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in DNA methylation, DNMT protein expression and enzy-
matic activity in response to 5 and 20  h anoxia in liver 
and white muscle indicating a potential downregulation 
of gene expression via this epigenetic mechanism during 
oxygen deprivation.
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Introduction

The term epigenetics was first coined to refer to heritable 
changes in gene expression and phenotype that arise inde-
pendent of changes in the primary DNA sequence (Wad-
dington 1942; Wolffe and Matzke 1999; Bird 2002). Such 
epigenetic changes are coordinated via permanent (such as 
during tissue differentiation) or reversible (such as stress-
responsive) modifications to DNA and histone proteins. 
Many previous studies have shown that epigenetic mecha-
nisms play a vital role in most, if not all, cellular and physi-
ological processes, such as gene expression (Grewal and 
Moazed 2003), cell cycle control (Macaluso et  al. 2005), 
growth and development (Bestor and Tycko 1996), disease 
and cancer (van der Maarel 2008), aging (Calvanese et al. 
2009), and genomic immunity (Barlow 1993). However, 
the involvement of epigenetic controls in the reversible 
regulation of animal adaptation to environmental stress has 
been understudied and is only beginning to be explored. 
For example, do epigenetic mechanisms such as DNA 
methylation play a role in metabolic rate depression, the 
nearly universal survival response to abiotic stresses (e.g., 
lack of oxygen, dehydration, temperature extremes, and 
food restriction)?

Abstract  Oxygen deprivation is a lethal stress that only 
a few animals can tolerate for extended periods. This 
study focuses on analyzing the role of DNA methylation 
in aiding natural anoxia tolerance in a champion verte-
brate anaerobe, the red-eared slider turtle (Trachemys 
scripta elegans). We examined the relative expression 
and total enzymatic activity of four DNA methyltrans-
ferases (DNMT1, DNMT2, DNMT3a and DNMT3b), two 
methyl-binding domain proteins (MBD1 and MBD2), and 
relative genomic levels of 5-methylcytosine under con-
trol, 5 h anoxic, and 20 h anoxic conditions in liver, heart, 
and white skeletal muscle (n = 4, p < 0.05). In liver, pro-
tein expression of DNMT1, DNMT2, MBD1, and MBD2 
rose significantly by two- to fourfold after 5  h anoxic 
submergence compared to normoxic-control conditions. 
In heart, 5  h anoxia submergence resulted in a 1.4-fold 
increase in DNMT3a levels and a significant decrease in 
MBD1 and MBD2 levels to ~30  % of control values. In 
white muscle, DNMT3a and DNMT3b increased three-
fold and MBD1 levels increased by 50  % in response to 
5 h anoxia. Total DNMT activity rose by 0.6–2.0-fold in 
liver and white muscle and likewise global 5mC levels sig-
nificantly increased in liver and white muscle under 5 and 
20  h anoxia. The results demonstrate an overall increase 
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Hypoxia stress (low levels of oxygen) and anoxia (no 
oxygen) occur when the metabolic demand for oxygen 
exceeds the supply, and most vertebrates, particularly 
mammals, are highly sensitive to hypoxia/anoxia exposure. 
Oxygen deprivation is a particularly challenging stress to 
manage for intolerant species due to its dire consequences 
for ATP production via oxidative phosphorylation (Fraser 
et al. 2001). However, an obligate attachment to oxygen is 
not universal to all animals and many species experience 
natural situations where their access to oxygen can be cut 
off for long periods of time and yet they survive.

Among terrestrial vertebrates long-term survival with-
out oxygen (anoxia) is most highly developed in some 
freshwater turtles. Turtles in the Chrysemys and Trache-
mys genera are champion facultative anaerobes, capable 
of surviving submerged underwater for >24  h at 25  °C 
and up to 3–5 months at 3  °C (Ultsch and Jackson 1982; 
Ultsch 1985). The anoxia tolerance of these species sup-
ports extended hours of breath-hold diving, and is crucial 
to underwater hibernation in ice-locked ponds and lakes in 
northern latitudes. Turtles can be blocked from surfacing to 
breathe by ice-locked ponds while at the same time oxy-
gen is depleted in the water as winter progresses, thereby 
compromising the limited non-pulmonary oxygen uptake 
capacities of these species (Boutilier et  al. 1997; Ultsch 
2006). Red-eared sliders utilize a variety of physiologi-
cal and biochemical adaptations to confer anoxia toler-
ance. These include maintaining high glycogen stores in 
liver and white muscle, use of the calciferous shell to store 
and buffer lactic acid, and up-regulation of cytoprotective 
mechanisms including antioxidant defenses and chaperone 
proteins (Ultsch and Jackson 1982; Hochachka et al. 1996; 
Lutz and Milton 2004; Storey and Storey 2007; Biggar 
et al. 2011). However, long-term anoxia survival is primar-
ily achieved by suppressing, rebalancing and reprioritizing 
ATP use through metabolic rate depression (Storey and 
Storey 1990; Hochachka et  al. 1996). Indeed, calorimetry 
has shown that the metabolic rate of submerged red-eared 
sliders is only about 10–20 % of the normoxic value at the 
same temperature (Herbert and Jackson 1985; Jackson and 
Heisler 1982).

