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Abstract: Premature neonates are submitted to an early-life oxidative stress from parenteral nutrition,
which is vitamin C (VC) deficient and induces low endogenous levels of glutathione. The oxidative
stress caused by these deficiencies may permanently affect liver glycolysis and lipogenesis. This
study evaluates the short- and long-term effects of neonatal VC and cysteine deficient diets on redox
and energy metabolism. Three-day-old Hartley guinea pigs from both sexes were given a regular or a
deficient diet (VC, cysteine, or both) until week 1 of life. Half of the animals were sacrificed at this age,
while the other half ate a complete diet until 12 weeks. Liver glutathione and the activity and protein
levels of glucokinase, phosphofructokinase, and acetyl-CoA-carboxylase were measured. Statistics:
factorial ANOVA (5% threshold). At 1 week, all deficient diets decreased glutathione and the protein
levels of glucokinase and phosphofructokinase, while cysteine deficiency decreased acetyl-CoA-
carboxylase levels. A similar enzyme level was observed in control animals at 12 weeks. At this age,
VC deficiency decreased glutathione, while cysteine increased it. Acetyl-CoA-carboxylase protein
levels were increased, which decreased its specific activity. Early-life VC and cysteine deficiencies
induce neonatal oxidative stress and an adult-like metabolism, while predisposing to increased
lipogenic rates during adulthood.

Keywords: glutathione; oxidative stress; vitamin C; cysteine; energy metabolism; metabolic repro-
gramming; DOHaD; guinea pig; neonate; non-alcoholic fatty liver disease

1. Introduction

Right after birth, oxygen concentrations rise sharply from 20–25 mm Hg to 100 mm
Hg, allowing mitochondrial biogenesis and oxidative phosphorylation, with a consequent
increase in the generation of reactive oxygen species (ROS) [1–4]. This oxidative stress
early in life is necessary to trigger the transition from fetal metabolism to neonatal and
eventually adult metabolism. However, this oxidative stress can be exacerbated by medical
interventions at early age, such as supplemental oxygen and parenteral nutrition (PN)
that is given to premature infants [5]. This exacerbated early-life oxidative stress has been
shown to contribute to the development of several neonatal comorbidities [5–7], but also
to program health and disease later in life. Premature newborns develop, at adulthood,
a higher risk of cardiovascular disease and hypertension [8–10], non-alcoholic fatty liver
disease [11], and obesity [12].

Neonatal PN is a mode of nutrition administered to premature newborns who have
not yet completed gastrointestinal maturity. This PN, although essential for the survival of
extremely preterm newborns, is contaminated with peroxides autogenerated in solution.
When photoexcited, dissolved riboflavin catalyzes the electron transfer from reducing
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molecules to dissolved oxygen, in a reaction where the former become oxidized and
oxygen is reduced to hydrogen peroxide. Among the reducing molecules oxidized in this
reaction, vitamin C is the main contributor, given its antioxidant properties, tendency to
lose electrons, and its high concentration in PN solutions [13,14]. Because of this reaction,
vitamin C in PN is completely depleted after a few hours [13]. This inadequate infusion
is responsible for a decrease of 50% of liver vitamin C concentrations, as shown in an
animal model [15]. Simultaneously, peroxides rise to 350 µM in PN solutions and can reach
1500 µM with increasing concentrations of vitamins [14]. These peroxides in PN deplete
tissue glutathione and generate oxidative stress [16].

We have previously shown that guinea pigs submitted to PN during the first days
of life develop glucose intolerance, are less physically active [17], and have altered levels
of key energy metabolism enzymes in the liver at adult life [16]. On this same model of
PN-induced oxidative stress, most of early life impacts of PN are due to peroxides, but
many long-term effects of PN remain after the effect of early peroxides is prevented. This
suggested that factors in PN other than peroxides were the cause of those effects [16].
Vitamin C deficiency in PN solutions and lower glutathione levels are suspected. For
instance, early-life PN induces in adulthood lower levels of glycolytic enzymes glucokinase
(GCK) and phosphofructokinase-1 (PFK) in the liver, while increasing the levels of acetyl-
CoA-carboxylase (ACC), the enzyme that controls de novo lipogenesis [16]. Given that
these enzymes control major metabolic pathways that are associated with the development
of metabolic diseases, correcting vitamin C and glutathione deficiencies could be a key
strategy to decrease the long-term impact of early-life PN.

Ascorbate, or vitamin C, is an essential nutrient for primates and guinea pigs [18],
and it is implicated in several redox reactions as a direct antioxidant. It can act as a direct
redox cofactor, by recycling oxidized vitamin E and proteins [19], while also participating
in epigenetic modulation by its role in the demethylation of DNA and histones [20,21], and
oxygen sensing by promoting HIF-1α degradation [22]. Meanwhile, reduced glutathione
(GSH) is the most abundant intracellular antioxidant with a high antioxidant capacity
(Eº = −240 mV), and it is implicated in antioxidant enzymatic reactions, such as the
ones of glutathione peroxidase and glutaredoxin [23–25], and its deficiency can activate
inflammation and antioxidant pathways via NF-κB and Nrf2 [26,27]. GSH synthesis is
controlled by cysteine concentrations, the cellular availability of which is recognized as
being limiting for GSH synthesis. [28].

GSH and ascorbate spare each other, mainly because GSH can recycle dehydroascor-
bate back to ascorbate [29,30]. Despite their interconnection, their specific deficiency is
expected to have different effects. Thus, this study aims to determine the short- and
long-term effects of neonatal vitamin C and glutathione deficiencies on hepatic energy
metabolism. These deficiencies were induced by a diet without ascorbate or without
cysteine and low in methionine during the first week of the guinea pig’s life. They could ex-
acerbate the physiological oxidative stress necessary for metabolic transition and accelerate
it. We hypothesize that an exacerbated oxidative stress, caused by one of these deficiencies,
triggers an accelerated metabolic transition in the liver, programming an adult metabolism
phenotype at neonatal age in the liver and increasing the risk of metabolic syndrome at
adult age. In this study, we induced these deficiencies by complete exclusion of vitamin
C or cysteine from the neonatal diet. Cysteine, as the glutathione limiting substrate, was
removed from the diet to induce glutathione deficiency.

2. Materials and Methods
2.1. Materials

All chemical products were purchased from Sigma-Aldrich, Fischer Scientific, Roche
Diagnostics, Bio-Rad laboratories, or MP Biomedicals, unless otherwise stated.
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2.2. Animal Model

Three-day old male and female Hartley guinea pigs from Charles River Laboratories
(St-Constant, QC, Canada) were assigned to one of the following groups, each one con-
taining 16 animals (8 males and 8 females) to receive a diet: (1) control (C); (2) vitamin
C deficient (VCD); (3) cysteine deficient (CD); or (4) double deficient (DD). After 4 days
receiving these diets, from day 3 to 7 days (1 week) of life, half of the animals in each
group were sacrificed, and the other half had their diets changed to a long-term standard
diet (2041-Teklad Global High Fiber Guinea Pig Diet; Envigo, Madison, WI, USA), which
contained adequate amounts of vitamin C and cysteine.

Cysteine deficient diets also had lower levels of methionine to reduce in vivo transfor-
mation of methionine into cysteine, while still providing adequate amounts of methionine
for physiological functions [31]. To provide isoproteic diets, the amino acid content of the
cysteine devoid diets was balanced with non-essential amino acids for guinea pigs (Ala,
Asn, Asp, Glu, Gly, Pro, and Ser). The composition of these diets is described in Table 1.
All custom diets were produced by Envigo. Animals were housed in standard conditions
in a 12/12 h light/dark cycle throughout the study.

Table 1. Nutritional composition of diets used in the study.

Control Diet
(C)

Vitamin C Deficient Diet
(VCD)

Cysteine Deficient Diet
(CD)

Double Deficiency Diet
(DD)

Long-Term
Standard Diet

Energy (kcal/g) 3.5 3.5 3.5 3.5 2.4
Protein (% kcal) 18.4 18.4 18.4 18.4 32

Carbohydrate (% kcal) 55.7 55.7 55.7 55.7 18
Fat (% kcal) 25.9 25.9 25.9 25.9 50

L-alanine (g/kg) 3.65 3.65 4.01 4.01 9
L-aspartic acid (g/kg) 3.65 3.65 4.19 4.19 17

L-cystine (g/kg) 2.70 2.70 - - 3
L-glutamic acid (g/kg) 41.67 41.67 42.27 42.27 27

Glycine (g/kg) 24.45 24.45 24.76 24.76 10
L-methionine (g/kg) 2.90 2.90 2.00 2.00 3

L-proline (g/kg) 3.65 3.65 4.12 4.12 11
L-serine (g/kg) 3.65 3.65 4.08 4.08 10

Vitamin C (mg/kg) 203 - 203 - 1050

Food Intake was measured at 1 week, and 4, 8, and 12 weeks by the weight difference
of feeders placed in cages after 24 h. Since two animals from the same group and sex shared
the same cage, the food intake is reported by cage and not by animal in order to avoid
distortions in variability.

