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ABSTRACT
The metabolism of DNA methylation is reported to be sensitive to oxidant molecules or oxidative 
stress. Hypothesis: early-life oxidative stress characterized by the redox potential of glutathione 
influences the DNA methylation level. The in vivo study aimed at the impact of modulating redox 
potential of glutathione on DNA methylation. Newborn guinea pigs received different nutritive 
modalities for 4 days: oral nutrition, parenteral nutrition including lipid emulsion Intralipid (PN-IL) 
or SMOFLipid (PN-SF), protected or not from ambient light. Livers were collected for biochemical 
determinations. Redox potential (p < 0.001) and DNA methylation (p < 0.01) were higher in PN- 
infused animals and even higher in PN-SF. Their positive correlation was significant (r2 = 0.51; 
p < 0.001). Methylation activity was higher in PN groups (p < 0.01). Protein levels of DNA 
methyltransferase (DNMT)-1 were lower in PN groups (p < 0.01) while those of both DNMT3a 
isoforms were increased (p < 0.01) and significantly correlated with redox potential (r2 > 0.42; 
p < 0.001). The ratio of SAM (substrate) to SAH (inhibitor) was positively correlated with the redox 
potential (r2 = 0.36; p < 0.001). In conclusion, early in life, the redox potential value strongly 
influences the DNA methylation metabolism, resulting in an increase of DNA methylation as 
a function of increased oxidative stress. These results support the notion that early-life oxidative 
stress can reprogram the metabolism epigenetically. This study emphasizes once again the 
importance of improving the quality of parenteral nutrition solutions administered early in life, 
especially to newborn infants.
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Introduction

Extensive experimental and epidemiological data 
suggest that early postnatal nutrition plays 
a critical role in health status throughout life as 
a result of a process called ‘developmental pro-
graming.’ This concept stems from the hypothesis 
that environmental stresses experienced in utero or 
early in life can lead to the later-life development 
of chronic non-communicable diseases [1,2]. 
Epigenetic modulation of gene expression, parti-
cularly DNA methylation, is one of the privileged 
mechanisms to explain the reprogramming means 
of metabolisms associated with diseases. The per-
sistence of this modulation occurring in the peri-
natal (pre and early postnatal) environment may 
evolve into chronic diseases later in life [3,4]

The methylation profile of DNA results from the 
balance between methylation by DNA methyltrans-
ferases (DNMTs) and demethylation by the Ten 

Eleven Translocation enzymes (TETs). In mammals, 
at least three isoforms of DNMTs transfer the methyl 
group of S-adenosylmethionine (SAM) preferen-
tially to a cytosine of a CpG island [5]. DNMT1, 
which has a preference towards hemimethylated 
DNA, is known to perpetuate the methylation pat-
tern during cell replication [5], while DNMT3a and 
DNMT3b are required for de novo methylation [6]. 
In vitro and in vivo evidence has demonstrated that 
oxidative stress down-regulate the activity and 
expression of DNMT1 [7–9], whereas oxidant mole-
cules promote the expression of DNMT3a [7]. On 
the other hand, it is suspected that the antioxidant 
ascorbate level may modulate the activity of TETs 
[10,11]. These enzymes responsible for the demethy-
lation of DNA have a dioxygenase domain [12]. Such 
a domain is dependent on the presence of ascorbate. 
Thus, oxidative stress could alter the level of DNA 
methylation, and if this stress is induced early in life, 
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it may lead to health issues later in life. Therefore, 
our hypothesis was that an early-life oxidative stress 
characterized by the redox potential of glutathione 
influences the DNA methylation level. The objective 
of the study was to determine the impact of in vivo 
modulation of the redox potential of glutathione on 
DNA methylation. The animal model was the new-
born guinea pig exposed or not to parenteral nutri-
tion (PN). This mode of nutrition induces an 
oxidative stress caused by the contamination of PN 
with oxidant molecules such as H2O2 [13], lipid 
peroxides [13,14] and aldehydes [14]. PN induces 
an oxidative shift of the glutathione redox potential 
in the lungs [15] and livers of animals [16], and in the 
blood of premature infants [17,18]. Hydrogen per-
oxide is the result of the reduction of dissolved oxy-
gen by vitamin C present in parenteral solution, i.e., 
a reaction by which vitamin C is oxidized into dehy-
droascorbate that is rapidly hydrolysed into diketo-
gulonate [19]. This reaction is halved by an adequate 
photoprotection limiting the catalytic action of 
photo-excited riboflavin [20]. Photoprotection also 
prevents the breakdown of vitamin C in parenteral 
solutions [19] and its decreased concentrations in 
the livers and lungs of animals [21,22]. Oxidation 
of the glutathione redox potential may also result 
from the presence of aldehydes. The level and type 
of aldehydes vary according to the richness of the 
parenteral lipid emulsion in omega-3 or omega-6 
fatty acids. Omega-3 fatty acids are more prone to 

oxidization [14,23]. Therefore, the animals received 
regular oral nutrition or parenteral nutrition includ-
ing Intralipid (low ratio of omega-3/omega-6 fatty 
acids) or SMOFLipid (high ratio of omega-3/omega- 
6 fatty acids), protected or not from ambient light. 
Glutathione levels, glutathione redox potential sta-
tus, global DNA methylation levels, methylation 
activity, and protein levels of DNMT1, 3a, and 3b 
were determined in the liver.

