normalize the expressions of the targeted
genes. The 2−△△Ct was used to calculate mRNA level of
each target gene [38].

input (20 ng/μL) and the rest was immunoprecipitated with
5-methyl-cytidine antibodies and rotated at 4°C overnight
(Cat #ab10805, Abcam). The immune complexes were
captured with 30 μL of protein A/G agarose beads and
then digested with 250 μL of digestion buffer containing
proteinase K. Finally, the MeDIP DNA was purified. A
small aliquot of MeDIP DNA and input DNA was used
as the template for real-time PCR. We designed primers
specific to proximal 5’ upstream promoter sequences of
MT4 (-1058 to -860 bp upstream from the transcription
initiation site). The primer pair for MT4 produced a 165
bp amplicon to cover the promoter CpG island (106
bp) with 10 CpG sites (Supplementary Figure 1A). The
relative changes in the extent of promoter methylation
were determined by measuring the amount of promoter in
immunoprecipitated DNA after normalization to the input
DNA: % (Methylated DNAIP/Input) = 2^[( Ct(MeDIP)-Ct(input)]×100.

Tissue preparations and western blotting assays

Chromatin immunoprecipitation (ChIP) analysis

Total protein was extracted from frozen samples
of the embryonic liver tissue as described previously
[38]. The protein specimens (25 μg protein/lane) were
separated on a 12% SDS-polyacrylamide gel and blotted
on transferred to PVDF membranes (Cat #IPVH00010,
Merck-Millipore). The blotted membranes were blocked
with 5% skim milk for 1 h at room temperature and
then incubated with the primary antibodies at 4°C
overnight. The the secondary antibody was applied at
room temperature for 1 h (Cat #CW0103A, ComWin
Biotech, diluted 1:5,000). The antibodies used are listed
in Supplementary Table 3. The signals were recorded and
analysed using an ECL-plus detection system.

The preparation of sonicated chromatin from the
embryonic liver tissue samples was performed according
to previous publication [40]. The crude chromatin
preparations were precleared with 20 μL of protein
A/G agarose beads. Approximately 1/10 of the sample
was collected as input control, while the remainder was
immunoprecipitated with 1 μg of anti-acetyl H3K9, (Cat
#12-371B, Millipore) overnight at 4°C with rotation.
Immune complexes were captured with the protein
A/G agarose beads. The DNA fragments from the
immunoprecipitated complexes and input chromatin were
released by reverse cross-linking at 65°C for 5 h and then
were washed and purified. Purified ChIP DNA was used
to amplify the gene promoter sequences of MT4 by realtime PCR with the same specific primers as described in
MeDIP analysis. ChIP with antibodies against AcH3K9,
nonspecific IgG as a negative control (NC) and blank
control (BC) was used to determine the fidelity of the
ChIP protocol (Supplementary Figure 1B). The qPCR
values were normalized to the values of the GAPDH
promoter region. The fold enrichment of each target
sequence was determined using the following formula
[fold enrichment=2-(Ct IpAcH3K9–Ct input)] [40].

Global DNA methylation quantification
The DNA was isolated from the embryonic liver
samples using Lysis buffer, proteinase K (Cat #EO0491,
Fermentas), and Rnase A (Cat #19101, Qiagen) and
purified by phenol/chloroform extraction method. The
methylation of the global DNA was detected using a
MethylFlash Methylated DNA Quantification Kit (Cat
#P1035, Epigentek) according to the manufacturer’s
instructions.

Statistical analyses

Methylated DNA immunoprecipitation (MeDIP)
analysis

Data were analysed by 2-way ANOVA using the
general linear model procedure of the SAS 9.2 (SAS
Institute Inc., Cary, NC), and the model included the
main effects of maternal environmental temperature,
maternal dietary Zn, and their interaction, and treatment
comparisons for significant differences were tested by the
LSD method. Embryonic mortality data were transformed
to arcsine values before statistical analysis. Each replicate
served as the experimental unit for all statistical analyses.
Significant differences were set at P ≤ 0.05 and at 0.05 <
P < 0.10 for a trend.

The MeDIP analysis for gene promoter was
performed as previously described [39] with some
modifications. In brief, genomic DNA extracted from the
embryonic liver samples was sonicated to produce small
fragments ranging from 200 to 600 bp. The fragmented
DNA (2 μg) was heat-denatured to produce singlestranded DNA and precleared with 20 μL of protein A/G
agarose beads (50% slurry, Cat #sc-2003, Santa Cruz
Biotechnology). A portion of DNA samples was saved as
www.impactjournals.com/oncotarget
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maintenance DNA methylation is associated with abnormal
embryonic development. BMC Med. 2012; 10:26.

ChIP: chromatin immunoprecipitation; CON: control
group; CuZnSOD: copper zinc superoxide dismutase;
HSP70 and HSP90: heat shock proteins 70 and 90; H3K9:
histone 3 lysine 9; HT: high temperature; iZn: inorganic
zinc; MDA: malonaldehyde; MeDIP: methylated DNA
immunoprecipitation; MT4: metallothionein IV; NT: normal
temperature; oZn: organic zinc; ROS: reactive oxygen
species; TEMP: environmental temperature; Zinc: Zn.