Spontaneous physical activity was measured at week 5 by placing animals individually
in a cage crossed by infrared beams (Digiscan DMicro Monitor; Accuscan Instruments, Inc.,
Columbus, OH, USA), as described previously [17]. Each time the animal crosses one of
the beams, one beam cut was counted. Counts were registered during 20 min, after 40 min
of acclimation.

Glutathione, ascorbate, and dehydroascorbate (DHA). A measure of 250 mg of freshly
collected liver was homogenized in 5 volumes of 5% (w/v) metaphosphoric acid and cen-
trifuged at 7200× g/3 min; the supernatant and the pellet were stored at −80 ◦C. The
reduced (GSH) and oxidized form (GSSG) of glutathione as well as ascorbate and dehy-
droascorbate in supernatants were separated in an Agilent 7100 Capillary Electrophoresis
System (Agilent Technologies, Mississauga, ON, Canada) in a boric acid 200 mM and
acetonitrile 20% v/v buffer, pH 9.6 [32]. Samples were diluted to reach 1% metaphosphoric
acid concentration, and species were separated in a buffer for 10 min after 8 sec sample
injection under 30 kV. GSH and GSSG were quantified by absorbance at 192 nm, whereas
ascorbate was quantified by absorbance at 268 nm (Figure S1). Samples were treated with
DTT 50 mM in order to detect DHA by its reduction to ascorbate (Figure S2). Figure S3
shows the relationship between ascorbate and DHA levels. The increase in the ascorbate
peak was calculated and DHA levels were extrapolated through the ascorbate standard



Antioxidants 2021, 10, 953 4 of 17

curve. Total proteins were measured in pellets by the Bradford method using albumin for
the standard curve, as previously described [33]. Data are expressed in nmol/mg protein.
The redox potential of glutathione was obtained according to the Nernst equation using
the molar concentrations of GSH and GSSG, assuming a liver density of one.

Glutathione peroxidase (GPx) and glutathione reductase (GR) assay. Twenty mil-
ligrams of liver were homogenized in 9 volumes of TE buffer (50 mM Tris-HCl pH 7.6,
0.1 mM EDTA-Na2) and centrifuged at 7200× g/1 min. The supernatant was diluted in TE
buffer (1:10) and 12.5 µg of protein was used to assay each enzyme. GPx activity was mea-
sured in an assay containing 2 mM GSH, 1 mM tert-butyl-hydroperoxide, 0.1 mM NADPH,
and 0.1 U/mL of GSSG-reductase diluted in TE buffer. The reaction was started by the
addition of the sample. NADPH consumption was measured by its spectrophotometric
absorbance at 340 nm for 6 min. GR activity was measured in TE buffer containing 1 mM
GSSG and 0.1 mM NADPH. The reaction was started by the addition of the sample and the
consumption of NADPH was measured at 340 nm. NADPH concentrations for both assays
were extrapolated from a slope calculated with increasing NADPH quantities, ranging
from 0 to 1 mmol.

Glucokinase (GCK) activity was assayed as described previously [16]. Briefly, liver was
homogenized in 2 volumes of buffer (100 mM Tris-HCl pH 7.5, 5 mM EDTA-Na2, 5 mM
MgCl2, 150 mM KCl, and 50µM 2-mercaptoethanol) and centrifuged at 1400× g/20 min/4 ◦C.
Glucokinase activity was determined by increasing the absorbance at 340 nm in a reaction
containing 0.5 mM ATP, 0.4 mM NADP, 0.067 U/mL G6PDH, and 0.5 mM or 100 mM
of glucose added to the buffer (100 mM Tris-HCl pH 7.5, 5 mM MgCl2) for 1 h/30 ◦C.
Glucokinase activity was calculated by the subtraction of the activity measured with 0.5 mM
glucose (hexokinase), from the one measured at 100 mM (hexokinase + glucokinase). Data
are presented as U (nmol of NADPH ·min−1 ·mg of protein−1).

Phosphofructokinase (PFK) activity was assayed as described previously [16]. Briefly,
the activity was measured by the change in absorbance at 340 nm in a reaction system
coupled with aldolase, triose phosphate isomerase, and GAPDH. Data are presented as U
(nmol of NADPH ·min−1 ·mg of protein−1).

Acetyl-CoA-carboxylase (ACC) activity was assayed as described previously [16].
Briefly, it was extracted from livers with increasing concentrations of polyethylene-glycol-
8000 in an extraction buffer (50 mM Tris-HCl, pH 7.5, 250 mM mannitol, 50 mM NaF, 5 mM
Na2P2O7, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 4 µg/mL soybean trypsin inhibitor,
and 1 mM benzamidine). This technique is the same as described by Kudo [34], but
reducing agents were removed to allow observation of possible changes in activity protein
oxidation. The extracted ACC was assayed in a buffer containing 60 mM Tris-Acetate pH
7.5, 1 mg/mL BSA, 2 mM ATP, 1 mM acetyl-CoA, 5 mM Mg(CH3COO)2) for 20 min/37 ◦C.
The reaction was started by the addition of 1.64 mM NaH[14C]O3 (1.35 µCi of 5 mCi/mmol)
and 16.6 mM of NaHCO3. The incorporation of 14C into malonyl-CoA was measured by
scintigraphy. Data are presented as U (nmol of NADPH ·min−1 mg of protein−1).

Western blots of GCK, PFK, and ACC. Western blot methods were described previ-
ously [16,35,36]. Primary antibodies were the following: GCK (rabbit GCK polyclonal
antibody ab88056, Abcam Plc, ON, Canada), PFK (mouse PFK-1 monoclonal antibody
sc-166722, Santa Cruz Biotechnology, Santa Cruz, CA, USA), ACC (rabbit ACC-1 polyclonal
antibody #3662, Cell Signaling Technology, Danvers, MA, USA) at 1:1000 dilution. Vinculin
was used as a loading control (mouse VCL monoclonal antibody H00007414-M01, Abnova
Corporation, Taipei, Taiwan). Secondary antibodies were goat anti-mouse IgG-HRP an-
tibody HAF007 (R&D Systems, Minneapolis, MN, USA) and goat anti-rabbit IgG-HRP
antibody W4011 (Promega, Madison, WI, USA) at 1:2500 dilution.

Western blots of Nrf2, HIF-1α, and NF-κB. Liver samples (100 mg) were homogenized
in 1 mL of buffer of 320 mM sucrose, 4 mM HEPES-NaOH, pH 7.4, 200 µM deferoxam-
ine, 10 µg/mL PMSF, and Complete Protease Inhibitor (1 tablet/25 mL) (Roche Applied
Science). Samples were centrifuged 600× g/10 min/room temperature, which allowed
the separation of the pelleted nuclei and the cytosolic supernatant. Cytosolic supernatants
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were concentrated in a 10 kDa Amicon ultra 0.5 centrifugal filter unit and then diluted in
250 µL of storage buffer (20 mM Tris-HCl, pH 7.4, 2 mM EDTA, 250 mM NaCl, 0.1% Triton
X-100, 0.01 mg/mL aprotinin, 0.005 mg/mL leupeptin, 4 mM NaVO3, and 0.4 mM PMSF)
and stored at−80 ◦C. The pelleted nuclei were washed in 300 µL of PBS added with 200 µM
deferoxamine and 10 µg/mL PMSF and pelleted again (600× g/10 min/room temperature).
The pellet was resuspended in a lysis buffer (50 mM Tris-HCl, pH7.6, 50 mM NaCl, 1%
w/v sodium deoxycholate, 0.01% v/v Triton X-100, 0.01% w/v SDS, 13 mM Na3VO4, and
200 µM deferoxamine) and agitated for 1 h/4 ◦C. The nuclear fraction was then aliquoted
and stored at −80 ◦C. Fifty micrograms of cytosolic and nuclear extracts were resolved by
SDS-PAGE in 4/8% gels, 120 V/2 h/room temperature in a 25 mM Tris, pH 8.3, 200 mM
glycine, and 1% SDS. Proteins were transferred to a PVDF membrane 90 V/2 h/4 ◦C in
5 mM Tris, 38 mM glycine. Membranes were blocked in 5% w/v skim milk in PBS-Tween20
0.2% for 1 h/room temperature. Primary antibodies used were the following: anti-Nrf2
antibody (rabbit Nrf2 monoclonal antibody ab62352, Abcam Plc, ON, Canada) (1:1000),
anti-NF-κB (mouse p50 monoclonal antibody sc-8414, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) (1:1000), and anti-HIF-1α antibody (rabbit HIF-1α polyclonal antibody
ab2185, Abcam Plc) (1:2000). Histone deacetylase 1 was used as a loading control for
nuclear extracts (rabbit HDAC1 monoclonal antibody, ab150399, Abcam Plc.) (1:1000).
Despite HDAC1 levels having been shown to be affected by ascorbate levels [37] in cancer
cells, we found no correlation of liver ascorbate levels in our samples (HDAC1 levels =
(−0.1039 · ascorbate) + 10.708; r2 = 0.0038), which made HDAC1 a suitable nuclear control
protein. Vinculin (cytoplasmic loading control protein) antibody and secondary antibodies
were the same used for GCK, PFK, and ACC.