Results

Glutathione levels and redox potential of 
glutathione

Our hypothesis relied on the fact that PN is contami-
nated with peroxides and aldehydes. Therefore, the 
non-radical oxidative stress state was assessed by the 
measurement of the redox potential (Figure 1a), which 
was higher (oxidized) in the PN groups compared to 
the ON group (p < 0.001). The redox potential was 
higher in animals receiving PN, which included 
SMOFLipid (PN-SF), than in animals infused with 
PN containing Intralipid (PN-IL) (p < 0.05). The 
impact of photoprotection was not significant.

Oxidized glutathione (GSSG) levels (Table 1) 
were increased (p < 0.001) in the PN groups com-
pared to the ON group. There was no significant 
difference between PN groups. In contrast, the 
GSH levels (Table 1) of all PN groups did not 

Figure 1. Potential redox of glutathione and vitamin C concentrations depending of nutritive modalities.
ON: animals fed regular food; PN-IL-LE: animals fed exclusively with total parenteral nutrition (PN) compounded with Intralipid 
without photoprotection; PN-IL-LP: photoprotected PN compounded with Intralipid; PN-SF-LE: PN compounded with SMOFLipid 
without photoprotection; PN-SF-LP: photoprotected PN compounded with SMOFLipid. Panel A: The redox potential was more 
oxidized in the PN groups than in the ON group and more in SF groups. Panel B: Levels of vitamin C (ascorbate + dehydroascorbate) 
were higher in the photoprotected PN groups. Data are expressed as mean ± s.e.m., n = 6–8 per group. The bars show the statistical 
comparisons. The absence of a symbol on the bar means that p > 0.05. *: p < 0.05; ***: p < 0.001. 
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differ from the ON group. However, GSH was 
lower (p < 0.01) in the PN-SF groups than in the 
PN-IL groups. Photoprotection had no impact.

Vitamin C

Vitamin C is the main source of peroxides in PN 
[24] by giving its electrons to dissolved oxygen 
[25,26]. During the process, ascorbate is oxidized 
into dehydroascorbate, followed by rapid hydroly-
sis of its lactam ring, forming the diketogulonic 
acid. This is the first step in the breakdown of 
vitamin C. This generation of peroxides is cata-
lysed by photo-excited riboflavin [25,27]. 
Therefore, the lack of adequate photoprotection 
of PN induces a loss of vitamin C (ascorbate + 
dehydroascorbate). Figure 1b shows that hepatic 
vitamin C levels were 50% lower in animals 
infused with PN without photoprotection 
(p < 0.001). There was no significant difference 
between PN-IL and PN-SF groups. Because the 
vitamin C levels measured in the ON group were 
similar to the mean levels between the PN groups 
exposed (LE) or not (LP) to ambient light, the 
difference between the ON group and the PN 
groups did not reach the statistical difference.

Methylation of DNA

DNA methylation profile
Compared to the ON group, the levels of methy-
lated cytosine (overall methylation of DNA, Figure 
2a) were higher (p < 0.01) in the PN groups. The 

difference between PN-IL and PN-SF groups did 
not reach statistical significance (p = 0.06). There 
was no impact of light protection. The overall 
DNA methylation levels were positively correlated 
to the redox potentials of glutathione (y = 0.16 
pmol •μg DNA−1•mV−1 •x + 41 pmol •μg DNA−1; 
r2 = 0.51, p < 0.0001, Figure 2b) regardless of the 
type of nutrition.

DNA methylation activity
DNA methylation activity is under the control of 
DNMTs for methylation and TETs for demethyla-
tion. DNA methylation activities (Figure 3a) were 
higher (p < 0.01) in the PN groups compared to 
the ON group, without a significant difference 
between PN groups. The correlation of DNA 
methylation activities with the redox potential 
was not statistically significant (r2 = 0.10). TET 
activities (1.6 ± 0.3 pmol/min/mg protein) did 
not differ between all groups, including the ON 
group (not shown).

SAM (substrate) and SAH (inhibitor)
Levels of SAM, the DNMT substrate (Figure 3b), 
were higher (p < 0.01) in the PN groups compared 
to the ON group, and higher in the PN-IL groups 
(p < 0.01) relative to the PN-SF groups. The influ-
ence of light exposure or protection was not sta-
tistically significant. There was no relationship 
between SAM and the redox potential (r2 = 0.07). 
The enzymatic pathways transferring the methyl 
moiety of SAM generate the S-adenosyl homocys-
teine (SAH). SAH is a competitive inhibitor of 
DNMTs [28]. The SAH level (Figure 3c) was 
lower (p < 0.05) in the PN-SF groups compared 
to the PN-IL groups. Comparison between PN 
groups and ON group did not reach statistical 
significance. The relationship between SAH levels 
and redox potential did not reach significance 
(y = −0.11 nmol g tissue−1 mV−1 x − 14.1 nmol 
g tissue1; r2 = 0.14, p < 0.06). The impact of the 
SAM and SAH interaction can be illustrated by 
their ratio (SAM/SAH), for which the correlation 
with redox potential (Figure 3d) is strong 
(y = 0.045 mV−1 • x – 11.8; r2 = 0.36, p < 0.001).