Many physiological and genetic adaptations that support 
hypoxia/anoxia survival are interconnected with underlying 
epigenetic mechanisms in the form of DNA methylation 
and histone modifications (Krivoruchko and Storey 2010a). 
Epigenetic modifications are one of the essential transcrip-
tional regulatory mechanisms in cells, and since gene tran-
scription is a major ATP-consuming processes, typically 
utilizing 1–10 % of a cell’s total energy budget (Rolfe and 
Brown 1997), it could be expected that epigenetic mecha-
nisms would contribute to the suppression of transcription 
and the induction/maintenance of a hypometabolic state. 
In particular, previous evidence points towards a tight link 

between short and long-term exposure to stresses, caloric 
intake, diet, and epigenetic control of certain metabolic 
pathways (Chiacchiera et al. 2013; Krivoruchko and Storey 
2010b).

DNA methylation is a chemically stable, reversible, and 
post-replicative modification of the 5th position on cytosine 
(5mC). Approximately 60–70 % of all CpG sites (regions 
of DNA in which cytosine nucleotides are located next to 
guanine nucleotides and separated by a single phosphate 
group) are methylated with the exception of relatively short 
regions characterized by high CpG density (called CpG 
islands). CpG islands are located upstream of the promot-
ers of most genes. These CpG islands are differentially 
methylated in different tissues at different times, suggest-
ing a highly dynamic transcriptional regulatory mechanism 
(Bird 2002). Hypermethylation of CpG islands correlates 
with transcriptional silencing due to: (1) direct interfer-
ence of transcription factor binding at the promoter, and/or 
(2) through recruitment of repressive methyl-binding pro-
teins such as MBD1 and MBD2 (Bogdanovic and Veenstra 
2009). MBD1 and MBD2 bind to methylated CpG islands 
and recruit repressive chromatin modifiers (such as histone 
deacetylases) and remodeling complexes that indirectly 
prevent the transcriptional machinery from binding to the 
promoter regions to initiate transcription. MBD1 has also 
been shown to bind DNA and induce chromatin compac-
tion independent of DNA methylation (Boyes and Bird 
1991).

DNMTs regulate the transfer of methyl groups from 
S-adenosylmethionine (SAM) to cytosine residues on 
genomic DNA and are essential for the maintenance and 
de novo creation of genomic methylation patterns (Goll 
and Bestor 2005). DNMT1 is attributed with preferring 
hemimethylated DNA, is known to maintain existing meth-
ylation patterns (Goll and Bestor 2005), and is considered 
a replication factor. Complete inhibition of DNMT1 has 
been shown to kill all dividing cells and partial inhibition 
may cause genome instability. Therefore, DNMT1 is con-
sidered to be a vital regulator of DNA methylation patterns 
in the genome (Goll and Bestor 2005). DNMT3a and 3b 
(de novo methyltransferases) do not require hemi-methyl-
ated DNA to function and transfer methyl groups to mainly 
non-methylated cytosine residues (Okano et al. 1998; Ram-
sahoye et al. 2000). DNMT3a and b are both essential for 
early development and regulation of gene expression and 
the loss of either enzyme is fatal (Okano et al. 1999). On 
the other hand, DNMT2 is quite different with little to no 
DNA methylation activity, but instead methylate cytosines 
at position 38 of the anticodon loop of several tRNAs 
(Goll et al. 2006; Jeltsch et al.2006) and regulates folding 
and stability of their structures (Alexandrov et  al. 2006). 
Schaefer et  al. (2010) suggested a link between tRNA 
methylation by DNMT2 and the cellular stress response in 
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which the tRNA methyltransferase activity of DNMT2 may 
interfere directly with the stress-induced fragmentation of 
various tRNAs and thereby play a role in regulating protein 
translation.

The present study provides the first examination of 
the potential role of DNA methylation in the global sup-
pression of gene expression in response to oxygen depri-
vation in a vertebrate model of anoxia tolerance, the red-
eared slider turtle. We investigated the expression of four 
DNMTs and two MBDs, measured global 5-mC levels in 
genomic DNA, and assayed total DNMT activity in turtle 
liver, heart, and white muscle in response to 5 and 20  h 
anoxic submergence. The results show adjustments to tis-
sue-specific expression patterns of DNMTs and MBDs in 
the three organs in response to anoxia as well as significant 
increases in both 5-mC levels and total DNMT enzymatic 
activity under anoxia in liver and white muscle.