Statistics. Data are presented as mean ± SEM. ANOVAs were performed using two
different models of comparison. To test the effect of each deficiency at 1 or 12 weeks of life,
a three-way-ANOVA was performed using vitamin C, cysteine, and sex as independent
factors. To test the developmental change, a one-way ANOVA was performed. All variables
in each group at 1 week were compared to the same group at 12 weeks, to test the effect of
age within each group. The significance threshold was set at 5%.

3. Results
3.1. Diet Type and Phenotypical Changes

Basal characteristics are described in Table 2. The bodyweight was lower in all
deficient groups at one week of life; however, only animals in cysteine deficient groups
experienced weight loss. Animals in the VCD group gained weight compared to the
control group. Liver weight was not affected at 1 week of age. At 12 weeks of age, the
percentage of bodyweight attributed to the liver weight was lower in cysteine deficient
animals. Sex was an important factor at 12 weeks, as females had significantly lower
bodyweight (FSex(1,24) = 58.73, p < 0.001; F: 521 ± 11 g vs. M: 641 ± 12 g) and liver weight
(FSex(1,24) = 20.35, p < 0.001; F: 20 ± 0.8 g vs. M: 16 ± 0.6 g), but this difference was not
present when liver weight was normalized by bodyweight, meaning the difference is due
to bodyweight differences.

Table 2. Basal characteristics at 1 and 12 weeks of life depending on neonatal diet.

1-Week-Old Animals 12-Week-Old Animals

Control
(C)

Vitamin C
Deficient

(VCD)

Cysteine
Deficient

(CD)

Double
Deficiency

(DD)

Control
(C)

Vitamin C
Deficient

(VCD)

Cysteine
Deficient

(CD)

Double
Deficiency

(DD)

Bodyweight at day 3 (g) 113 ± 4 100 ± 3 107 ± 3 107 ± 3 107 ± 4 100 ± 3 105 ± 3 99 ± 4
Bodyweight at sacrifice (g) 124 ± 4 107 ± 4 ** 104 ± 2 ** 101 ± 3 ** 577 ± 25 588 ± 34 599 ± 29 558 ± 21
Bodyweight change from

day 3 to sacrifice (%) 110 ± 3 107 ± 1 97 ± 1 *** 94 ± 1 *** 542 ± 21 594 ± 40 575 ± 37 572 ± 31

Liver weight at sacrifice (g) 3.8 ± 0.4 3.4 ± 0.1 3.2 ± 0.1 3.3 ± 0.1 18 ± 1.1 20 ± 1.7 18 ± 1.1 16 ± 0.7
Liver weight/bodyweight

(%) 30 ± 2 32 ± 1 31 ± 1 33 ± 1 31 ± 1 34 ± 2 29 ± 1 ** 30 ± 1 **

Data are reported as mean ± S.E.M. (n = 8); **: p < 0.01; ***: p < 0.001.



Antioxidants 2021, 10, 953 6 of 17

At 1 week of life, the food intake was lower in cysteine deficiency groups
(FCysteine(1,23) = 40.3; p < 0.001) (CD and DD) than in C and VCD groups. In function
of age, food intake in control and DD groups fitted in a linear model (r2

C =0.76, p < 0.01;
r2

DD = 0.65, p < 0.01), while VCD and CD groups fitted in a quadratic model (r2
VCD = 0.45,

p < 0.05; r2
CD = 0.41, p < 0.05), meaning the progression curves were different among

groups (Figure 1A). Thus, at 12 weeks of age, food intake was 40% lower in animals hav-
ing received a deficient diet neonatally (VCD, CD, DD: 31 ± 1.9 vs. C: 51 ± 4.4 g/day;
(F(1,12) = 118.65, p < 0.001).
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Figure 1. Food intake in animals at weeks 1, 4, 8, and 12 of life and spontaneous physical activity at 5 weeks of life. (A):
Food intake evolved differently in animals according to the neonatal diets. Controls and double deficient animals evolved
linearly (r2

C = 0.76; r2
DD =0.65), while vitamin C deficient and cysteine deficient animals fitted in a quadratic model (r2

VCD

=0.45; r2
CD =0.41). The food intake is significantly decreased in all deficient animals at 12 weeks of age. (B) Spontaneous

physical activity at 5 weeks was significantly decreased in cysteine deficient animals. Mean ± SEM. Circles: male animals;
squares: female animals; *: p < 0.05; ***: p < 0.001.

Cysteine deficiency groups were associated with a lower level of spontaneous physical
activity at 1 month of age (Figure 1B).

3.2. Ascorbate and Dehydroascorbate (DHA)

At 1 week of age, liver ascorbate was lower in vitamin C deficiency groups (Figure 2A).
At 12 weeks of age, the significant interaction between early-life vitamin C and cysteine
deficiencies led to further analyses. Hepatic ascorbate level was higher in the CD group
(F(1,28) = 6.22, p < 0.05). This increase was not observed in animals that received the DD
during their first week of life (Figure 2A). Animal sex was not a significant variable in
liver ascorbate or DHA levels. DHA was not affected by any of the deficiencies, neither at
1 week nor at 12 weeks of life (Figure 2B). The mean ratio of DHA on AA was 8.9 ± 0.8%.
Similar ratios (5–25% DHA/total ascorbate), determined by high-performance liquid
chromatography, have already been reported in guinea pigs’ livers [38,39]. It has been
suggested that guinea pigs have a higher recycling capacity of DHA, as they cannot
generate ascorbate from glucose like rats and mice. Changes in hepatic ascorbate were
not sufficient to influence the levels of HIF-1α (the degradation of which is dependent on
ascorbate level) neither in neonatal nor in adulthood (Figure 2C,D).
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life in the cysteine deficiency group, with a significant interaction between both deficiencies (p < 0.05). (B–D): No statistically
significant differences were observed in dehydroascorbate or HIF-1α levels in nucleus or cytoplasm either at 1 week of life
or at 12 weeks. Mean ± SEM. Circles: male animals; squares: female animals; NS: statistically non-significant; *: p < 0.05.

3.3. Glutathione and Oxidative Stress

At 1 week of life, compared to the control group, GSH level was decreased by both
VCD and CD. However, their significant interaction suggested that their effects reached a
plateau because the value observed in the DD group was not further decreased (Figure 3A).
A similar impact of deficiencies on the redox potential of glutathione was observed; both
deficiencies led to a plateau with a mean value of −202 ± 2 mV, more oxidized than control
−218 ± 3 mV (Figure 3C). Since deficiencies had no impact on GSSG levels (Figure 3B),
changes in the redox potential of glutathione appear to be caused by lower levels of
GSH. There was no statistically significant difference between groups for nuclear Nrf2
(Figure 3E). However, an interaction between vitamin C and cysteine deficiencies was
observed for the cytoplasmic levels of Nrf2 (the stimulation of which favors the synthesis
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of GSH), blunting the effect of vitamin C and cysteine deficiencies (Figure 3F), much like
the effect observed in GSH levels and redox potential. Changes in glutathione were not
associated with modification in NF-κB levels, which is normally activated by oxidative
stress (Figure 3G,H). The animal sex had no significant impact on glutathione, NF-κB, or
Nrf2 levels.

At 12 weeks of life, early-life vitamin C deficiency decreased GSH levels, oxidized
redox potential, and decreased nuclear levels of Nrf2 (Figure 3A,C,E). Early-life cysteine
deficiency increased both GSH and GSSG levels (Figure 3A,B). Vitamin C and cysteine
deficiencies both increased NF-κB cytoplasmic levels, but the addition of their deficiencies
in DD group blunted the statistical effect (Figure 3H). GSSG levels, redox potential of
glutathione, and nuclear NF-κB levels were higher in female animals, independently of
diets (GSSG: + 56%; redox potential: 3.6 mV; Nuclear NF-κB: 46%), whereas cytoplasmic
Nrf2 was lower in females, compared to males (−18%).
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Figure 3. Hepatic levels of GSH, GSSG, redox potential of glutathione, Nrf2, and NF-κB in nucleus and cytoplasm in 1-week-
and 12-week-old animals. (A). GSH levels were decreased in vitamin C and cysteine deficient animals at 1 week of life.
At 12 weeks of life, early-life vitamin C deficiency decreased GSH, while early-life cysteine deficiency increased it. (B). At
12 weeks, cysteine deficiency increased GSSG levels. (C). The redox potential of glutathione was oxidized (increased) by
both deficiencies at 1 week of life. At 12 weeks, redox potential was oxidized by early-life vitamin C deficiency. (D). Western
blot images from Nrf2 and NF-κB, with HDAC1 and vinculin as reference proteins. (E). At 12 weeks of life, early-life vitamin
C deficiency decreased nuclear Nrf2. (F). Cytoplasmic Nrf2 was increased in both vitamin C and cysteine deficiency animals
at 1 week of life. (G). Females had increased nuclear NF-κB at 12 weeks of life, compared to males. (H). No statistically
significant differences were observed in NF-κB levels in nucleus or cytoplasm either at 1 week of life or at 12 weeks. Mean
± SEM. Circles: male animals; squares: female animals; NS: statistically non-significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001.