Protein levels of DNMT1, 3a1, 3a2 and 3b
Figure 4 shows the protein determinations of 
DNMT1 and 3b. The western blot revealed 

Table 1. Hepatic GSH and GSSG levels depending on nutritive 
modalities.

GSH 
(nmol/mg protein)

GSSG 
(nmol/mg protein)

ON 54 ± 6 0.7 ± 0.2
PN-IL-LE 66 ± 5 2.7 ± 0.5
PN-IL-LP 53 ± 7 1.9 ± 0.3
PN-SF-LE 47 ± 4 2.0 ± 0.2
PN-SF-LP 48 ± 1 3.2 ± 0.3

ON: animals fed regular food; PN-IL-LE: animals fed exclusively with 
total parenteral nutrition (PN) compounded with Intralipid without 
photoprotection; PN-IL-LP: photoprotected PN compounded with 
Intralipid; PN-SF-LE: PN compounded with SMOFLipid without photo-
protection; PN-SF-LP: photoprotected PN compounded with 
SMOFLipid. GSH: levels were lower in PN-SF groups than in PN-IL 
groups (p < 0.01). PN groups did not differ from ON group. GSSG: 
levels were higher in PN groups compared to ON group (p < 0.001). 
Mean ± s.e.m. (n = 6–8). 
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Figure 2. DNA methylation depending of nutritive modalities.
ON: animals fed regular food; PN-IL-LE: animals fed exclusively with total parenteral nutrition (PN) compounded with Intralipid 
without photoprotection; PN-IL-LP: photoprotected PN compounded with Intralipid; PN-SF-LE: PN compounded with SMOFLipid 
without photoprotection; PN-SF-LP: photoprotected PN compounded with SMOFLipid. Panel A: The hepatic level of 5-MedCyd (5�- 
methyl-2�-deoxycytidine) increased in the PN groups. The SF effect did not reach the significance level of p = 0.05. Panel B: the DNA 
methylation values were significantly associated with the redox value of glutathione (y = 0.16 pmol •μg DNA−1•mV−1 •x + 41 pmol 
•μg DNA−1; r2 = 0.51, p < 0.0001). Open triangle: ON; open circle: PN-IL-LE; open square: PN-SF-LE; black circle: PN-IL-LP; black square: 
PN-SF-LP. Data are expressed as mean ± s.e.m., n = 6 per group. The bars show the statistical comparisons. The absence of a symbol 
on the bar means that p > 0.05. **: p < 0.01. 

Figure 3. DNA methylation activity, levels of SAM and SAH depending of nutritive modalities.
ON: animals fed regular food; PN-IL-LE: animals fed exclusively with total parenteral nutrition (PN) compounded with Intralipid 
without photoprotection; PN-IL-LP: photoprotected PN compounded with Intralipid; PN-SF-LE: PN compounded with SMOFLipid 
without photoprotection; PN-SF-LP: photoprotected PN compounded with SMOFLipid. Panel A: The activity of DNMTs was higher in 
PN groups than in ON group. Panel B: The hepatic concentration of SAM was higher in the PN groups and more in the IL groups. 
Panel C: The concentration of SAH was lower in SF groups. Panel D: Relationship between the ratio SAM on SAH and the redox 
potential of glutathione (y = 0.045 mV−1 • x – 11.84; r2 = 0.36, p < 0.001). Open triangle: ON; open circle: PN-IL-LE; open square: PN- 
SF-LE; black circle: PN-IL-LP; black square: PN-SF-LP. Data are expressed as mean ± s.e.m., n = 4–6 per group. The bars show the 
statistical comparisons. The absence of a symbol on the bar means that p > 0.05. **: p < 0.01. 
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a molecular weight of 181 kDa for DNMT1 
(Figure 4a,b) and 97 kDa for DNMT3b (Figure 
4c,d), in concordance with predicted weights 
[29]. DNMT1 level was lower in the PN groups 
(p < 0.01) compared to the ON group. Exposure to 
light was significant (p < 0.05) only in the PN-IL 
groups. Differences between groups for DNMT3b 
did not reach the statistical significance.

The method used made possible to separate the 
two isoforms of DNMT3a (Figure 5a) with 
a molecular weight of 117 and 135 kDa, as expected 
[30]. The levels of the heaviest (135 kDa) isoform 
(Figure 5b) were higher in the PN groups (p < 0.01) 
compared to the ON group, higher in the PN-SF 
groups (p < 0.05) compared to the PN-IL groups, 
and higher in the photoprotected PN groups 
(p < 0.05). The relationship between the natural 
logarithm of the protein expression of the heavier 
isoform of DNMT3a and redox potential was sig-
nificant (Figure 6a: y = 0.025 pixel mV−1 x + 5.19 

pixel; r2 = 0.45, p < 0.001). For the lightest isoform 
(117 kDa), protein levels (Figure 5c) were higher in 
the PN groups (p < 0.001) compared to the ON 
group, higher in the PN-SF groups (p < 0.05) com-
pared to the PN-IL groups, and higher in the photo-
protected PN-SF group (p < 0.01). The relationship 
between the natural logarithm of the protein 
expression of the light isoform of DNMT3a and 
the redox potential was significant (Figure 6b: 
y = 0.043 pixel mV−1 + 8.98 pixel; r2 = 0.42, 
p < 0.001).

