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Serine plays an important role in the antioxidant defense system. However, the effects of maternal serine deficiency on the
antioxidant ability of weanling offspring have not been reported. In the present study, we investigated the oxidative status of
offspring of dams that are maintained on serine-deficient diet and subjected to diquat challenge. Individual pregnant animals
were randomly divided into two dietary groups, namely, the control diet group and the serine- and glycine-deficient diet group.
Samples were collected from weanling offspring at the age of 3 weeks after diquat challenge. Our results showed that maternal
serine deficiency did not affect the levels of antioxidant enzymes and reactive oxygen species, as well as the expression of cellular
and mitochondrial stress markers (Hspdl and Hspala), which indicated that maternal serine deficiency did not affect basal
oxidative status in weanling offspring. However, the weanling offspring were found to be vulnerable to oxidative challenges.
Furthermore, our results suggested that the dysfunctional antioxidant system in response to oxidative stress in offspring of dams
fed with serine-deficient diet was primarily caused by reduced availability of nicotinamide adenine dinucleotide phosphate.
Furthermore, impairment of the antioxidant defense system caused by maternal serine deficiency was mediated by the Akt/
AMPK/Sirtl pathway. Our results indicated that maternal serine availability is important for maintaining antioxidant defense

against oxidative challenge in weanling offspring.

1. Introduction

Maternal nutrition is strongly associated with offspring
health. A suboptimal in utero environment often leads to
higher rates of the development of cardiovascular and meta-
bolic diseases in the offspring [1], which are in turn closely
associated with oxidative stress. Continuous adequate or
overnutrition under postnatal conditions could not reverse
the detrimental effects caused by maternal malnutrition [2].

Serine is part of a metabolic network that links the one-
carbon cycle to glycolysis to support oxidant/antioxidant bal-
ance and cell proliferation [3, 4]. Serine exerts its antioxidant

effects through various molecular pathways. Serine is a pre-
cursor of glycine and cysteine, both of which are major sub-
strates required for the synthesis of cellular antioxidant
glutathione (GSH). Moreover, the increased levels of GSH
promote the S-glutathionylation of the AMP-activated pro-
tein kinase a subunit (AMPKa) [5] and activate the AMPK
signaling pathway, which is crucial for mediating the adap-
tive response to oxidative stress. In addition, Akt and Sirtl
which are involved in the AMPK signaling pathway play
important roles in oxidative stress [6]. Akt is a redox-
regulated protein which is directly regulated by the GSH
redox system [7]. Sirtl is also a redox-sensitive deacetylase,
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and Sirtl protein expression is generally related to the GSH
level [8]. However, whether Akt and Sirtl are affected by ser-
ine deficiency remains unknown.

Recent studies showed that serine is an important com-
ponent for the synthesis of NADPH, a major cellular reduc-
ing agent [9-11]. The de novo serine synthesis pathway
plays critical roles in metabolic processes, such as cell growth
and cell survival. In particular, the de novo serine synthesis is
crucial for maintaining redox homeostasis in both the cellu-
lar and mitochondrial levels [12, 13]. The recent study dem-
onstrated that the inhibition of de novo serine synthesis leads
to mitochondrial dysfunction and impaired oxidative stress
response [14]. However, our previous findings suggested that
exogenous serine ameliorates oxidative damage in various
tissues in mice and in different models subjected to various
kinds of oxidative stressors [5, 15-17]. In addition, the previ-
ous study showed that serine starvation increased the sensi-
tivity of cells to peroxide treatment [18], which suggested
that exogenous serine is important for maintaining cellular
antioxidant capacity. However, to the best of our knowledge,
the effects of maternal serine deficiency on the antioxidant
ability of offspring have not been reported. Diquat has long
been used to induce oxidative damage primarily in the liver
in animal models [15]. It can be converted to cation free
radical which reacts rapidly with molecular oxygen. This
reaction produces lots of superoxide anion radical and causes
a rise in the glutathione redox ratio. Consequently, we con-
ducted the present study to investigate the oxidative status
of offspring of dams maintained on serine-deficient diet
and subjected to diquat challenge.