3.4. Glutathione Peroxidase and Reductase

At 1 week of life, vitamin C deficiency increased the activity of GPx by 11% while no
difference between groups was observed in the activity of GR (Figure 4A,B). At 12 weeks
of age, an interaction between early-life vitamin C and cysteine deficiencies was observed
for GPx and GR, as the activities of the enzyme in VCD and CD groups decreased while it
increased in DD (Figure 4A,B).
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Figure 4. Activity of glutathione peroxidase (GPx) and reductase (GR) in liver of 1-week- and 12-week-old animals. (A).
GPx activity was increased in vitamin C deficient animals at 1 week of life (p < 0.05). At 12 weeks, early-life vitamin C
and cysteine single deficiencies decreased GPx activity. (B). No statistically significant differences were observed in GR
activity at 1 week of life. At 12 weeks, both neonatal vitamin C deficiency and cysteine deficiency decreased GR activity.
Mean ± SEM. Circles: male animals; squares: female animals; NS: statistically non-significant; *: p < 0.05, **: p < 0.01.

3.5. Energy Metabolism Enzymes

At 1 week of life, only the activity of PFK was increased by vitamin C and cysteine
deficiencies (Figure 5B). However, specific activities of GCK and PFK were increased by
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both deficiencies (Figure 5G,H) while that of ACC was increased only in cysteine deficient
groups (Figure 5I). These changes in specific activities corresponded to a decrease in protein
levels (Figure 5D–F). There was no sex effect on these parameters.
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not statistically affected (Figure 5H). ACC activity was not affected either (Figure 5C), but 

Figure 5. Hepatic activity, protein levels, and specific activity of glucokinase (GCK), phosphofructokinase (PFK), and
acetyl-CoA-carboxylase (ACC) in 1-week-old and 12-week-old animals. (A). No statistically significant differences were
observed in GCK activity either at 1 week of life or at 12 weeks. (B). At 1 week of life, PFK activity was significantly
increased by vitamin C and cysteine deficiency. At 12 weeks, PFK activity was increased in males, compared to females. (C).
ACC activity was not significantly affected either at 1 week or at 12 weeks. (D). The protein levels of GCK were decreased
at 1 week by both vitamin C and cysteine deficiency. (E). PFK protein levels were decreased at 1 week by both vitamin
C and cysteine deficiencies. (F). ACC protein levels at 1 week were decreased by cysteine deficiency. At 12 weeks, ACC
protein levels were increased by both early-life vitamin C and cysteine deficiencies, with a further additive effect of the
double deficiency. (G). At 1 week of life, GCK specific activity was increased by vitamin C and cysteine deficiencies. (H). At
1 week of life, PFK specific activity was increased in all deficient groups. (I). ACC specific activity at 1 week was increased
in cysteine deficient animals. At 12 weeks, it was independently decreased in neonatal vitamin C and cysteine deficient
animals, as well as in males. Mean ± SEM. Circles: male animals; squares: female animals; NS: statistically non-significant;
*: p < 0.05; **: p < 0.01; ***: p < 0.001.
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At 12 weeks of life, GCK activity and its protein levels were not affected by any of
the deficiencies (Figure 5A,D). PFK activity was higher in males, compared to females
(Figure 5B). No effect was observed in its protein levels (Figure 5E), suggesting stimulatory
post-translational activity in males but not in females; however, specific activity was not
statistically affected (Figure 5H). ACC activity was not affected either (Figure 5C), but since
its protein levels increased in all deficient groups (Figure 5F), its specific activity decreased
(Figure 5I), which represents an inhibitory post-translational modification. ACC-specific
activity was also increased in females (+40%).

3.6. Developmental Change

According to the hypothesis of the study, the metabolic maturation is disturbed by
early life oxidative stress. Thus, it is important to compare the activity of key enzymes
between 1 and 12 weeks of life (Figure 6).
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Figure 6. Developmental change of activity and protein levels of GCK, PFK, and ACC in liver of 1-week- and 12-week-old
guinea pigs. (A). GCK activity did not significantly change with age in any of the groups. (B). PFK activity was not
significantly increased in the control group with age, but it increased with age in all deficient groups. (C). ACC activity
significantly decreased with age in control, cysteine deficient, and double deficient groups. (D). GCK protein level was not
significantly affected by any of the neonatal deficiencies. (E). PFK protein levels decreased with age in control animals, but
not in deficient groups. (F). ACC protein levels decreased with age in control animals, was not affected in the vitamin C
deficiency group, and increased with age in both cysteine deficient animals. Mean ± SEM. C: Control group; VCD: vitamin
C deficiency group; CD: cysteine deficiency group; DD: double deficiency group.

The activity and protein level of GCK (Figure 6A,D) were not statistically affected by
age within each group. PFK activity was not significantly changed in the control group, but
it was increased in all three deficiency groups (Figure 6B). PFK protein levels (Figure 6E)
decreased with age in the control group but remained stable in deficient animals throughout
life. ACC activity was decreased in the control group with age, with parallel decreases in
deficiency groups (Figure 6C). ACC protein levels (Figure 6F) decreased with age in the
control group, did not change in VCD animals, and increased in both CD and DD, showing
different patterns from the control group.
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4. Discussion

The study shows that vitamin C and cysteine deficiencies during the neonatal period
share some similarities in their short- and long-term impact in addition to having some
specific effects. The results support the initial hypothesis that neonatal oxidative stress can
induce an adult-like phenotype of the energy metabolism in the liver of newborns.

At 1 week of life, both deficiencies generated oxidative stress by reducing the levels of
GSH and oxidizing the redox potential. Similar oxidation of hepatic redox potential has
already been observed in a similar model of neonatal antioxidant deficiencies [35]. It is
intuitive that cysteine deficiency would decrease GSH levels, as cysteine is the limiting
substrate for GSH synthesis [28,40]. However, vitamin C deficiency also caused a similar
decrease in GSH levels, while also decreasing its own levels. Given the difference in their
hepatic concentrations, the regeneration of ascorbate from dehydroascorbate [41,42] by
GSH does not completely explain the entire decrease in GSH. The increased levels of Nrf2
in deficient animals and the lack of difference in GSSG levels and glutathione reductase
activity do not suggest a lower synthetic capacity or recycling of GSH. This surprising
observation remains without explanation, but it is of importance to investigate knowing
that large parts of the population have suboptimal vitamin C levels [43–47]. This low
GSH level explains the oxidation of redox potential, a marker of oxidative stress. The
magnitude of the stress was not sufficient to simulate NF-κB but sufficient to stimulate
Nrf2, which characterizes this as a mild oxidative stress [48]. These two transcription
factors are sensitive to the redox environment. NF-κB is associated with pro-inflammatory
cytokine production [49–51] and Nrf2 promotes the expression of genes associated with
antioxidant defense such as glutathione peroxidase and genes involved in the synthesis of
glutathione [52,53].

Despite VCD and CD inducing a similar response on glutathione metabolism at 1 week
of life, at 12 weeks they differ. By this age, neonatal vitamin C deficiency was associated
with lower levels of GSH (–16%) while neonatal cysteine deficiency was followed by an
increased GSH (+21%) levels. Their effects were additive as GSH level in the double
deficiency group did not differ from control. Vitamin C deficiency remained without effect
on GSSG, while neonatal cysteine deficiency was associated with a greater level of GSSG.
Therefore, the redox value in the cysteine deficiency groups remained similar to that of the
control group, whereas it was more oxidized in animals with neonatal vitamin C deficiency.
The high level of GSH and GSSG in the cysteine deficient group could explain the low level
of nuclear Nrf2. However, the low Nrf2 level in the vitamin C deficiency is inconsistent
with the low GSH and high redox potential in these animals. The mechanism leading to
this low nuclear Nrf2 level in the VCD group remains to be determined.

At 1 week of life, the protein levels of all three enzymes were lower than those of
the control group, except for the vitamin C deficiency group for ACC. The absence of
change in GCK and ACC activities, and even an increase in PFK activity, in the deficiency
groups suggests a post-translational stimulation that counteracts the decrease in protein
levels. It is known that an oxidizing environment influences the activity of all these
enzymes [16,36,54,55]. For instance, ACC activity is controlled by phosphorylation through
the redox-sensitive enzymes, AMPK and PP2A [56]. Therefore, the oxidized redox potential
observed in deficient groups could induce inhibition of PP2A, allowing ACC to remain
phosphorylated and more active. Eleven weeks after stopping the deficient diets, the values
of redox potential and the protein levels and activity of GCK and the activity of ACC were
not different among groups.