Discussion

The main contribution of the study is its demon-
stration of a strong in vivo relationship between 
the redox potential of glutathione and the DNA 
methylation level, strengthening the hypothesis 
that early-life oxidative stress influences the DNA 
methylation level. The main metabolic effects of 

Figure 4. DNMT1 and DNMT3b protein levels depending of nutritive modalities.
ON: animals fed regular food; PN-IL-LE: animals fed exclusively with total parenteral nutrition (PN) compounded with Intralipid 
without photoprotection; PN-IL-LP: photoprotected PN compounded with Intralipid; PN-SF-LE: PN compounded with SMOFLipid 
without photoprotection; PN-SF-LP: photoprotected PN compounded with SMOFLipid. Panel A and B: DNMT1 protein levels were 
lower in PN groups compared to ON groups. Exposure to light was significant only in the PN-IL groups. Panel C and D: Western blot 
of DNMT3b protein levels showed no statistical difference between groups. Data are expressed as mean ± s.e.m., n = 7–8 per group. 
The bars show the statistical comparisons. The absence of a symbol on the bar means that p > 0.05. *: p < 0.05; **: p < 0.01. 
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the glutathione redox potential were the protein 
expression of both isoforms of DNMT3a and the 
equilibrium between the availability of both sub-
strate (SAM) and competitive inhibitor (SAH) of 
DNMTs.

The methylation level of DNA results from the 
balance between methylation by DNMTs and 
demethylation by TETs. The lack of difference 
between groups for TET activity, even with 
a significant difference in ascorbate levels between 

Figure 5. DNMT3a protein levels depending of nutritive modalities.
ON: animals fed regular food; PN-IL-LE: animals fed exclusively with total parenteral nutrition (PN) compounded with Intralipid 
without photoprotection; PN-IL-LP: photoprotected PN compounded with Intralipid; PN-SF-LE: PN compounded with SMOFLipid 
without photoprotection; PN-SF-LP: photoprotected PN compounded with SMOFLipid. Panel A: Western blot of DNMT3a isoforms. 
Panel B and C: DNMT3a1 and DNMT3a2 protein levels were higher in PN groups compared to ON groups. PN-SF resulted in 
significant increased in DNMT3a1 protein expression compared to PN-IL and higher in the photoprotected PN groups. Data are 
expressed as mean ± s.e.m., n = 6 per group. The bars show the statistical comparisons. The absence of a symbol on the bar means 
that p > 0.05. *: p < 0.05; **: p < 0.01; ***: p < 0.001. 

Figure 6. Relationships between DNMT3a and redox potential of glutathione.
Panel A: The relationship between the natural logarithm (LN) value of DNMT3a1 and redox potential was significant (y = 0.025 pixel 
mV−1 x + 5.19 pixel; r2 = 0.45; p < 0.001). Panel B: the relationship between the natural logarithm (LN) value of DNMT3a2 and the 
redox potential was significant (y = 0.043 pixel mV−1 + 8.98 pixel; r2 = 0.42; p < 0.001). Open triangle: ON; open circle: PN-IL-LE; 
open square: PN-SF-LE; black circle: PN-IL-LP; black square: PN-SF-LP. 
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groups, excludes the impact of demethylation by 
these enzymes. The mode of nutrition used 
affected the DNA methylation activity, but the 
method used did not allow the impact of each 
methyltransferase (DNMT1, 3a, and 3b) to be 
identified separately. The in vitro enzymatic activ-
ity is determined at its Vmax, which is obtained in 
saturation condition by its substrate. Under this 
condition, the activity depends on the enzyme 
level. The mode of nutrition used affected the 
protein expression of these enzymes differently. 
We found a decrease of DNMT1 protein in the 
PN groups compared to the ON group. DNMT3b 
protein levels were not different between groups. 
By contrast, we showed that the two isoforms of 
DNMT3a were higher in the PN groups and PN 
compounded with SF than in IL, and even higher 
in animals receiving the photoprotected PN. The 
fact that the relationship with the redox potential 
was significant only with the two isoforms of 
DNMT3a suggests that they played 
a predominant role in the methylation of DNA. 
The opposite effect of PN on DNMT1 and 
DNMT3a, without change for DNMT3b, has also 
been reported by Armstrong et al. [31] in the liver 
of growth hormone-deficient mice; this observa-
tion was reversed by the administration of growth 
hormone.

Under in vivo conditions, the substrate concen-
tration of DNMTs catalysed reactions is generally 
close to Km [32]. Thus, a small change in its 
concentration can have a significant impact on 
the enzymatic activity. Here, among the in vivo 
factors affecting DNA methylation activity are 
the availability of the substrate SAM as well as of 
the competitive inhibitor SAH [28]. A kinetic 
characteristic of a competitive inhibition is 
a higher Km value. Thus, in an environment 
where the concentration of SAH is lower, as here 
in animals receiving the PN compounded with SF, 
the DNMT affinity for SAM is increased (lower 
Km), resulting in a greater impact of increasing 
levels of SAM, as observed here, on DNA methyla-
tion activity. The enzymatic kinetics are described 
by the following equation: vi = Vmax • [S]/([S] + 
Km • {1+ [I]/ki}); where vi is the initial rate, Vmax 
is the maximum rate at substrate saturation, [S] is 

the concentration of substrate (SAM), [I] is the 
concentration of the inhibitor (SAH), Km is the 
Michaelis-Menten constant between SAM and 
DNMT, ki is the inhibition constant. Thus, the 
SAM ratio on SAH can illustrate the complex 
interaction between the substrate and the inhibitor 
on methylation activity. The strong and positive 
influence of the redox potential on the SAM ratio 
on SAH (r2 = 0.36) suggests that the DNA methy-
lation activity was also affected in our model by 
the availability of SAM and SAH. This relationship 
could be explained, at least in part, by the oxida-
tive environment that promotes GSH synthesis 
[33]. Indeed, SAH is transformed into cysteine 
whose availability is the main limiting factor of 
GSH synthesis [34].