Materials and methods

Animal care and treatment

Adult female red-eared sliders (Trachemys scripta elegans), 
weighing 700–1500 g, were acquired from local suppliers. 
The animals were held at 5 ± 1 °C in large tubs filled with 
dechlorinated tap water for at least a week before experi-
ments began. Control normoxic turtles were sampled from 
this condition. For 5 and 20  h anoxia exposures, turtles 
were transferred to large tubs at 5 ± 1 °C that had been pre-
viously bubbled with nitrogen gas for 1 h; 2–3 turtles were 
added per tub in 30 min intervals. Bubbling was continued 
for 1 h after the last turtle was added to a tub, then halted 
and restarted during sampling of the animals. A wire mesh 
was fitted into the top of the tubs, situated ~5  cm below 
the water to prevent the turtles from surfacing. All animals 
were killed by decapitation and tissues were immediately 
excised, frozen in liquid nitrogen, and stored at −80 °C.

All animals were cared for in accordance with the guide-
lines of the Canadian Council on Animal Care and all 
experimental procedures had the prior approval of the Car-
leton University Animal Care Committee.

Total protein extraction

For isolation of total soluble protein, samples of frozen tis-
sues (~0.5 g) were crushed under liquid nitrogen and then 
homogenized 1:2.5 w:v in homogenizing buffer (20  mM 
Hepes pH 7.5, 200 mM NaCl, 0.1 mM EDTA, 10 mM NaF, 
1 mM Na3VO4, 10 mM β-glycerophosphate) with 10 μL/
mL Sigma protease inhibitor cocktail (104  mM AEBSF, 
80 μM aprotinin, 4 mM bestatin, 1.4 mM E-64, 2 mM leu-
peptin, 1.5 mM pepstatin A) added, and a few crystals of 

phenylmethylsulfonyl fluoride (PMSF) added immediately 
before use. Samples were homogenized using a polytron 
homogenizer on high for 15 s and then centrifuged at 4 °C 
for 15 min at 10,000×g; the supernatant was saved and the 
pellet was discarded. Soluble protein concentrations were 
quantified using the BioRad protein assay (Cat# 500-0006) 
with bovine serum albumin as the standard. All samples 
were then adjusted to a constant protein concentration by 
adding a calculated small volume of homogenizing buffer. 
Aliquots of samples were then mixed 1:1 v:v with 2× SDS 
loading buffer (100 mM Tris-base, 4 % w:v SDS, 20 % v:v 
glycerol, 0.2  % w:v bromophenol blue, 10  % v:v 2-mer-
captoethanol). Final sample concentrations were 3 or 5 μg/
μL, depending on tissue. Proteins were denatured by plac-
ing the tubes in boiling water for 10 min and then samples 
were stored at −40 °C until use.

Western immunoblotting

Samples of protein extracts containing 20–30  µg of pro-
tein were loaded onto 6–10  % SDS–polyacrylamide gels 
and resolved by electrophoresis for 45–90 min at 180 V in 
1× Tris–glycine running buffer (75.5 g of Tris-base, 460 g 
glycine, 25  g SDS, ddH2O up to 2.5  L) using a BioRad 
Mini-Protean 3 System. Four µl aliquots of pre-stained pro-
tein molecular weight ladders (Froggabio; Cat. # PM005-
0500 and PM007-0500 K) were run alongside the protein 
samples. Proteins were subsequently electroblotted onto 
0.45 μm PVDF membranes (Millipore, Cat. #: IPVH00010) 
in transfer buffer (60.6  g Tris-base, 288  g glycine, 4 L 
methanol, 16 L ddH2O) at 160 mA for 90–120 min using 
a BioRad Mini-Protean Transfer cell. Subsequently, PVDF 
membranes were washed 3 × 5 min in 0.5× TBST (10 mM 
Tris, 150  mM NaCl, 0.05  % v/v Tween-20, pH 7.5) and 
blocked with 2.5–5  % milk for 30  min or 1  mg/ml poly-
vinyl alcohol (70–100 kDa) for one min. The membranes 
were subsequently washed 3 ×  5 min in 0.5× TBST and 
incubated with primary antibody (diluted 1:500 for DNMT 
1 and 1:1000 v:v for all remaining targets) for 24 h at 4 °C. 
All six antibodies used in this analysis were purchased from 
Genetex (DNMT1-GTX116011; DNMT2-GTX13892; 
DNMT3a-GTX128157; DNMT3b-GTX129127; MBD1-
GTX110612; MBD2-GTX105622).