Prenatal metabolism is characterized by high glycolytic and lipogenic rates, as the
lack of oxygen allows energy production from glycolysis and storage of pyruvate as
triglycerides. At birth, glycolytic rates slowly decrease and remain low until adulthood
as oxygen increases the ATP yield, while lipogenesis plummets at the first days of life
and slightly increases at adulthood [57,58]. Comparisons of the values observed at 1
and 12 weeks of life support the hypothesis that oxidative stress can induce an adult-
like phenotype of energy metabolism in newborns at the level of protein expression, as
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the lower levels of glycolytic enzymes found at 1 week of life in deficient animals are
similar to the ones observed at adult life in controls. The relationship between the redox
potential of glutathione and DNA methylation in the liver of one-week-old guinea pigs has
been previously reported. Oxidation of redox potential strongly correlated with increased
methylation [59,60], while the methylation of the glucokinase gene promoter was increased
with age and associated with the risk of metabolic disease [61,62]. If this relationship could
explain our observation, it also suggests that methylation of DNA during neonatal period
may not be permanent. Further studies should investigate the hypothesis that a high redox
potential promotes higher methylation of genes encoding enzymes of energy metabolism,
and that these genes could be demethylated if redox value changes to a lower value.

The particular case of the neonatal cysteine deficiency is interesting. At 12 weeks of
age, these animals presented higher PFK activities, which stimulate glycolysis and provide
acetyl-CoA, the substrate for ACC. Therefore, even if the activity of ACC, the limiting step
in fatty acids synthesis, was without observable change, the increased amount of substrate
should result in a greater production of fatty acids in vivo. This is particularly important in
an environment where the post-translational repression observed is removed and ACC is
more active [63,64]. In brief, the data alert us that neonatal cysteine deficiency may induce
a greater risk of fatty liver in adulthood.

Beyond these biochemical changes, a modification in the phenotype was also observ-
able. The fact that after 11 weeks on a normal-standard diet the food intake was 40%
lower in animals that received a deficient diet at neonatal age supports an impairment of
energy metabolism. However, this large difference did not seem to influence body weight
at this age. In a similar animal model, a lower spontaneous physical activity 13 weeks after
receiving parenteral nutrition during their first week of life has been observed [17]. Ani-
mals from the cysteine deficiency group were also less physically active at 5 weeks of life.
Parenteral nutrition also led to a deficiency in glutathione due to a lack of cysteine [17,65].
This spontaneous decline in physical activity in adulthood has been associated with an
overall energy deficiency [17].

The initial hypothesis and the aim of the study concerned the impact of neonatal
vitamin C and cysteine deficiencies. Sex was not determined to be an important factor for
the variables measured in this study at neonatal age. However, we observed that females
had increased GSSG and nuclear NF-κB, and an increased ACC specific activity, while also
having a decreased PFK activity and cytoplasmic Nrf2 compared to males at 12 weeks of life.
These differences seem to be associated with the development of the animals as these are
not present early in life and there were no interactions between sex and any of the deficient
diets. The increase in nuclear NF-κB seems to be associated with the oxidation of redox
potential of glutathione only in females, which has been demonstrated before [27,66,67].
This makes females particularly at risk of developing inflammatory diseases.

This study is one of the few to investigate the effects of neonatal nutrition on program-
ming energy metabolism later in life. The guinea pig is an adequate model to study the
developmental origins of health and disease as their perinatal development is similar to
humans [68]. The guinea pig is the only mammal along with primates and humans whose
vitamin C level can be lowered by a deficient diet because ascorbate is an essential vitamin
in these species [18]. Another strength of this study is the use of outbred animals, which
allows higher genetic variability and a robust model. In our model, we were limited to the
impacts of these nutritional deficiencies in the liver, while we are aware that they could
affect energy and redox metabolism in other organs, such as muscle [69], lungs [70], and
brain [71]. Another limit of this study is the decrease in food intake in animals receiving a
diet deficient in cysteine at 1 week of age. Although these animals were still feeding, they
lost weight and it is impossible to determine the contribution of this lower energy intake at
neonatal life on the results observed. Although cysteine plays a role in taste [72], and that
taste perception is primordial for the food intake and growth of guinea pigs [73], there is
no evidence that cysteine or methionine could have an orexigenic effect [74]. This decrease
in food intake remains to be confirmed or explained. Our findings create new investigation



Antioxidants 2021, 10, 953 14 of 17

opportunities to understand the fine biochemical mechanisms linking these nutritional
deficiencies to observations.

5. Conclusions

To our knowledge, this is the first study to report the programming effects of vitamin C
and cysteine deficiency in energy and glutathione metabolism, although many studies have
observed the short-term effects of antioxidant deficiencies in guinea pigs [75–79]. The study
highlighted the dual importance of preventing these nutritional deficiencies in the newborn,
for their immediate health and their health throughout their lifetime. These deficiencies are
frequent, particularly in premature newborns under parenteral nutrition. According to the
data presented in this study, these deficiencies induce an adult-like phenotype of energy
metabolism at neonatal life, while also increasing the risk of fatty liver disease at adult life.
Further studies aimed at improving PN formulations in order to prevent these deficiencies
are essential, especially in females, who seem to be more responsive to oxidative stress
later in life and may develop more inflammation.
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electrophoresis, Figure S3: Correlation between liver ascorbate and dehydroascorbate levels in 1-week
and 12-week animals.

Author Contributions: Conceptualization, V.T. and J.-C.L.; methodology, V.T. and J.-C.L.; validation,
V.T.; formal analysis, V.T. and J.-C.L.; investigation, V.T.; writing—original draft preparation, V.T.;
writing—review and editing, J.-C.L. and I.M.; visualization, V.T.; supervision, J.-C.L.; project adminis-
tration, V.T.; funding acquisition, J.-C.L. and I.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by a grant from the Canadian Institutes of Health Research
(PJT-148522).

Institutional Review Board Statement: The study protocol was approved by the Institutional Ani-
mal Care Committee of the CHU Sainte-Justine Research Centre (protocol #739).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hitchler, M.J.; Domann, F.E. The epigenetic and morphogenetic effects of molecular oxygen and its derived reactive species in

development. Free Radic. Biol. Med. 2021. [CrossRef]
2. Martin, A.; Faes, C.; Debevec, T.; Rytz, C.; Millet, G.; Pialoux, V. Preterm birth and oxidative stress: Effects of acute physical

exercise and hypoxia physiological responses. Redox Biol. 2018, 17, 315–322. [CrossRef] [PubMed]
3. Saphier, O.; Schneid-Kofman, N.; Silberstein, E.; Silberstein, T. Does mode of delivery affect neonate oxidative stress in parturition?

Review of literature. Arch. Gynecol. Obstet. 2012, 287, 403–406. [CrossRef] [PubMed]
4. Dengler, V.L.; Galbraith, M.D.; Espinosa, J.M. Transcriptional regulation by hypoxia inducible factors. Crit. Rev. Biochem. Mol.

Biol. 2014, 49, 1–15. [CrossRef] [PubMed]
5. Mohamed, I.; Elremaly, W.; Rouleau, T.; Lavoie, J.-C. Oxygen and parenteral nutrition two main oxidants for extremely preterm

infants: “It all adds up”. J. Neonatal Perinat. Med. 2015, 8, 189–197. [CrossRef] [PubMed]
6. Repa, A.; Binder, C.; Thanhaeuser, M.; Kreissl, A.; Pablik, E.; Huber-Dangl, M. A mixed lipid emulsion for prevention of parenteral

nutrition associated cholestasis in extremely low birth weight infants: A randomized clinical trial. J. Pediatr. 2018, 194, 87–93.e1.
[CrossRef] [PubMed]

7. Ozsurekci, Y.; Aykac, K. Oxidative stress related diseases in newborns. Oxid. Med. Cell. Longev. 2016, 2016, 2768365. [CrossRef]
8. Flahault, A.; Paquette, K.; Fernandes, R.O.; Delfrate, J.; Cloutier, A.; Henderson, M. Increased incidence but lack of association

between cardiovascular risk factors in adults born preterm. Hypertension 2020, 75, 796–805. [CrossRef]
9. South, A.M.; Nixon, P.A.; Chappell, M.C.; Diz, D.I.; Russell, G.B.; Jensen, E.T. Renal function and blood pressure are altered in

adolescents born preterm. Pediatr. Nephrol. 2018, 34, 137–144. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox10060953/s1
https://www.mdpi.com/article/10.3390/antiox10060953/s1
http://doi.org/10.1016/j.freeradbiomed.2021.01.008
http://doi.org/10.1016/j.redox.2018.04.022
http://www.ncbi.nlm.nih.gov/pubmed/29775962
http://doi.org/10.1007/s00404-012-2619-5
http://www.ncbi.nlm.nih.gov/pubmed/23143408
http://doi.org/10.3109/10409238.2013.838205
http://www.ncbi.nlm.nih.gov/pubmed/24099156
http://doi.org/10.3233/NPM-15814091
http://www.ncbi.nlm.nih.gov/pubmed/26485550
http://doi.org/10.1016/j.jpeds.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29269199
http://doi.org/10.1155/2016/2768365
http://doi.org/10.1161/HYPERTENSIONAHA.119.14335
http://doi.org/10.1007/s00467-018-4050-z