The approach used to obtain a gradation of the 
redox potential in vivo was to feed the animal with 
a different mode of nutrition, oral (ON) versus 
parenteral (PN), to vary the quality of lipid emul-
sion of these PNs (higher level of omega-6 fatty 
acids in Intralipid than in SMOFLipid), and pro-
tect or not these PNs from ambient light (which 
promotes the generation of peroxides). The oxida-
tive nature of the PN [19], particularly if the PN 
contained SMOFLipid instead of Intralipid has 
already been reported in the lungs of guinea pigs 
[15]. Although exposure to light affected hepatic 
vitamin C levels, it had no influence on the redox 
potential. PN exposure to light is known to affect 
the redox potential of glutathione in the lungs but 
not in the liver [22]. However, both the redox 
potential and the exposure to light influenced the 
level of DNMT3a. This dichotomy of the effect of 
light suggests that in addition to the change in the 
redox potential of glutathione other components 
of PN, nutrients or by-products generated during 
exposure to light, could also influence methylation 
of DNA. In our model, parenteral nutrition 
induces a great oxidative stress. This stress has 
proven to be powerful enough to induce pulmon-
ary remodelling [10]. It is this magnitude of oxi-
dative stress in vivo that has been used to establish 
the correlation between DNA methylation levels 
and the severity of oxidative stress (glutathione 
redox potential) and that explains the extent of 
methylation levels obtained between the groups. 
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However, the individual variation within each 
group is similar to what has been reported by 
other teams using different modes of analysis and 
different animal models [35-41].

In summary, the oxidized state of the redox 
potential of glutathione helped to reduce the hepa-
tic concentration of SAH, an inhibitor of DNMTs, 
and to increase the protein expression of 
DNMT3a, two factors that explain the close rela-
tionship between the redox potential and DNA 
methylation level. The influence of oxidative 
stress, or oxidant molecules, on the increase in 
the protein content of DNMT3a, has already 
been reported [8,42]. But, to our knowledge, this 
is the first time that a linear relationship between 
the redox potential of glutathione and the DNA 
methylation is established in vivo, in addition to 
the association of the redox potential with the 
SAM:SAH ratio and the protein expression of the 
two isoforms of DNMT3a. However, these associa-
tions with the redox potential do not exclude 
a possible impact of PN or specific parenteral 
nutriments on DNA methylation. The study 
focused on guinea pig liver during its first week 
of life. Further studies must be undertaken to 
investigate the existence of such a relationship in 
other tissues and other ages, as well as the stability 
of DNA methylation over time.

The increased levels of DNA methylation and 
redox potential (oxidized) measured in PN 
groups confirm that this mode of nutrition is 
likely to induce epigenetic modifications, at 
least at DNA methylation level. This corrobo-
rates the concern over the long-term impact of 
PN-induced oxidative stress received early in life 
[43]. The results highlight the importance of 
protecting the newborn or young child from an 
oxidative environment, specifically by improving 
the quality of PN solutions or/and improving the 
antioxidant defence of the newborn.

Materials and methods

Experimental design

Thirty-six male Hartley guinea pigs were pur-
chased from Charles River Laboratories (St- 
Constant, Québec, Canada) on their third day 
of life and housed in the institutional animal 

facility at constant temperature and humidity 
as well as 12 h light–12 h dark cycle. The 
study was approved by the Institutional 
Committee for Good Practice with Animals in 
Research of the CHU Sainte-Justine in accor-
dance with the Canadian Council on Animal 
Care guidelines. Upon arrival, the animals were 
separated into five groups, an oral nutrition 
group (ON) and four parenteral nutrition groups 
(PN).

Animals on PN were nourished through 
a catheter inserted in the jugular vein under anaes-
thesia with a ketamine/xylazine cocktail on the 
third day of life, as previously described 
[9,15,16]. PN solutions, freshly prepared daily, 
consisted of two separate bags. Bag 1 contained 
dextrose, amino acids, and multivitamins and bag 
2, dextrose, amino acids, and lipid emulsion. Both 
solutions met at the last Y near the infusion site. 
The final solutions contained 8.2% (w/v) dextrose, 
2.0% (w/v) amino acids (Primene, Baxter, 
Mississauga, ON, Canada), 1% (v/v) multivitamin 
preparation (Multi-12 paediatrics, Sandoz, 
Boucherville, QC, Canada), electrolytes, 1 U/mL 
heparin, and 1.6% (w/v) lipid emulsion. The con-
tinuous infusion rate was 200 mL/kg/day.

The studied groups were:

(1) ON: animals fed orally ad libitum with reg-
ular chow for guinea pigs.