Membranes were then washed 3 × 5 min in 0.5× TBST 
and incubated with HRP-conjugated anti-rabbit IgG sec-
ondary antibody (Bioshop; Cat. # APA007P), diluted 
1:8000 v:v in TBST, for 30–40  min at room temperature 
(RT) on a rocker. Proteins on the membranes were visu-
alized using enhanced chemiluminescence and a Chemi-
Genius Bio-Imaging System (Syngene, Frederick, MD). 
Protein band densities were quantified using Gene Tools 
software. After immunoblotting was complete, membranes 
were stained with Coomassie blue (0.25 % w: v Coomassie 



336	 J Comp Physiol B (2016) 186:333–342

1 3

brilliant blue stain, 7.5 % v:v acetic acid, 50 % v:v metha-
nol) and band densities were similarly quantified using the 
ChemiGenius.

Preparation of nuclear extracts

Tissue samples (~0.5 g) were homogenized using a Dounce 
homogenizer in 1  mL of homogenization buffer [10  mM 
Hepes pH 7.9, 10  mM KCl, 10  mM EDTA, 1  mM dithi-
othreitol (DTT)]. A few crystals of PMSF and 1  μL of 
Sigma protease inhibitor cocktail were added just prior to 
homogenization. Samples were centrifuged at 10,000×g 
for 10 min at 4 °C and the supernatant (cytoplasmic extract) 
was removed. The pellet was resuspended in 150 μL of 
extraction buffer (20  mM HEPES, 400  mM NaCl, 1  mM 
EDTA, 10 % v/v glycerol, 1 mM DTT). Again, DTT and 
1 μL of Sigma protease inhibitor cocktail were added just 
prior to addition of the buffer to the pellet. Tubes containing 
the samples were put on ice horizontally on a rocking plat-
form for 1 h. Samples were then centrifuged at 10,000×g 
for 10 min at 4 °C. The supernatant (nuclear extract) was 
collected. Protein concentrations in the extracts were quan-
tified and then extracts were treated as described above to 
create samples for western blotting. Final sample concen-
trations were 5 μg/μL. To confirm the separation of cyto-
plasmic and nuclear fractions samples of both fractions 
were immunoblotted and then probed with histone H3 anti-
body (diluted 1:1000 v:v; Genetex-GTX129546) to show 
that this nuclear protein remained in the nuclear fraction.

DNMT activity assay

Relative levels of total DNMT activity were assessed using 
the EpiQuick DNMT Activity/Inhibition Colorimetric 
Assay Ultra Kit from Epigentek (Catalog # P-3009) accord-
ing to manufacturer’s instructions. In summary, 10  µg of 
nuclear protein extract from liver and heart, or 20  µg of 
nuclear protein extracts from white muscle of control, 5 h 
anoxic, and 20  h anoxic red-eared sliders were incubated 
in a 96-well microplate for 120  min at 37  °C. A blank 
well (containing 50 μl of assay buffer) was run per tissue 
type alongside a purified DNMT enzyme positive control 
(50  µg/ml; provided by Epigentek). After incubation, the 
plate was washed 3–5 times with 150 µl of 1× wash buffer. 
Subsequently, 50 µl of capture antibody (1000 µg/µl) was 
added to each well and incubated at RT for 60  min. The 
capture antibody was then removed, and after washing the 
wells, 50 µl of detection antibody (400 µg/ml) was added 
and incubated at RT for 30 min, followed by adding 50 µl 
of enhancer solution and further incubating for another 
30  min at RT. Lastly, 100  µl of developer solution was 
added to each well and incubated at RT for 10 min away 

from direct light. Once the color of the positive control well 
had turned blue (indicating presence of sufficient methyl-
ated DNA), 100 µl of stop solution was added to stop the 
enzyme reaction and the plate was read using a micro-
plate reader (Multiscan Spectrum, Thermo Labsystems) at 
450 nm.

The DNMT activity was calculated by the following 
formula:

Genomic DNA extraction

Total genomic DNA was extracted using Zymo Research, 
Quick-gDNA MiniPrep kit (Catalog #: D3050) as per man-
ufacturer’s instructions. In summary, 25  mg samples of 
frozen tissue were suspended in 95 µl of ddH2O, 95 µl of 
2× digestion buffer, and 10 µl of proteinase K. The sam-
ples were incubated in a 55 °C bath for 3 h. Subsequently, 
700  µl of genomic lysis buffer were added to each tube, 
thoroughly mixed and centrifuged at 10,000×g for 1 min. 
The supernatant was transferred to a Zymo-Spin IIC Col-
umn in a collection tube, and centrifuged for 10,000×g 
for 1 min. Then 200 µl of DNA pre-wash buffer was added 
to the same spin column but in a new collection tube, and 
centrifuged at 10,000×g for 1  min. Subsequently, 400  µl 
of g-DNA wash buffer was added to each spin column and 
centrifuged at 10,000×g for 1  min. Finally the spin col-
umn was transferred to a clean 1.5 ml microcentrifuge tube 
and 200  µl of DNA elution buffer was added and centri-
fuged at 15,000×g for 30 s to elute the extracted and puri-
fied genomic DNA. The concentrated gDNA product was 
diluted 25-fold with ddH2O and quantified using a Gene-
Quant Pro spectrophotometer (Pharmacia). The quality and 
integrity of the extracted genomic DNA was assessed by 
running each of the samples in a 0.6 % agarose gel at 130 V 
for 40–60 min.