2. Materials and Methods

2.1. Animal Care and Experimental Design. C57BL/6] mice
(10 weeks old) were purchased from the SLAC Laboratory
Animal Central (Changsha, China). After 1 week of acclima-
tization, all animals were fed with control diet and mated and
the females were then checked for the presence of postcopu-
latory plugs. Pregnant animals were randomly divided into
two dietary groups, namely, the control (CON) diet group
(Research Diets, New Brunswick, NJ, USA) and the serine-
and glycine-deficient (SGD) diet group (no added serine
and glycine; Research Diets). The components of the diet
are presented in Supplementary Table 1. Dams from each
group were randomly assigned to the treatment groups
with eight offspring per group (four males and four
females). All mice were housed under standard conditions
in pathogen-free colonies (temperature, 22+ 2°C; relative
humidity, 50 + 5%; lighting cycle, 12 h/d) and were provided
with free access to food and water. At the age of 3 weeks,
male and female mice were randomly chosen from each
dam and injected intraperitoneally with either diquat at
12 mg/kg body weight or equal saline. At 3 hours after the
injection, blood was collected from the retroorbital sinus.
Afterwards, mice were sacrificed by cervical dislocation,
and liver samples were collected for further analysis. All the
procedures in the present study were approved by the
Animal Welfare Committee of the Institute of Subtropical
Agriculture, Chinese Academy of Sciences. All procedures
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were carried out according to the rules established by
the committee.

2.2.  Determination of Malondialdehyde,  Glutathione,
Superoxide  Dismutase, and Catalase Contents and
Glutathione S-Transferase Activity. Malondialdehyde (MDA),
glutathione (GSH), superoxide dismutase (SOD), and catalase
(CAT) contents in serum and liver were analyzed using com-
mercial kits according to the manufacturer’s instructions
(Northwest Life Science Specialties, Vancouver, WA, USA).
Glutathione S-transferase (GST) activity was measured using
a commercial kit according to the manufacturer’s instructions
(Cayman Chemical Company, Ann Arbor, Michigan, USA).

2.3. Determination of Serine and Glycine Content. After
pretreatment according to the previous study [19], the liver
sample (100 mg) or serum sample (0.2 mL) was mixed with
1 mL 10% sulfosalicylic acid and then maintained at 4°C for
5min. After centrifugation at 13000 rpm for 15min, the
supernatant was filtered through 0.22 ym filters and then
analyzed by an ion-exchange amino acid analyzer (L8800,
Hitachi, Tokyo, Japan).

2.4. Determination of Complex I and III Activities. Mitochon-
dria were isolated from liver samples using a commercial kit
(Solarbio, Beijing, China). Afterwards, complex I (NADH
ubiquinone oxidoreductase) and complex III (ubiquinol
cytochrome reductase) activities were assessed spectrophoto-
metrically using commercial kits according to the manufac-
turer’s instructions (Solarbio).

2.5. Determination of Reactive Oxygen Species Levels. Reactive
oxygen species (ROS) content was analyzed as previously
described [15]. Briefly, fresh samples were immediately
embedded in a tissue-freezing medium (Sakura, Tokyo,
Japan) and frozen in a methylbutane-chilled bath at —80 +
2°C. Sections (10 ym) were stained with 1 M dihydroethi-
dium (Sigma-Aldrich, Shanghai, China) for 20 min at 37°C.
Images were obtained and analyzed using Image Browser
software (Leica, Wetzlar, Germany).

2.6. Determination of Lipid Hydroperoxide and NADPH
Contents. Lipid hydroperoxide (LPO) content in the liver
sample was determined spectrophotometrically (Northwest
Life Science Specialties). Nicotinamide adenine dinucleotide
phosphate (NADPH) level was measured using a NADP"/
NADPH Quantification kit (BioVision, Milpitas, CA, USA).