(2) PN-IL-LE: Animals fed exclusively with PN 
compounded with 1.6% (w/v) IntraLipid- 
20%® (Pharmacia Upjohn, Baie D’Urfé, 
QC, Canada). The solution was without 
light protection.

(3) PN-IL-LP: Animals received fully photopro-
tected PN.

(4) PN-SF-LE: Animals fed exclusively with PN 
compounded with 1.6% (w/v) SMOFLipid- 
20%® (Fresenius Kabi Canada Ltd., 
Richmond Hill, ON, Canada). The solution 
was without light protection.

(5) PN-SF-LP: Animals received fully photo-
protected PN compounded with SmofLipid.

The composition of the lipid emulsions is pre-
sented in Table 2.

There was no difference in body weight 
(103 ± 2 g) between groups. After four days, 
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animals were anaesthetized and sacrificed for col-
lection, preparation, and preservation (−80°C) of 
the liver until biochemical determinations. There 
was no difference in liver weight (3.9 ± 0.1 g) 
between groups.

Redox potential of glutathione

At sacrifice, 500 mg of liver was homogenized ex 
temporani in 5 volumes of metaphosphoric acid 
(MPA) 5% (w/v) with Polytron tissue homogenizer 
(BioSpec Products Inc, Bartlesville, OK, USA) and 
centrifuged at 7 200 g for 4 min. Both supernatants 
and pellets were stored at −80°C until analysis. 
Reduced (GSH) and oxidized (GSSG) glutathione 
contained in supernatants was separated by capil-
lary electrophoresis, into a fused-silica capillary 
(75 μm internal diameter × 50 cm of effective 
length) in a P/ACE MDQ system (Beckman 
Coulter, Mississauga, ON, Canada) [16,44]. 
Before each run, the capillary was conditioned by 
sequentially washing with methanol (10 min, 20 
psi), 0.1 N HCl (10 min, 20 psi), HPLC water 
(2 min, 20 psi), 1 N NaOH (20 min, 20 psi), 
HPLC water (4 min, 20 psi), and finally with run-
ning buffer (10 min, 20 psi). We achieved the 
separation of both glutathione forms using 
75 mM boric acid + 25 mM Bis–Tris, pH 8.4 as 
running buffer. Samples were injected under 0.5 
psi pressure for 10 sec, followed by a water plug at 
0.2 psi for 10 seconds. The migration time was 
10 minutes at 28°C and 18 kV. Absorbance was 

monitored at 200 nm. The concentrations of GSH 
and GSSG are extrapolated from standard curves 
of GSH (0 to 100 μM) and GSSG (0 to 10 μM) and 
were used to calculate redox potential by using the 
Nernst equation (25°C, pH 7.0) [45].

Global DNA methylation levels

The global DNA methylation levels were determined 
with a competitive enzyme-linked immunosorbent 
assay kit by measuring 5�-methyl-2�-deoxycytidine 
(5-MedCyd). First, genomic DNA was isolated from 
200 mg liver using the E.Z.N.A.®HP Tissue DNA Kit 
(OMEGA Bio-tek, Norcross, GA, USA), following 
the manufacturer’s instructions. Then, DNA samples 
(0.4 μg/μL) were denatured into single-strand DNA 
by heating samples at 95°C for 5 min, followed by 
a quick cooling on ice. To digest DNA into nucleo-
sides, 5 μL of 200 mM sodium acetate, pH 5.2, and 5 
units (5 μL) of nuclease P1 (N8630, Sigma–Aldrich, 
St. Louis, Missouri, USA) were added and samples 
were incubated 2 h at 37° C. Thereafter, 5 μL of 1 M 
Tris, pH 7.5, and 5 units (5 μL) of alkaline phospha-
tase (P5931, Sigma–Aldrich, St. Louis, Missouri, 
USA) were added and the mixture incubated for an 
additional 1 h at 37° C. The level of 5-MedCyd was 
quantified using the Global DNA methylation 
enzyme-linked immunosorbent assay kit (Cell 
Biolabs, San Diego, CA, USA) following the protocol 
assay of the manufacturer. Briefly, standards and 
samples were added in duplicate to a plate coated 
with 5-MedCyd DNA conjugate. After 10 min incu-
bation on orbital shaker, an anti-5-MedCyd mono-
clonal antibody was added, followed by 
a horseradish peroxidase-conjugated secondary anti-
body. The concentration of 5-MedCyd in samples 
was determined by comparing their absorbance at 
450 nm to the absorbance of a predetermined 
5-MedCyd standard curve ranging from 0 to 80 μM.