Antioxidants 2021, 10, 953 15 of 17

10. Parkinson, J.R.; Hyde, M.J.; Gale, C.; Santhakumaran, S.; Modi, N. Preterm birth and the metabolic syndrome in adult life: A
systematic review and meta-analysis. Pediatrics 2013, 131, e1240–e1263. [CrossRef] [PubMed]

11. Breij, L.M.; Kerkhof, G.F.; Hokken-Koelega, A.C. Risk for nonalcoholic fatty liver disease in young adults born preterm. Horm.
Res. Paediatr. 2015, 84, 199–205. [CrossRef] [PubMed]

12. Vohr, B.R.; Heyne, R.; Bann, C.; Das, A.; Higgins, R.D.; Hintz, S.R.; Jobe, A.H.; Caplan, M.S.; Polin, R.A.; Laptook, A.R.; et al.
Extreme preterm infant rates of overweight and obesity at school age in the SUPPORT neuroimaging and neurodevelopmental
outcomes cohort. J. Pediatr. 2018, 200, 132–139.e3. [CrossRef] [PubMed]

13. Knafo, L.; Chessex, P.; Rouleau, T.; Lavoie, J.C. Association between hydrogen peroxide-dependent byproducts of ascorbic acid
and increased hepatic acetyl-CoA carboxylase activity. Clin. Chem. 2005, 8, 1462–1471. [CrossRef] [PubMed]

14. Lavoie, J.-C.; Bélanger, S.; Spalinger, M.; Chessex, P. Admixture of a multivitamin preparation to parenteral nutrition: The major
contributor to in vitro generation of peroxides. Pediatrics 1997, 99, e6. [CrossRef] [PubMed]

15. Lavoie, J.-C.; Chessex, P.; Rouleau, T.; Tsopmo, A.; Friel, J. Shielding parenteral multivitamins from light increases vitamin A and
E concentration in lung of newborn guinea pigs. Clin. Nutr. 2007, 26, 341–347. [CrossRef] [PubMed]

16. Teixeira, V.; Guiraut, C.; Mohamed, I.; Lavoie, J.-C. Neonatal parenteral nutrition affects the metabolic flow of glucose in newborn
and adult male Hartley guinea pigs’ liver. J. Dev. Orig. Health Dis. 2020, 3, 1–12. [CrossRef] [PubMed]

17. Kleiber, N.; Chessex, P.; Rouleau, T.; Nuyt, A.-M.; Perreault, M.; Lavoie, J.-C. Neonatal exposure to oxidants induces later in life a
metabolic response associated to a phenotype of energy deficiency in an animal model of total parenteral nutrition. Pediatr. Res.
2010, 68, 188–192. [CrossRef] [PubMed]

18. Burns, J.J. Missing step in man, monkey and guinea pig required for the biosynthesis of L-ascorbic acid. Nature 1957, 4585, 553.
[CrossRef]

19. May, J.M.; Qu, Z.-C.; Mendiratta, S. Protection and recycling of α-tocopherol in human erythrocytes by intracellular ascorbic acid.
Arch. Biochem. Biophys. 1998, 349, 281–289. [CrossRef] [PubMed]

20. Wang, T.; Chen, K.; Zeng, X.; Yang, J.; Wu, Y.; Shi, X.; Qin, B.; Zeng, L.; Esteban, M.A.; Pan, G.; et al. The histone demethylases
Jhdm1a/1b enhance somatic cell reprogramming in a vitamin-C-dependent manner. Cell Stem Cell 2011, 9, 575–587. [CrossRef]

21. Minor, E.A.; Court, B.L.; Young, J.I.; Wang, G. Ascorbate induces ten-eleven translocation (Tet) methylcytosine dioxygenase-
mediated generation of 5-hydroxymethylcytosine. J. Biol. Chem. 2013, 288, 13669–13674. [CrossRef]

22. Hirsilä, M.; Koivunen, P.; Günzler, V.; Kivirikko, K.I.; Myllyharju, J. Characterization of the human prolyl 4-hydroxylases that
modify the hypoxia-inducible factor. J. Biol. Chem. 2003, 278, 30772–30780. [CrossRef] [PubMed]

23. Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione disul-
fide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191–1212. [CrossRef]

24. Huseby, N.-E.; Sundkvist, E.; Svineng, G. Glutathione and sulfur containing amino acids: Antioxidant and conjugation activities.
In Glutathione and Sulfur Amino Acids in Human Health and Disease; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2008; pp. 93–120.

25. Pallardó, F.V.; Markovic, J.; Viña, J. Cellular compartmentalization of glutathione. In R MMazza Geditors Glutathione and Sulfur
Amino Acids in Human Health and Disease; Wiley: Hoboken, NJ, USA, 2008; pp. 35–45.

26. Dinkova-Kostova, A.T.; Holtzclaw, W.D.; Cole, R.N.; Itoh, K.; Wakabayashi, N.; Katoh, Y.; Yamamoto, M.; Talalay, P. Direct
evidence that sulfhydryl groups of Keap1 are the sensors regulating induction of phase 2 enzymes that protect against carcinogens
and oxidants. Proc. Natl. Acad. Sci. USA 2002, 99, 11908–11913. [CrossRef] [PubMed]

27. Jung, Y.; Kim, H.; Sun, H.M.; Sue, G.R.; Jeong, W. Dynein light chain LC8 negatively regulates NF-κB through the redox-dependent
interaction with IκBα. J. Biol. Chem. 2008, 35, 23863–23871. [CrossRef]

28. Lavoie, J.-C.; Rouleau, T.; Truttmann, A.C.; Chessex, P. Postnatal gender-dependent maturation of cellular cysteine uptake. Free
Radic. Res. 2002, 36, 811–817. [CrossRef] [PubMed]

29. Martensson, J.; Han, J.; Griffith, O.W.; Meister, A. Glutathione ester delays the onset of scurvy in ascorbate-deficient guinea pigs.
Proc. Natl. Acad. Sci. USA 1993, 90, 317–321. [CrossRef]

30. Mrtensson, J.; Meister, A. Glutathione deficiency decreases tissue ascorbate levels in newborn rats: Ascorbate spares glutathione
and protects. Proc. Natl. Acad. Sci. USA 1991, 88, 4656–4660. [CrossRef]

31. National Research Council. Nutrient Requirements of Laboratory Animals; National Academies Press: Washington, DC, USA, 1995;
p. 192.

32. Dresler, S.; Maksymiec, W. Capillary zone electrophoresis for determination of reduced and oxidised ascorbate and glutathione in
roots and leaf segments of Zea mays plants exposed to Cd and Cu. Acta. Sci. Pol. Hortorum Cultus 2013, 12, 143–155.

33. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 1–2, 248–254. [CrossRef]

34. Kudo, N.; Barr, A.J.; Barr, R.L.; Desai, S.; Lopaschuk, G.D. High rates of fatty acid oxidation during reperfusion of ischemic
hearts are associated with a decrease in malonyl-CoA levels due to an increase in 5′-AMP-activated protein kinase inhibition of
acetyl-CoA carboxylase. J. Biol. Chem. 1995, 29, 17513–17520. [CrossRef] [PubMed]

35. Maghdessian, R.; Côté, F.; Rouleau, T.; Ouadda, A.B.D.; Levy, É.; Lavoie, J.-C. Ascorbylperoxide contaminating parenteral
nutrition perturbs the lipid metabolism in newborn guinea pig. J. Pharmacol. Exp. Ther. 2010, 334, 278–284. [CrossRef]