7. Kimura AP, Liebhaber SA, Cooke NE. Epigenetic modifications
at the human growth hormone locus predict distinct roles
for histone acetylation and methylation in placental gene
activation. Mol Endocrinol. 2004; 18:1018-1032.
8. Blamberg DL, Blackwood UB, Supplee WC, Combs
GF. Effect of zinc deficiency in hens on hatchability and
embryonic development. Proc Soc Exp Biol Med. 1960;
104:217-220.

ACKNOWLEDGMENTS

9. Tian X, Diaz FJ. Acute dietary zinc deficiency before
conception compromises oocyte epigenetic programming and
disrupts embryonic development. Dev Biol. 2013; 376:51-61.

The present study was supported by the Key
International Cooperation Program of the National Natural
Science Foundation of China (project no. 31110103916;
Beijing, P.R. China), the Agricultural Science and
Technology Innovation Program (ASTIP-IAS08; Beijing,
P. R. China), and the China Agriculture Research System
(project no. CARS-42; Beijing, P. R. China).

10. Sahin K, Kucuk O. Zinc supplementation alleviates heat
stress in laying Japanese quail. J Nutr. 2003; 133:2808-2811.
11. Bao B, Prasad AS, Beck FW, Snell D, Suneja A, Sarkar FH,
Doshi N, Fitzgerald JT, Swerdlow P. Zinc supplementation
decreases oxidative stress, incidence of infection, and
generation of inflammatory cytokines in sickle cell disease
patients. Transl Res. 2008; 152:67-80.

CONFLICTS OF INTERESTS

12. Huang YL, Lu L, Luo XG, Liu B. An optimal dietary zinc
level of broiler chicks fed a corn-soybean meal diet. Poult
Sci. 2007; 86:2582-2589.

The authors declare no competing interests.

Authorʼs contributions

13. Huang YL, Lu L, Li SF, Luo XG, Liu B. Relative
bioavailabilities of organic zinc sources with different
chelation strengths for broilers fed a conventional cornsoybean meal diet. J Anim Sci. 2009; 87:2038-2046.

XGL was responsible for all issues related to this
paper. YWZ and XDL were responsible for the planning
of the study, sample analyses, collections and statistical
analyses of all data, as well as the manuscript writing. LL,
WXL, and LYZ were involved in the sample collections,
analysis, and statistical analyses. XL, HCL, JO, and
CJ were involved in the experimental design and data
interpretations. All authors contributed to the writing of
the manuscript and agreed with the final content.

14. Huang YL, Lu L, Xie JJ, Li SF, Li XL, Liu SB, Zhang LY,
Xi L, Luo XG. Relative bioavailabilities of organic zinc
sources with different chelation strengths for broilers fed
diets with low or high phytate content. Anim Feed Sci Tech.
2013; 179:144-148.
15. Kurita H, Ohsako S, Hashimoto SI, Yoshinaga J, Tohyama
C. Prenatal zinc deficiency-dependent epigenetic alterations
of mouse metallothionein-2 gene. J Nutr Biochem. 2013;
24:256-66.

REFERENCES
1. Wolfenson D, Roth Z, Meidan R. Impaired reproduction in
heat-stressed cattle: basic and applied aspects. Anim Reprod
Sci. 2000; 60-61:535-547.

16. Majumder S, Ghoshal K, Li Z, Bo Y, Jacob ST. Silencing of
metallothionein-I gene in mouse lymphosarcoma cells by
methylation. Oncogene. 1999; 18:6287-6295.

2. Muiruri HK, Harrison PC. Effect of roost temperature on
performance of chickens in hot ambient environments.
Poult Sci. 1991; 70:2253-2258.

17. Ghoshal K, Majumder S, Li Z, Dong X, Jacob ST.
Suppression of metallothionein gene expression in a rat
hepatoma because of promoter-specific DNA methylation.
J Biol Chem. 2000; 275:539-547.

3. Sakatani M, Yamanaka K, Kobayashi S, Takahashi M. Heat
shock-derived reactive oxygen species induce embryonic
mortality in in vitro early stage bovine embryos. J Reprod
Dev. 2008; 54:496-501.

18. Deng DJ, El-Rifai W, Ji JF, Zhu BD, Trampont P,
Li JY, Smith MF, Powel SM. Hypermethylation of
metallothionein-3 CpG island in gastric carcinoma.
Carcinogenesis. 2003; 24:25-29.

4. Whitaker BD, Knight JW. Mechanisms of oxidative stress
in porcine oocytes and the role of anti-oxidants. Reprod
Fertil Dev. 2008; 20:694-702.

19. Smith E, Drew PA, Tian ZQ, De Young NJ, Liu JF,
Mayne GC, Ruszkiewicz AR, Watson DI, Jamieson
GG. Metallothionien 3 expression is frequently downregulated in oesophageal squamous cell carcinoma by DNA
methylation. Mol Cancer. 2005; 4.