S-adenosylmethionine (SAM) and 
S-adenosylhomocysteine (SAH) levels

Two hundred milligram of liver was homogenized 
in four volumes perchloric acid by using Polytron 
tissue homogenizer (BioSpec Products Inc, 
Bartlesville, OK, USA). Samples were centrifuged 
at 10 000 g for 10 min and the supernatant was 
collected after filtration through 0.45 μm syringe 

Table 2. Characteristics of lipid emulsions.
Intralipid® 

20%
SMOFLipid® 

20%

Oil Composition (g/100 mL)
Soybean 20.0 6.0
Medium-chain-triglycerides (MCT) 0 6.0
Olive oil 0 5.0
Fish oil 0 3.0
α- tocopherol (mg) 3.8 16–23
Phytosterol (mg) 34.8 ± 3.3 4.7
Fatty acids composition (g/100 mL)
Linoleic acid 10.0 5.8
Linolenic acid 1.8 0.6
Eicosapentaenoic acid (EPA) 0 0.6
Docosahexaenoic acid (DHA) 0 0.1
Oleic acid 5.2 5.6
Palmitic acid 2.0 1.8
Stearic acid 0.7 0.6
Arachidonic acid 0 0.1

All data have been provided by the manufacturer (https://www.frese 
nius-kabi.com/fr-ca/products/lipid-emulsions). 
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filters and stored at −80°C until use. SAM and 
SAH separations were carried out by capillary 
electrophoresis with P/ACE MDQ system 
(Beckman Coulter, Mississauga, ON, Canada), 
into a fused-silica capillary (75 μm internal dia-
meter × 50 cm of effective length) [46]. The capil-
lary was equilibrated before each run by washing 
sequentially with methanol (10 min, 20 psi), 0.1 N 
HCl (10 min, 20 psi), HPLC water (2 min, 20 psi), 
1 N NaOH (20 min, 20 psi), HPLC water (4 min, 
20 psi) and finally with 200 mM glycine, pH 1.8, as 
running buffer (10 min, 20 psi). Samples were 
diluted 1:1 (v/v) with HPLC water before the ana-
lysis. SAM and SAH standards were prepared 
freshly in 0.167 N HClO4 to equal the perchloric 
acid concentration in the 1:1 dilution of samples. 
Samples and standards were injected at 0.5 psi for 
30 sec at 25° C and migrated for 15 min at 22.5 
kV. SAM and SAH peaks were identified at 
254 nm and peak area were used to measure 
their concentrations in samples by comparing to 
standards.

Vitamin C determination

Animals from ON group received approximately 
10 mg vitamin C per day while those from PN 
groups received 3.2 mg vitamin C per day.

Liver samples were taken out from −80° C and 
100 mg were homogenized in 5 volumes of meta-
phosphoric acid 5% (w/v) with Polytron tissue 
homogenizer (BioSpec Products Inc, Bartlesville, 
OK, USA). Previous studies have found metapho-
sphoric acid adequate to prevent the conversion of 
ascorbate to L-dehydroascorbic acid [47,48]. All 
steps were carried out at 4°C. The homogenate 
was immediately centrifuged at 7 200 g for 4 min 
and both supernatants and pellets were stored at 
−80°C until analysis. Total vitamin C (ascorbate + 
dehydroascorbate) was obtained following reduc-
tion with 50 mM dithiothreitol for 40 min in the 
dark. Vitamin C was isolated using an Agilent 
7100 capillary electrophoresis system (Santa 
Clara, CA, USA) into a bare fused-silica capillary 
(50 μm internal diameter x 40 cm of effective 
length). Before sample injection, the system was 
conditioned as follows: methanol (Flush, 600 sec), 
0.1 N HCl (Flush, 600 sec), HPLC water (Flush, 
120 sec), 1 N NaOH (Flush, 1200 sec), HPLC 

water (Flush, 240 sec), running buffer (200 mM 
borate, 20% acetonitrile, pH 9.6; Flush, 600 sec). 
Samples and standards were appropriately diluted, 
injected at 100 mBar for 8 sec, and migrated for 
15 min at 30 kV, 28° C. Ascorbate was detected at 
268 nm and its concentration was calculated using 
an ascorbate standard curve (5–130 μM).

DNA methyltransferases (DNMTs) activity

The analysis of DNMTs activity was performed in 
the nuclear extract with a modified method adapted 
from previous studies [9,49,50]. Briefly, approxi-
mately 200 mg of liver was homogenized in a high 
concentration sucrose (1.8 M) – glycerol (9%) buffer, 
pH 7.6 (containing 10 mM Hepes, 25 mM KCl, 
0.15 mM spermine and 0.5 mM spermidine, 1 mM 
EDTA, 0.1 mM phenylmethylsulfonyl fluoride, and 
1 mM dithiothreitol) by using a dounce homogeni-
zer, then centrifuged at 79 000 g for 30 min. The 
nuclei (pellet) were washed in a 25% glycerol-based 
buffer pH 7.9 (25 mM Na-Hepes, 100 mM KCl, 
1.5 mM MgCl2 and 1 mM dithiothreitol) and recov-
ered after centrifugation at 74 700 g for 45 min. 
(NH4)2SO4 (0.3 g/ml) was added to the supernatant, 
mixed for 30–45 min and centrifuged at 111 000 g for 
45 min. The pellet was resuspended in 250 μL of 
dialysis buffer consisting of 25 mM Na-Hepes, 
40 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 
and 10% glycerol then filtered through a 100 K 
Amicon Ultra filter. All steps were carried out at 4° 
C. The activity of DNA methyltransferases was mea-
sured in nuclear extract with the EpiQuik DNMT 
activity assay kit (Epigentek®, Farmingdale, NY, 
USA) following the manufacture’s instructions. The 
nuclear extracts (1.5 μg) were added into microplate 
wells coated with a cytosine-rich DNA subtract. 
Samples were added in duplicate with 0.16 mM of 
S-adenosinemethionine (SAM). After 60 min of 
incubation, samples were mixed and incubated 
with first, a capture antibody, followed by 
a detection antibody, then an enhancer solution 
and finally a developer solution. The reaction was 
stopped with the provided stop solution. The methy-
lated DNA level that is proportional to the DNA 
methyltransferase (DNMT) activity was measured 
at 450 nm and the results of samples were compared 
to a standard curve and expressed in arbitrary unit.
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Ten eleven translocation protein (TET) activity