36. Turcot, V.; Rouleau, T.; Tsopmo, A.; Germain, N.; Potvin, L.; Nuyt, A.-M.; Lavoie, J.-C. Long-term impact of an antioxidant-
deficient neonatal diet on lipid and glucose metabolism. Free Radic. Biol. Med. 2009, 47, 275–282. [CrossRef]

http://doi.org/10.1542/peds.2012-2177
http://www.ncbi.nlm.nih.gov/pubmed/23509172
http://doi.org/10.1159/000437054
http://www.ncbi.nlm.nih.gov/pubmed/26278463
http://doi.org/10.1016/j.jpeds.2018.04.073
http://www.ncbi.nlm.nih.gov/pubmed/29793869
http://doi.org/10.1373/clinchem.2005.050427
http://www.ncbi.nlm.nih.gov/pubmed/15951314
http://doi.org/10.1542/peds.99.3.e6
http://www.ncbi.nlm.nih.gov/pubmed/9099771
http://doi.org/10.1016/j.clnu.2006.12.006
http://www.ncbi.nlm.nih.gov/pubmed/17306907
http://doi.org/10.1017/S2040174420000719
http://www.ncbi.nlm.nih.gov/pubmed/32741420
http://doi.org/10.1203/PDR.0b013e3181ebb541
http://www.ncbi.nlm.nih.gov/pubmed/20543762
http://doi.org/10.1038/180553a0
http://doi.org/10.1006/abbi.1997.0473
http://www.ncbi.nlm.nih.gov/pubmed/9448716
http://doi.org/10.1016/j.stem.2011.10.005
http://doi.org/10.1074/jbc.C113.464800
http://doi.org/10.1074/jbc.M304982200
http://www.ncbi.nlm.nih.gov/pubmed/12788921
http://doi.org/10.1016/S0891-5849(01)00480-4
http://doi.org/10.1073/pnas.172398899
http://www.ncbi.nlm.nih.gov/pubmed/12193649
http://doi.org/10.1074/jbc.M803072200
http://doi.org/10.1080/1071576021000005230
http://www.ncbi.nlm.nih.gov/pubmed/12420738
http://doi.org/10.1073/pnas.90.1.317
http://doi.org/10.1073/pnas.88.11.4656
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1074/jbc.270.29.17513
http://www.ncbi.nlm.nih.gov/pubmed/7615556
http://doi.org/10.1124/jpet.110.166223
http://doi.org/10.1016/j.freeradbiomed.2009.04.026


Antioxidants 2021, 10, 953 16 of 17

37. Mustafi, S.; Camarena, V.; Qureshi, R.; Yoon, H.; Volmar, C.-H.; Huff, T.C.; Sant, D.W.; Zheng, L.; Brothers, S.P.; Wahlestedt, C.;
et al. Vitamin C supplementation expands the therapeutic window of BETi for triple negative breast cancer. EBioMedicine 2019,
43, 201–210. [CrossRef]

38. CUI, Y.; OTSUKA, M.; FUJIWARA, Y. Reduction of dehydroerythorbic acid in vitamin C-deficient guinea pigs. J. Nutr. Sci.
Vitaminol. (Tokyo) 2001, 47, 316–320. [CrossRef]

39. Frikke-Schmidt, H.; Tveden-Nyborg, P.; Lykkesfeldt, J. L-dehydroascorbic acid can substitute l-ascorbic acid as dietary vitamin C
source in guinea pigs. Redox Biol. 2016, 7, 8–13. [CrossRef]

40. Beatty, P.; Reed, D.J. Influence of cysteine upon the glutathione status of isolated rat hepatocytes. Biochem. Pharmacol. 1981, 30,
1227–1230. [CrossRef]

41. Wells, W.W.; Xu, D.P.; Yang, Y.F.; Rocque, P.A. Mammalian thioltransferase (glutaredoxin) and protein disulfide isomerase have
dehydroascorbate reductase activity. J. Biol. Chem. 1990, 26, 15361–15364. [CrossRef]

42. Paolicchi, A.; Pezzini, A.; Saviozzi, M.; Piaggi, S.; Andreuccetti, M.; Chieli, E.; Malvaldi, G.; Casini, A.F. Localization of a
GSH-dependent dehydroascorbate reductase in rat tissues and subcellular fractions. Arch. Biochem. Biophys. 1996, 333, 489–495.
[CrossRef] [PubMed]

43. Cahill, L.; Corey, P.N.; El-Sohemy, A. Vitamin C deficiency in a population of young canadian adults. Am. J. Epidemiol. 2009, 170,
464–471. [CrossRef] [PubMed]

44. Rowe, S.; Carr, A.C. Global vitamin c status and prevalence of deficiency: A cause for concern? Nutrients 2020, 12, 2008. [CrossRef]
[PubMed]

45. Schleicher, R.L.; Carroll, M.D.; Ford, E.S.; Lacher, D.A. Serum vitamin C and the prevalence of vitamin C deficiency in the
United States: 2003–2004 National Health and Nutrition Examination Survey (NHANES). Am. J. Clin. Nutr. 2009, 90, 1252–1263.
[CrossRef]

46. De Oliveira, A.M.; Rondo, P.R.D.C.; Mastroeni, S.S.; Oliveira, J.M. Plasma concentrations of ascorbic acid in parturients from a
hospital in Southeast Brazil. Clin. Nutr. 2008, 27, 228–232. [CrossRef] [PubMed]

47. Ravindran, R.D.; Vashist, P.; Gupta, S.K.; Young, I.; Maraini, G.; Camparini, M.; Jayanthi, R.; John, N.; Fitzpatrick, K.E.;
Chakravarthy, U.; et al. Prevalence and risk factors for vitamin C deficiency in North and South India: A two centre population
based study in people aged 60 years and over. PLoS ONE 2011, 6, e28588. [CrossRef] [PubMed]

48. Lushchak, V.I. Free radicals, reactive oxygen species, oxidative stress and its classification. Chem. Biol. Interact. 2014, 224, 164–175.
[CrossRef]

49. Libermann, T.A.; Baltimore, D. Activation of interleukin-6 gene expression through the NF-kappa B transcription factor. Mol. Cell
Biol. 1990, 5, 2327–2334. [CrossRef]

50. Sica, A.; Tan, T.H.; Rice, N.; Kretzschmar, M.; Ghosh, P.; Young, H.A. The c-rel protooncogene product c-Rel but not NF-κB binds
to the intronic region of the human interferon-γ gene at a site related to an interferon- stimulable response element. Proc. Natl.
Acad. Sci. USA 1992, 5, 1740–1744. [CrossRef]

51. Arima, N.; Matsushita, K.; Obata, H.; Ohtsubo, H.; Fujiwara, H.; Arimura, K. NF-κB involvement in the activation of primary
adult T-cell leukemia cells and its clinical implications. Exp. Hematol. 1999, 7, 1168–1175. [CrossRef]

52. Banning, A.; Deubel, S.; Kluth, D.; Zhou, Z.; Brigelius-Flohé, R. The GI-GPx gene is a target for Nrf2. Mol. Cell Biol. 2005, 12,
4914–4923. [CrossRef]

53. Agyeman, A.S.; Chaerkady, R.; Shaw, P.G.; Davidson, N.E.; Visvanathan, K.; Pandey, A. Transcriptomic and proteomic profiling
of KEAP1 disrupted and sulforaphane-treated human breast epithelial cells reveals common expression profiles. Breast Cancer
Res. Treat. 2012, 1, 175–187. [CrossRef]

54. Tippett, P.S.; Neet, K.E. Interconversions between different sulfhydryl-related kinetic states in glucokinase. Arch. Biochem. Biophys.
1983, 222, 285–298. [CrossRef]

55. Gilbert, H.F. Biological disulfides: The third messenger? Modulation of phosphofructokinase activity by thiol/disulfide exchange.
J. Biol. Chem. 1982, 20, 12086–12091. [CrossRef]

56. Rao, R.K.; Clayton, L.W. Regulation of protein phosphatase 2A by hydrogen peroxide and glutathionylation. Biochem. Biophys.
Res. Commun. 2002, 293, 610–616. [CrossRef]

57. Ballard, F.J.; Hanson, R.W. Changes in lipid synthesis in rat liver during development. Biochem. J. 1967, 102, 952–958. [CrossRef]
58. Burch, H.B.; Lowry, O.H.; Kuhlman, A.M.; Slerjance, J.; Diamant, E.J.; Lowry, S.R. Changes in patterns of enzymes of carbohydrate

metabolism in the developing rat liver. J. Biol. Chem. 1963, 7, 2267–2273. [CrossRef]
59. Lengo, A.M.; Guiraut, C.; Mohamed, I.; Lavoie, J.-C. Relationship between redox potential of glutathione and DNA methylation

level in liver of newborn guinea pigs. Epigenetics 2020, 15, 1348–1360. [CrossRef]
60. Yara, S.; Levy, E.; Elremaly, W.; Rouleau, T.; Lavoie, J.-C. Total parenteral nutrition induces sustained hypomethylation of DNA in

newborn guinea pigs. Pediatr. Res. 2013, 73, 592–595. [CrossRef] [PubMed]
61. Jiang, M.H.; Fei, J.; Lan, M.S.; Lu, Z.P.; Liu, M.; Fan, W.W.; Gao, X.; Lu, D.R. Hypermethylation of hepatic Gck promoter in ageing

rats contributes to diabetogenic potential. Diabetologia 2008, 51, 1525–1533. [CrossRef]
62. Jiang, M.; Zhang, Y.; Liu, M.; Lan, M.S.; Fei, J.; Fan, W.; Gao, X.; Lu, D.R. Hypermethylation of hepatic glucokinase and L-type

pyruvate kinase promoters in high-fat diet-induced obese rats. Endocrinology 2011, 152, 1284–1289. [CrossRef]