Global DNA methylation

Relative levels of global DNA methylation (%) was 
assessed using the MethylFlash Methylated DNA Quan-
tification Kit, Colorimetric (Source: Epigentek, Cat # 
P-1034), according to manufacturer’s instructions. This 
kit quantifies global DNA methylation levels colorimetri-
cally by measuring levels of 5-methylcytosine (5-mC) in an 
ELISA format using genomic DNA. In summary, aliquots 
of 150  ng of extracted genomic DNA from liver, white 
muscle, and heart tissues of normoxic control, 5 h anoxic, 
and 20 h anoxic red-eared sliders were incubated with 80 µl 

DNMT activity (OD/h/mg)

=

(Sample OD-Blank OD)
[

Protein amount (µg)× incubation time (h)
] × 1000
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of binding solution in a 96-well microplate for 90 min at 
37 °C. Aliquots of 1 µl of negative control (20 µg/ml) rep-
resenting unmethylated polynucleotide containing 50 % of 
cytosine, and 1 µl of positive control (5 ng/µl) representing 
methylated polynucleotide containing 50 % 5-methylcyto-
sine were loaded into independent wells of the microplate. 
The wells were then incubated for 60  min at room tem-
perature with a capture antibody (1 ng/ml). Subsequently, 
a 50 µl aliquot of detection antibody (0.2 µg/ml) was added 
and incubated at room temperature for 30  min and upon 
completion 50 µl of enhancer solution was added to each 
well and further incubated for 30 min at room temperature. 
Lastly, 100  µl of developer solution was added to initiate 
the colorimetric chemical reaction and incubated at room 
temperature for 10  min away from direct light. Subse-
quently, 100 µl stop solution was added to each well to halt 
the reaction and then absorbance values were read using a 
microplate reader (Multiscan Spectrum by Thermo Labsys-
tems) at 450 nm.

The relative 5-mC levels were determined using the fol-
lowing formula:

where S is the input sample DNA in ng, P is the input posi-
tive control in ng, 2 is a factor that is used to normalize 
5-mC in the positive control to 100  %, since the positive 
control contains only 50 % of 5-mC.

Data analysis

To adjust for minor protein loading irregularities and ensure 
equivalent protein loading, immunoblot band intensities 
were normalized against the summed intensity of a group 
of Coomassie-stained protein bands in the same lane that 
showed constant expression between control, 5  h anoxic, 
20 h anoxic experimental conditions. In other words total 
protein analysis was used for normalization as an alterna-
tive technique to using a single housekeeping protein load-
ing control. Target protein bands were identified by running 
FroggaBio standard protein molecular weight ladder and 
4 µL of mammalian positive control samples (ground squir-
rel, Ictidomys tridecemlineatus) of liver, white muscle, and 
heart tissues were run alongside.

Statistical analysis used a one-way ANOVA with a 
Tukey post hoc test (p < 0.05) to compare three experimen-
tal conditions. Sigmaplot 11 software (Systat Softwaree 
Inc., San Jose, CA) was used for this analysis as well as 
construction of figures.

Relative 5mC%

=

[

(Sample OD−Negative control OD) / S
]

[

(Positive Control OD−Negative Control OD) × 2 /P
]

× 100%

Results

DNMT and MBD protein expression in response to 5 
and 20 h anoxia exposure

Relative protein expression levels of DNMT1, 2, 3a and 
3b as well as MBD1 and 2 were assessed in liver of T. s. 
elegans comparing aerobic control turtles with animals 
given 5 and 20 h of anoxic submergence in nitrogen-gassed 
water (Fig.  1). DNMT1, DNMT2, MBD1, and MBD2 
showed robust two- to fourfold upregulation in response 
to 5  h anoxic exposure as compared to normoxic-control 
conditions (P < 0.05). However, levels of all four proteins, 
as well as DNMT3a had decreased significantly at 20  h 
anoxia. DNMT1 and DNMT2 levels returned to near con-
trol values, DNMT3a fell to about 50  % of control, and 
MBD1 and MBD2 levels were reduced but still remained 
significantly higher (approximately twofold) than control 
values (P < 0.05). DNMT3b did not show any significant 
change in response to anoxia stress.