2.7. RT-qPCR Analysis. Liver sample was ground, and total
RNA was isolated using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). The PrimeScript RT reagent kit
(Takara, Dalian, China) was used for reverse transcription
of total RNA. RT-qPCR was performed in 10 uL assay vol-
umes containing 5uL of SYBR Green mix (Takara), 0.2 uL
of ROX, 3uL of diethylpyrocarbonate-treated deionized
H,0, 1 uL of cDNA template, and 0.4 uL each of the forward
and reverse primers [20]. The primer sequences used for RT-
qPCR are presented in Supplementary Table 2. All samples
were run in triplicate, and the average values were calculated.
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2.8. Western Blotting Analysis. Western blotting analysis was
performed for the determination of relative protein levels
of Akt, Sirtl, AMPK, and nrf2. Briefly, 20 ug of protein
per lane was separated by SDS-PAGE and blotted onto nitro-
cellulose membranes. Membranes were incubated with pri-
mary antibodies against AMPKa, phosphorylated AMPKa,
nuclear factor-like 2 (nrf2), Sirtl, Akt, phosphorylated Akt
(Cell Signaling, Beverly, MA, USA), and fS-actin (Boster,
Wuhan, China) overnight at 4°C. Then, membranes were
incubated overnight with the secondary antibodies and
subsequently exposed to EZ-ECL (Biological Industries,
Cromwell, CT, USA).

2.9. Statistical Analysis. Statistical analysis was performed by
factorial ANOVA using a mixed procedure (PROCMIXED)
in SAS software version 9.2 (SAS Institute Inc., Cary, NC,
USA). The effects of diet (control or SGD diet), challenge
(diquat or saline), and their interactions were incorporated
into the statistical model. Data were presented as least
square means plus pooled SEM. P <0.05 was considered
statistically significant.

3. Results

3.1. Effects of Maternal Serine Deficiency on SOD, GSH, CAT,
MDA, Serine, and Glycine Levels and GST Activity in
Weanling Offspring Subjected to Diquat Challenge. Our
results showed that maternal serine deficiency did not affect
SOD, GSH, CAT, and MDA levels in both serum (Figure 1)
and liver (Figure 2) samples of weanling offspring. However,
under diquat challenge, offspring from dams fed with serine-
deficient diet showed significantly lower SOD, GSH, and
CAT levels in both serum and liver samples and significantly
higher MDA levels relative to those of the offspring of dams
fed with the basal diet. Serine and glycine levels as well as
GST activity were decreased under diquat challenge. Dams
fed with serine-deficient diet and their offspring showed sig-
nificantly lower serine and glycine levels in both serum and
liver samples when compared with dams fed with the basal
diet or their offspring, respectively.

3.2. Effects of Maternal Serine Deficiency on the Expression of
Gpx, SOD, and CAT in Weanling Offspring Subjected to
Diquat Challenge. As shown in Figure 3, maternal serine defi-
ciency did not affect the expression of Gpxl, Gpx2, Sodl,
Sod2, and CAT in weanling offspring. However, under diquat
challenge, offspring of dams fed with the serine-deficient diet
showed a significant downregulation of Gpx1, Gpx2, Sodl,
Sod2, and CAT levels relative to those of the offspring of
dams fed with the basal diet.

3.3. Effects of Maternal Serine Deficiency on Mitochondrial
Complex I and III Activities in Weanling Offspring Subjected
to Diquat Challenge. As shown in Figure 4, maternal serine
deficiency did not influence complex I and III activities in
weanling offspring. However, under diquat challenge, off-
spring of the dams fed with the serine-deficient diet showed
significantly higher complex I activity but similar complex
III activity relative to those of the offspring of dams fed with
the basal diet.