5. Zawia NH, Lahiri DK, Cardozo-Pelaez F. Epigenetics,
oxidative stress, and Alzheimer disease. Free Radic Biol
Med. 2009; 46: 1241-1249.
www.impactjournals.com/oncotarget

19823

Oncotarget

20. Zhu YW. Anti-heat stress effects and molecular mechanisms
of dietary manganese and zinc in broilers [dissertation].
Beijing (P. R. China): China Agricultural University; 2016.

31. Simmons R. Epigenetics and maternal nutrition: nature v.
nurture. P Nutr Soc. 2011; 70:73-81.
32. Vallee BL, Falchuk KH. The biochemical basis of zinc
physiology. Physiol Rev. 1993; 73:79-118.

21. Ozawa M, Hirabayashi M, Kanai Y. Developmental
competence and oxidative state of mouse zygotes heatstressed maternally or in vitro. Reproduction. 2002;
124:683-689.

33. Wong CP, Magnusson KR, Ho E. Increased inflammatory
response in aged mice is associated with age-related zinc
deficiency and zinc transporter dysregulation. J Nutr
Biochem. 2013; 24:353-359.

22. Guerin P, El Mouatassim S, Menezo Y. Oxidative stress
and protection against reactive oxygen species in the preimplantation embryo and its surroundings. Hum Reprod
Update. 2001; 7:175-189.

34. Wallwork JC, Duerre JA. Effect of zinc deficiency on
methionine metabolism, methylation reactions and protein
synthesis in isolated perfused rat liver. J Nutr. 1985;
115:252-262.

23. Sakatani M, Kobayashi S, Takahashi M. Effects of heat
shock on in vitro development and intracellular oxidative
state of bovine preimplantation embryos. Mol Reprod Dev.
2004; 67:77-82.

35. Bird AP, Wolffe AP. Methylation-induced repression--belts,
braces, and chromatin. Cell. 1999; 99:451-454.
36. Verdone L, Caserta M, Di Mauro E. Role of histone
acetylation in the control of gene expression. Biochem Cell
Biol. 2005; 83:344-353.

24. Gloire G, Legrand-Poels S, Piette J. NF-kappa B activation
by reactive oxygen species: Fifteen years later. Biochem
Pharmacol. 2006; 72:1493-1505.

37. Jiang Y, Lu L, Li SF, Wang L, Zhang LY, Liu SB, Luo
XG. An optimal dietary non-phytate phosphorus level of
broilers fed a conventional corn-soybean meal diet from 4
to 6 weeks of age. Animal. 2016; 10:1626-1634.

25. Nishizawa J, Nakai A, Matsuda K, Komeda M, Ban T,
Nagata K. Reactive oxygen species play an important
role in the activation of heat shock factor 1 in ischemicreperfused heart. Circulation. 1999; 99:934-941.

38. Zhu YW, Lu L, Li WX, Zhang LY, Ji C, Lin X, Liu HC,
Odle J, Luo XG. Effect of dietary manganese on antioxidant
status and expression levels of heat-shock proteins and
factors in tissues of laying broiler breeders under normal
and high environmental temperatures. Br J Nutr. 2015;
114:1965-1974.

26. Watson K, Jones G, Rao V. Heat shock proteins as
biomarkers of oxidative stress and ageing. Free Radical Bio
Med. 2003; 35:S48-S49.
27. Tedeschi JN, Kennington WJ, Berry O, Whiting S, Meekan
M, Mitchell NJ. Increased expression of Hsp70 and Hsp90
mRNA as biomarkers of thermal stress in loggerhead turtle
embryos (Caretta Caretta). J Therm Biol. 2015; 47:42-50.

39. Liu BL, Cheng JX, Zhang W, Zhang X, Wang R, Lin H,
Huo JL, Cheng H. Quantitative detection of multiple gene
promoter hypermethylation in tumor tissue, serum, and
cerebrospinal fluid predicts prognosis of malignant gliomas.
Neuro Oncol. 2010; 12:540-548.

28. Lindquist S. Translational efficiency of heat-induced
messages in Drosophila melanogaster cells. J Mol Biol.
1980; 137: 151-158.
29. Didomenico BJ, Bugaisky GE, Lindquist S. The heat shock
response is self-regulated at both the transcriptional and
posttranscriptional levels. Cell 1982; 31: 593-603.

40. Fujii S, Luo RZ, Yuan JH, Kadota M, Oshimura M, Dent
SR, Kondo Y, Issa JPJ, Bast RC, Yu YH. Reactivation of
the silenced and imprinted alleles of ARHI is associated
with increased histone H3 acetylation and decreased
histone H3 lysine 9 methylation. Hum Mol Genet. 2003;
12:1791-1800.

30. Kienholz EW, Turk DE, Sunde ML, Hoekstra WG. Effects
of zinc deficiency in the diets of hens. J Nutr. 1961;
75:211-221.

www.impactjournals.com/oncotarget

19824

Oncotarget