In heart, short-term anoxic submergence (5 h) resulted in 
an approximately 1.4-fold increase in DNMT3a levels and 
significant decreases in MBD1 and MBD2 to about 30 % 
of control values (P  <  0.05) (Fig.  2). With longer anoxia 
exposure (20 h), these changes were reversed for DNMT3a 
and MBD2. However, two proteins showed strong increases 
after 20  h anoxia: DNMT3b levels increased by 2.5-fold 
over control values and MBD1 levels increased to about 1.6-
fold over control (or about fourfold higher than 5 h values).

The pattern in white skeletal muscle (neck retractor) 
included approximately threefold increases in DNMT3a 
and DNMT3b in response to 5  h anoxic submergence as 
well as a 50 % increase in MBD1 levels (P < 0.05) (Fig. 3). 
With prolonged anoxia (20 h) DNMT3a levels fell strongly 
to only about 30 % of controls. In contrast, DNMT3b lev-
els continued to increase to about 3.8-fold higher than con-
trols and MBD1 levels also remained elevated. DNMT1, 
DNMT2, and MBD2 in skeletal muscle were largely unaf-
fected by anoxia exposure.

DNMT activity in liver, heart, and white skeletal muscle 
in response to anoxia

Total DNMT activities were measured as the change in opti-
cal density per h per mg nuclear protein in liver, heart, and 
white skeletal muscle. Activity was highest in liver with 
mean values of 57.3 ±  4.4, 99.8 ±  7.4 and 109.0 ±  5.6 
OD/h/mg nuclear protein for aerobic controls, 5  h anoxia, 
and 20  h anoxia, respectively. Heart showed intermediate 
activity levels of 41.8 ±  2.1, 29.6 ±  3.2 and 43.6 ±  0.9 
OD/h/mg, respectively, whereas white skeletal muscle 
had the lowest overall DNMT activities of 5.96  ±  0.6, 
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14.0  ±  0.5 and 11.6  ±  0.7 OD/h/mg, respectively, for 
controls, 5  h anoxia and 20 h anoxia. Relative changes in 
DNMT activities are shown in Fig.  4. In liver, activity 
increased significantly by 1.7 and 1.9-fold over control val-
ues after 5 and 20 h of anoxia exposure (P < 0.05). Activity 

Fig. 1   Effect of 5 and 20 h anoxic submergence on total protein lev-
els of DNMT1, DNMT2, DNMT3a, DNMT3b, MBD1, and MBD2 in 
liver of T. s. elegans as determined by Western immunoblotting. Data 
are mean ± SEM, and n = 3–4 independent trials on tissue samples 
from different animals. a Significantly different from the correspond-
ing control (P < 0.05). b Significantly different values from the 5 h 
anoxic value

Fig. 2   Effect of 5 and 20  h anoxic submergence on total protein 
levels of DNMT1, DNMT2, DNMT3a, and DNMT3b, MBD1, and 
MBD2 in heart of T. s. elegans as determined by Western immunob-
lotting. Other information as in Fig. 1

Fig. 3   Effect of 5 and 20 h anoxic submergence on total protein lev-
els of DNMT1, DNMT2, DNMT3a, DNMT3b, MBD1, and MBD2 in 
white muscle of T. s. elegans as determined by Western immunoblot-
ting. Other information as in Fig. 1
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Fig. 4   Total DNMT enzyme activity (activity was measured as 
OD/h/mg nuclear protein) in liver, heart, and white muscle of T. s. 
elegans as determined by EpiQuick DNMT Activity/Inhibition Col-
orimetric Assay Ultra Kit from Epigentek. Other information as in 
Fig. 1
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also increased significantly in white muscle by 2.4 and 2.0-
fold, respectively (P < 0.05). In heart, however, there was 
little effect of anoxia on total DNMT activity.

5‑mC levels in genomic DNA of red‑eared slider liver, 
heart, and white skeletal muscle in response to anoxia

Relative changes in global DNA methylation levels (in 
terms of total 5-methylcytosine content) in response to 
anoxic submergence are shown in Fig.  5. Compared with 
a relative mean level of 0.77  ±  0.03 for liver control, 
5mC levels significantly increased to 1.07 ±  0.02 during 
5 h anoxia and to 0.98 ± 0.04 during 20 h anoxia. White 
muscle showed similar increase in relative 5mC levels 
with 0.86 ± 0.03 for normoxic control, 1.30 ± 0.02 for 5 h 
anoxia, and 1.11 ± 0.02 for 20 h anoxia. Heart showed no 
change in relative 5mC content.