3.4. Effects of Maternal Serine Deficiency on ROS Levels in
Weanling Offspring Subjected to Diquat Challenge. As shown
in Figure 5, maternal serine deficiency did not affect ROS
levels in weanling offspring. However, under diquat chal-
lenge, ROS levels were significantly higher in the offspring
of dams fed with the serine-deficient diet when compared
with the offspring of dams fed with the basal diet.

3.5. Effects of Maternal Serine Deficiency on LPO and NADPH
Levels and the Expression of Hspdl and Hspala in Weanling
Offspring Subjected to Diquat Challenge. As shown in
Figure 6, maternal serine deficiency did not affect LPO and
NADPH levels and the expression of Hspdl and Hspala in
weanling offspring. However, under diquat challenge, off-
spring of dams fed with the serine-deficient diet showed sig-
nificantly higher LPO levels and expression of Hspdl and
Hspala and significantly lower NADPH/NADP" levels when
compared with the offspring of dams fed with the basal diet.

3.6. Effects of Maternal Serine Deficiency on the Akt/AMPK/
Sirtl Pathway in Weanling Offspring Subjected to Diquat
Challenge. As shown in Figure 7, maternal serine deficiency
did not affect the expression of phosphorylated AMPK and
Akt, Sirtl, and nuclear nrf2 in weanling offspring. However,
under diquat challenge, offspring from dams fed with
serine-deficient diet showed significantly lower expression
of phosphorylated AMPK, Sirtl, and nrf2 but significantly
higher phosphorylated Akt levels relative to those of the off-
spring of dams fed with the basal diet.

4. Discussion

Intrauterine malnutrition-induced stress during gestation is a
major cause of diseases, such as diabetes, obesity, and insulin
resistance in adult life [21]. Offspring of dams fed with sub-
optimal diet are often characterized by reduced antioxidant
capacity (low GSH, CAT, and SOD concentrations) and
increased levels of oxidant indices (lipid peroxidation and
ROS) [22]. Oxidative stress programming could be regulated
directly or indirectly by modulating gene expression through
certain signaling pathways.

Serine is a nonessential amino acid that has been proven
to be functionally essential because of its critical roles in the
maintenance of cellular antioxidant status, cell survival, and
cell proliferation. In the present study, our findings showed
that the antioxidant abilities and oxidant indices of weanling
offspring were not influenced by maternal serine deficiency,
although serine-deficient diet caused significant decrease in
serine and glycine content in both serum and liver in dams
and their offspring. These results suggested that decreased
serine and glycine content does not affect the activity and
expression of antioxidant enzymes as well as GSH content
in mice under normal condition. However, under diquat
challenge, offspring of the dams fed with serine-deficient diet
showed a significant downregulation of GSH, CAT, and SOD
levels in both serum and the liver samples when compared
with the offspring of dams fed with the basal diet. Further
analysis confirmed the reduced antioxidant capacity in
offspring of dams fed with the serine-deficient diet based
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Ficure 1: SOD, GSH, CAT, MDA, serine, and glycine contents in serum. SOD: superoxide dismutase; GSH: glutathione; CAT: catalase;
MDA: malondialdehyde; CON-NON: offspring from dams fed the basal diet; CON-DIQ: offspring from dams fed the basal diet and
subjected to diquat challenge; SGD-CON: offspring from dams fed with serine-deficient diet; SGD-DIQ: offspring from dams fed with
serine-deficient diet and subjected to diquat challenge. Values are expressed as LSmean plus pooled SEM, n=8. *Mean values were
significantly different between CON-NON and CON-DIQ (P < 0.05). “Mean values were significantly different between SGD-NON and
SGD-DIQ (P<0.05). ¥Mean values were significantly different between CON-DIQ and SGD-DIQ (P <0.05). ‘Mean values were
significantly different between CON-NON and SGD-NON (P < 0.05). *Mean values were significantly different between CON and SGD in

dams (P < 0.05).