The nuclear extraction of TET enzymes was exe-
cuted with an adapted method used for DNMTs 
nuclear extraction as described in the above sec-
tion ‘DNA methyltransferases activity.’ The mod-
ified medium was EDTA, phenylmethylsulfonyl 
fluoride, spermine, and spermidine free, but con-
tained a cocktail of protease inhibitors (cOmplete 
mini EDTA free® Cat # 11836170001, Roche 
Diagnostics Deutschland, Mannheim, Germany). 
TETs activity was measured with the Epigenase™ 
5mC Hydroxylase TET Activity/Inhibition 
Colorimetric Assay Kit (Epigentek®, Farmingdale, 
NY, USA). Protocol from the manufacturer was 
adapted to our samples. Briefly, 6 μl of the sample 
(containing 6.5 μg of 100KDa-filtered nuclear 
extract) was added in a microplate coated with 
methylated cytosine which served as subtract and 
incubated 90 min with TET assay buffer mixed 
with cofactors: ascorbate (1.7 mM), 2-ketogluta-
rate (0.85 mM) and Fe++ (85 μM). A capture anti-
body was added, followed by a detection antibody, 
an enhancer solution, and finally a developer solu-
tion. The reaction was stopped with the provided 
stop solution. The amount of hydroxymethylated 
cytosine, which is proportional to TET enzyme 
activity was measured by reading the absorbance 
at 450 nm. The activity was quantified using a stan-
dard hydroxymethylcytosine curve.

Protein levels of DNMT1, 3a and 3b

Briefly, 50 mg of liver was homogenized in 250 μL 
of RIPA buffer, incubated at 4°C and centrifuged at 
5,000 rpm/30 min/4°C. The supernatants were col-
lected then centrifuged at 60,000 rpm/45 min/4°C. 
Fifty micrograms of protein from the supernatant 
were boiled in Laemmli buffer 2X for 5 min then 
loaded onto a 5% and 6% SDS polyacrylamide gel, 
run for 1 h/150 V and transferred onto a polyviny-
lidene difluoride membrane (PDVF, Bio-Rad 
Laboratories, CA, USA) in Tris-glycine buffer for 
80 min/100 V. Membranes were blocked for 1 h at 
room temperature (R.T.) with 5% non-fat dry milk 
in Tris-buffered saline containing 0.1% Tween-20 
(TBST) then incubated with primary antibodies for 
DNMT1 (1:1000, ab188453, Abcam, Cambridge, 
MA, USA), DNMT3a (1:1500, ab2850, Abcam), 

DNMT3b (1:1000, ab227942, Abcam). Antibodies 
were diluted in 5% milk-TBST (DNMT1 and 
DNMT3a) or 2.5% milk-TBST (DNMT3b) at 4°C 
overnight. Membranes were washed and incubated 
with anti-rabbit IgG-HRP (1:2000, W401B, 
Promega, Madison, WI, USA) for 1 h at R.T. 
Proteins were detected using SuperSignalTM West 
Pico Plus (Thermo Scientific, Rockford, IL, USA) 
with an imaging system (G: BOX, Synoptics, 
Cambridge, UK). Densitometry was analysed 
using the ImageJ program. To detect vinculin 
(loading control), membranes were stripped with 
the RestoreTM Western Blot Stripping Buffer 
(Thermo Scientific, Rockford, IL, USA) and incu-
bated with primary antibody for vinculin (1:1000, 
ab188453, Abcam), diluted in 5% milk-TBST. The 
membranes were washed then incubated with anti- 
mouse IgG-HRP secondary antibody (1:2000, 
HAF007, R&D Research, Minneapolis, MN, USA) 
for 1 h at R.T.

Statistical analysis

The significant effect of PN, lipid emulsion, and light 
exposure was searched by running the following 
orthogonal comparisons by ANOVA after verification 
of homoscedasticity by Bartlett’s χ2. 1) PN effect: ON 
group vs. all PN groups; 2) lipid emulsion: all PN-IL 
vs. all PN-SF; 3) Light exposure: PN-IL-LE vs. PN-IL- 
LP and PN-SF-LE vs. PN-SF-LP. Pearson linear 
regression (r2) was used for correlation analysis. 
Results are expressed as means ± s.e.m. The threshold 
of significance was set at p < 0.05.

List of abbreviations

5-mC: 5-methylcytosine 
5-MedCyd: 5’-methyl-2’ -deoxycytidine 
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DNA: Deoxyribonucleic acid 
DNMT: DNA methyltransferase 
GSH: Reduced glutathione 
GSSG: Oxidized glutathione 
IL: Intralipid emulsion 
LE: Light-exposed parenteral nutrition 
LP: Light-protected parenteral nutrition 
MAT: Methionine adenosyltransferase 
SAH: S-adenosyl homocysteine 
SAM: S-adenosyl methionine 
SF: SMOFlipid emulsion 
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