Discussion

Most organisms can withstand unfavorable environmental 
conditions such as high or low temperature, dehydration, 
or lack of food for short periods of time. However, due to 
the importance of oxygen-based metabolism for generating 
ATP, oxygen deprivation is a lethal stress that only a hand-
ful of vertebrates can endure for extended periods of time. 
Freshwater turtles belonging to the genera Trachemys (slid-
ers) and Chrysemys (painted turtles) represent the extreme 
of anoxia tolerance among terrestrial vertebrates and can 
withstand as much as three months of anoxic submergence 
at 3  °C and recover with little or no metabolic damage 
(Ultsch and Jackson 1982; Ultsch 1985, 2006; Hermes-
Lima and Zenteno-Savin 2002; Jackson 2002).

Red-eared sliders (T. s. elegans), the experimental model 
of this paper, use an array of physiological responses at 
the onset of hypoxia in an attempt to compensate for the 
drop in oxygen availability, such as increasing lung ven-
tilation, releasing more red blood cells from the spleen, 
alterations to hemoglobin affinity for oxygen, an over-
all increase in cardiac output, and resorting to alternative 
modes of oxygen uptake across the epithelia of cloacal and/
or buccopharyngeal cavities (Lutz and Storey 1997; Jack-
son 2002). However, if blood oxygen levels continue to 
decline and are not quickly remediated, these physiologi-
cal responses fall short in meeting tissue ATP demands and 
then biochemical mechanisms are implemented to deal with 
long-term anoxia. These include: (1) a significant reduction 
in metabolic rate (i.e., ATP demand) to as low as 10–20 % 
of the corresponding aerobic rate at the same temperature 
by suppressing the activities of many metabolic processes 
(e.g., ion-motive ATPases, cell cycle, protein translation, 
gene expression) (Storey 2007), and (2) a switch to depend-
ence on glycolytic ATP production supported by high gly-
cogen reserves in liver, and (3) acid buffering by release 
of biocarbonate from the shell and lactate storage into the 
calciferous shell (Jackson and Heisler 1982; Jackson et al. 
2000) that allows turtles to tolerate lactate buildup as high 
as 150–200 mM in plasma.

Various studies have examined transcriptional regula-
tion during anoxia-induced hypometabolism in turtles from 
the point of view of altered expression of transcription fac-
tors (e.g., NF-κB, ChREBP, FoxO, HIF-1) and genes under 
their control (Biggar et al. 2011; Krivoruchko and Storey, 
2010b, 2013, 2014). Global controls on transcriptional 
activity via changes in histone acetylation and HDAC 
expression have also been reported (Krivoruchko and Sto-
rey 2010a). However, the use of DNA methylation as a 
means of anoxia-induced transcriptional suppression in tur-
tles has not previously been investigated. The present study 
examined genomic 5-methyl cytosine levels, DNMT enzy-
matic activity, and the protein expression levels of DNMTs 
and MBDs to show that changes in DNA methylation pat-
terns are a previously unrecognized response to anoxia in 
turtle organs and represent a new regulatory mechanism to 
be considered in stress-induced metabolic rate depression.

In multicellular eukaryotes, DNA methylation is 
restricted to cytosine residues on genomic DNA and is 
often associated with a rigid chromatin state (heterochro-
matin) and inhibition of gene expression (Bird and Wolffe 
1999; Klose and Bird 2006). There are two main mecha-
nisms by which DNA methylation represses gene expres-
sion: (1) covalent modifications to the fifth position of 
cytosine directly prevent the association and binding of the 
transcriptional unit to promoter sequences through steric 
hindrance (Watt and Malloy 1998), and (2) 5-mC attracts 
methyl-CpG-binding proteins (MBD1-4) to the methylated 
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promoter sequences and thereby indirectly represses gene 
expression (Boyes and Bird 1991). Furthermore, MBDs 
recruit and target chromatin remodeling co-repressors to 
methylated regions on the DNA and silence gene expres-
sion (Jones et al. 1998; Ng et al. 1999).

Relative genomic 5-methyl cytosine levels increased by 
1.3–1.5-fold in liver and white muscle of red-eared sliders 
in response to 5 and 20 h anoxic submergence (Fig. 5). Cor-
related with this, protein expression levels of MBD1 and 
MBD2 were observed to increase two- to threefold in liver 
and MBD1 increased by 1.5-fold in white skeletal muscle 
(Figs. 1, 3). These results are consistent with the creation 
of an overall repressive chromatin state and probable down-
regulation of the expression of many genes under anoxic 
conditions in liver and white muscle.