http://doi.org/10.1016/j.ebiom.2019.04.006
http://doi.org/10.3177/jnsv.47.316
http://doi.org/10.1016/j.redox.2015.11.003
http://doi.org/10.1016/0006-2952(81)90302-6
http://doi.org/10.1016/S0021-9258(18)55401-6
http://doi.org/10.1006/abbi.1996.0419
http://www.ncbi.nlm.nih.gov/pubmed/8809091
http://doi.org/10.1093/aje/kwp156
http://www.ncbi.nlm.nih.gov/pubmed/19596710
http://doi.org/10.3390/nu12072008
http://www.ncbi.nlm.nih.gov/pubmed/32640674
http://doi.org/10.3945/ajcn.2008.27016
http://doi.org/10.1016/j.clnu.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18234398
http://doi.org/10.1371/journal.pone.0028588
http://www.ncbi.nlm.nih.gov/pubmed/22163038
http://doi.org/10.1016/j.cbi.2014.10.016
http://doi.org/10.1128/MCB.10.5.2327
http://doi.org/10.1073/pnas.89.5.1740
http://doi.org/10.1016/S0301-472X(99)00053-3
http://doi.org/10.1128/MCB.25.12.4914-4923.2005
http://doi.org/10.1007/s10549-011-1536-9
http://doi.org/10.1016/0003-9861(83)90526-X
http://doi.org/10.1016/S0021-9258(18)33682-2
http://doi.org/10.1016/S0006-291X(02)00268-1
http://doi.org/10.1042/bj1020952
http://doi.org/10.1016/S0021-9258(19)67964-0
http://doi.org/10.1080/15592294.2020.1781024
http://doi.org/10.1038/pr.2013.35
http://www.ncbi.nlm.nih.gov/pubmed/23411941
http://doi.org/10.1007/s00125-008-1034-8
http://doi.org/10.1210/en.2010-1162


Antioxidants 2021, 10, 953 17 of 17

63. Mao, J.; DeMayo, F.J.; Li, H.; Abu-Elheiga, L.; Gu, Z.; Shaikenov, T.E. Liver-specific deletion of acetyl-CoA carboxylase 1 reduces
hepatic triglyceride accumulation without affecting glucose homeostasis. Proc. Natl. Acad. Sci. USA 2006, 22, 8552–8557.
[CrossRef] [PubMed]

64. Ishimoto, T.; Lanaspa, M.A.; Rivard, C.J.; Roncal-Jimenez, C.A.; Orlicky, D.J.; Cicerchi, C.; Mcmahan, R.H.; Abdelmalek, M.F.;
Rosen, H.R.; Jackman, M.R.; et al. High-fat and high-sucrose (western) diet induces steatohepatitis that is dependent on
fructokinase. Hepatology 2013, 58, 1632–1643. [CrossRef] [PubMed]

65. Elremaly, W.; Rouleau, T.; Lavoie, J.C. Inhibition of hepatic methionine adenosyltransferase by peroxides contaminating parenteral
nutrition leads to a lower level of glutathione in newborn Guinea pigs. Free Radic. Biol. Med. 2012, 53, 2250–2255. [CrossRef]
[PubMed]

66. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef]
67. Dunn, S.E.; Ousman, S.S.; Sobel, R.A.; Zuniga, L.; Baranzini, S.E.; Youssef, S. Peroxisome proliferator-activated receptor (PPAR) α

expression in T cells mediates gender differences in development of T cell-mediated autoimmunity. J. Exp. Med. 2007, 2, 321–330.
[CrossRef] [PubMed]

68. Morrison, J.L.; Botting, K.J.; Darby, J.R.T.; David, A.L.; Dyson, R.M.; Gatford, K.L.; Gray, C.; Herrera, E.A.; Hirst, J.J.; Kim, B.; et al.
Guinea pig models for translation of the developmental origins of health and disease hypothesis into the clinic. J. Physiol. 2018,
596, 5535–5569. [CrossRef] [PubMed]

69. Morin, G.; Guiraut, C.; Marcogliese, M.P.; Mohamed, I.; Lavoie, J.-C. Glutathione supplementation of parenteral nutrition prevents
oxidative stress and sustains protein synthesis in guinea pig model. Nutrients 2019, 11, 2063. [CrossRef] [PubMed]

70. Elremaly, W.; Mohamed, I.; Rouleau, T.; Lavoie, J.C. Adding glutathione to parenteral nutrition prevents alveolar loss in newborn
Guinea pig. Free Radic. Biol. Med. 2015, 87, 274–281. [CrossRef]

71. Cisternas, P.; Martínez, F.; Fernandez, E.; Ferrada, L.; Oyarce, K.; Salazar, K.; Bolanos, J.P.; Nualart, F.; Silva-Alvarez, C. The
oxidized form of vitamin C, dehydroascorbic acid, regulates neuronal energy metabolism. J. Neurochem. 2014, 129, 663–671.
[CrossRef]

72. Roudot-Algaron, F. Le goût des acides aminés, des peptides et des protéines: Exemple de peptides sapides dans les hydrolysats
de caséines. Lait 1996, 4, 313–348. [CrossRef]

73. Thorn, S.L.; Young, G.S.; Kirkland, J.B. The guinea-pig is a poor animal model for studies of niacin deficiency and presents
challenges in any study using purified diets. Br. J. Nutr. 2007, 98, 78–85. [CrossRef]

74. Reid, M.E.; Mickelsen, O. Nutritional studies with the guinea pig. VII. Effect of different proteins, with and without amino acid
supplements, on growth. J. Nutr. 1963, 80, 25–32. [PubMed]

75. Burk, R.F.; Christensen, J.M.; Maguire, M.J.; Austin, L.M.; Whetsell, W.O.; May, J.M.; Hill, K.E.; Ebner, F.F. A combined deficiency
of vitamins E and C causes severe central nervous system damage in guinea pigs. J. Nutr. 2006, 136, 1576–1581. [CrossRef]
[PubMed]

76. Hill, K.E.; Motley, A.K.; May, J.M.; Burk, R.F. Combined selenium and vitamin C deficiency causes cell death in guinea pig skeletal
muscle. Nutr. Res. 2009, 3, 213–219. [CrossRef]

77. Barja, G.; López-Torres, M.; Pérez-Campo, R.; Rojas, C.; Cadenas, S.; Prat, J.; Pamplona, R. Dietary vitamin C decreases endogenous
protein oxidative damage, malondialdehyde, and lipid peroxidation and maintains fatty acid unsaturation in the guinea pig liver.
Free Radic. Biol. Med. 1994, 17, 105–115. [CrossRef]

78. Schjoldager, J.G.; Paidi, M.D.; Lindblad, M.M.; Birck, M.M.; Kjærgaard, A.B.; Dantzer, V. Maternal vitamin C deficiency during
pregnancy results in transient fetal and placental growth retardation in guinea pigs. Eur. J. Nutr. 2015, 4, 667–676. [CrossRef]
[PubMed]

79. Paidi, M.D.; Schjoldager, J.G.; Lykkesfeldt, J.; Tveden-Nyborg, P. Prenatal vitamin C deficiency results in differential levels of
oxidative stress during late gestation in foetal guinea pig brains. Redox Biol. 2014, 2, 361–367. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0603115103
http://www.ncbi.nlm.nih.gov/pubmed/16717184
http://doi.org/10.1002/hep.26594
http://www.ncbi.nlm.nih.gov/pubmed/23813872
http://doi.org/10.1016/j.freeradbiomed.2012.10.541
http://www.ncbi.nlm.nih.gov/pubmed/23085223
http://doi.org/10.1038/nri.2016.90
http://doi.org/10.1084/jem.20061839
http://www.ncbi.nlm.nih.gov/pubmed/17261635
http://doi.org/10.1113/JP274948
http://www.ncbi.nlm.nih.gov/pubmed/29633280
http://doi.org/10.3390/nu11092063
http://www.ncbi.nlm.nih.gov/pubmed/31484318
http://doi.org/10.1016/j.freeradbiomed.2015.06.040
http://doi.org/10.1111/jnc.12663
http://doi.org/10.1051/lait:1996425
http://doi.org/10.1017/S0007114507707663
http://www.ncbi.nlm.nih.gov/pubmed/13973763
http://doi.org/10.1093/jn/136.6.1576
http://www.ncbi.nlm.nih.gov/pubmed/16702324
http://doi.org/10.1016/j.nutres.2009.02.006
http://doi.org/10.1016/0891-5849(94)90108-2
http://doi.org/10.1007/s00394-014-0809-6
http://www.ncbi.nlm.nih.gov/pubmed/25472559
http://doi.org/10.1016/j.redox.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24563854

	Introduction 
	Materials and Methods 
	Materials 
	Animal Model 

	Results 
	Diet Type and Phenotypical Changes 
	Ascorbate and Dehydroascorbate (DHA) 
	Glutathione and Oxidative Stress 
	Glutathione Peroxidase and Reductase 
	Energy Metabolism Enzymes 
	Developmental Change 

	Discussion 
	Conclusions 
	References