DNA methylation is mediated by DNA methyltrans-
ferases (DNMTs) with four isozymes known in vertebrates: 
DNMT 1, 2, 3a and 3b. Changes in DNMT protein expres-
sion and activity added further support for an overall sup-
pression of transcriptional activity during turtle anoxia. 
Total DNMT activity increased by 1.7–2.4-fold in liver and 
white muscle, correlated with the increase in 5-mC levels 
in these two tissues. The changes in total DNMT activity 
were well supported by the up-regulation of DNMT pro-
tein expression in all three organs although organ-specific 
expression patterns of the DNMT isozymes were evident. 
Liver showed a robust increase in DNMT1 and DNMT2 
expression levels in response to short-term anoxia exposure 
but no increase in DNMT3a or 3b (Fig. 1), whereas white 
muscle showed three- to fourfold increase in DNMT3a and 
3b expression with no increase in DNMT1 or 2 (Fig.  3). 
The lack of change in DNMT1 expression in white muscle 
may be a reflection of the post-mitotic, non-proliferative 
state of muscle (Biggar and Storey 2012). The neck retrac-
tor muscle is a fast-twitch, mainly glycolytic muscle with 
low numbers of mitochondria and used mainly for rapid 
movements of the neck. Since DNMT1 has been shown to 
localize to DNA replication foci during the S phase of the 
cell cycle and is known to selectively methylate hemimeth-
ylated CpG dinucleotides to copy pre-existing methylation 
patterns onto newly synthesized DNA (Sharif et  al. 2007; 
Avvakumov et  al. 2008), it is perhaps not surprising that 
there was no significant response to anoxia by this enzyme 
in white muscle where little, if any, cell cycle activity 
would be expected, especially under anoxia. Overall, white 
muscle seems to exclusively utilize the de novo methyl-
transferases DNMT3a and DNMT3b to methylate genomic 
DNA in response to anoxic exposure.

On the other hand, liver is a proliferative tissue, the larg-
est organ in the turtle body, vital to the biosynthetic needs 
of the animal, and contains the majority of the glycogen 
reserves needed to sustain energy metabolism under anoxia. 
Turtle liver hepatocytes (from C. picta bellii) have been 

shown to respond robustly to anoxia with a 90 % reduction 
in metabolic rate compared to normoxic hepatocytes (Buck 
et  al. 1993). Limiting energy expenditure is important for 
long-term anoxia survival and the present data indicate 
that liver is utilizing the actions of DNMT1, MBD1, and 
MBD2 and possibly DNMT2 to implement methylation. 
DNMT1 and genomic 5-mC marks are known to interact 
with and recruit chromatin modifiers such as histone dea-
cetylase 1 (HDAC1) to increase chromosome condensation 
and suppress gene expression (Jones et al. 1998). Interest-
ingly, Krivoruchko and Storey (2010a) showed a significant 
increase in HDAC1 transcripts and protein levels in the 
liver of red-eared sliders after 5 h anoxia along with a 25 % 
decrease in histone H3 acetylation at Lys 9 and 23 (indica-
tive of increased chromatin compaction under anoxia).

In contrast, heart showed less evidence of genome 
silencing via DNA methylation during anoxia with no sig-
nificant change in 5-mC levels and a significant increase 
for only MBD1 at 20 h. In addition, cardiac muscle showed 
no significant increase in total DNMT enzymatic activity 
and restricted changes in DNMT protein levels (Figs.  2, 
4). Heart has an important role to play under anoxia to 
continue circulation of remaining oxygen to key tissues 
(e.g., brain) for as long as possible, as well as to distribute 
anaerobic fuel (glucose) and remove anaerobic end prod-
uct (lactate) from organs over the duration of the anoxic 
period. The heart of diving turtles exhibits tenfold higher 
cardiac glycogen levels than in other terrestrial vertebrates 
and approximately fivefold higher than in diving mam-
mals such as the seal and cardiac glycogen can be used as a 
source of hexose units during long-term anoxia (Beall and 
Privitera 1973; Storey 1975). In addition, a study on lactate 
dehydrogenase (LDH) kinetics have shown that anoxic-
tolerant turtle heart LDH can function more efficiently by 
increasing the affinity of LDH for pyruvate during anaero-
bic conditions (Beall and Privitera 1973). Hence, heart may 
not experience a strong repression of gene expression com-
pared to liver and white skeletal muscle during anaerobic 
conditions in the turtle and may continue to function.

Overall, the present study provides the first evidence 
that DNA methylation and its regulators, DNA methyl-
transferases and methyl-binding proteins, are differentially 
regulated during 5 and 20 h of anoxic exposure in a tissue-
specific manner. An overall stringency in chromatin com-
paction and a significant down-regulation in gene expres-
sion in liver and white muscles correlates with a global 
state of metabolic arrest that supports long-term anoxia 
survival in turtles. DNA methylation could potentially be 
used as a gene regulatory mechanism not only during the 
early entrance phase in the hypometabolic response to 
anoxia but it could also be used in the maintenance phase 
in which global suppression of transcription and translation 
is stringently enforced. One of the most important feats at 
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a time of low/no oxygen availability is to conserve ATP 
as much as possible, and red-eared sliders are potentially 
using DNA methylation and its regulator proteins to facili-
tate the strong suppression of gene expression when oxy-
gen is limiting.
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