on the observed downregulation of the expression of
genes encoding the antioxidant enzymes. Additionally, GST
activity exerts critical effects in cellular protection against
oxidative damage and exogenous toxic chemicals including
diquat. It detoxifies oxidized lipid and DNA by catalyzing
the conjugation of GSH with electrophiles that are products
of oxidative stress [23, 24]. As expected, under diquat chal-
lenge, GST activity in the liver samples was downregulated
in offspring of the dams fed with serine-deficient diet when
compared with those in the offspring of dams fed with the
basal diet. The above results suggested that although mater-
nal serine deficiency during pregnancy and lactation did

not affect basal oxidative status in offspring, the offspring
became vulnerable to oxidative challenges.

Diquat challenge triggered the reaction between super-
oxide anion radicals with oxygen molecules, leading to
ROS production [25]. High ROS levels were observed in
the livers of offspring subjected to diquat challenge. More-
over, ROS levels were considerably higher in the offspring
of dams fed with the serine-deficient diet. These results
were consistent with the dramatic downregulation of anti-
oxidant enzymes, which further indicated that offspring of
dams fed with the serine-deficient diet had more vulnerable
antioxidant defense systems. Excessive ROS accumulation
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F1GURE 2: SOD, GSH, CAT, MDA, serine and glycine contents, and GST activity in the liver. SOD: superoxide dismutase; GSH: glutathione;
CAT: catalase; MDA: malondialdehyde; GST: glutathione S-transferase; CON-NON: offspring from dams fed the basal diet; CON-DIQ:
offspring from dams fed the basal diet and subjected to diquat challenge; SGD-CON: offspring from dams fed with serine-deficient diet;
SGD-DIQ: offspring from dams fed with serine-deficient diet and subjected to diquat challenge. Values are expressed as LSmean plus
pooled SEM, n=38. *Mean values were significantly different between CON-NON and CON-DIQ (P <0.05). *Mean values were
significantly different between SGD-NON and SGD-DIQ (P < 0.05). &Mean values were significantly different between CON-DIQ and
SGD-DIQ (P <0.05). "Mean values were significantly different between CON-NON and SGD-NON (P < 0.05). “Mean values were

significantly different between CON and SGD in dams (P < 0.05).

further causes oxidative damage to lipids, primarily in the
form of lipid peroxidation [26]. The relatively higher MDA
and LPO levels confirmed the greater lipid peroxidation in
offspring of dams fed with the serine-deficient diet, consis-
tent with the observed upregulation of ROS levels. Further-
more, relatively higher expression levels of Hspdl (a key
mitochondrial stress marker) and Hspala (a cellular oxida-
tive stress marker) were observed in the livers of offspring
of dams fed with serine-deficient diet. The above results
further confirmed that the livers of offspring of dams fed
with serine-deficient diet were subjected to high oxidative

stress. The glutathione and thioredoxin antioxidant systems
consume NADPH as a cofactor for neutralizing ROS. There-
fore, NADPH availability is a critical factor that affects the
strength of the cellular response to oxidative stress [14].
Low NADPH levels were observed in the livers of offspring
subjected to diquat challenge. Moreover, NADPH levels were
considerably lower in the offspring of dams fed with the
serine-deficient diet. Considering that serine is a major com-
ponent required for cellular synthesis of NADPH [9, 10, 27],
we speculated that maternal serine deficiency may influence
NADPH availability in offspring when subjected to oxidative
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challenges. The lower serine and glycine content in both  current study in the offspring of dams fed with the serine-
serum and liver in dams fed with the serine-deficient diet  deficient diet.

and their offspring provides further evidences for this specu- The mitochondrial complexes I and III are generally
lation. As a result, inadequate NADPH availability could not ~ considered to be the primary sites of ROS production [28].
neutralize the overaccumulated ROS caused by diquat. This ~ Particularly, growing evidence showed that complex I is very
may the possible mechanism that diquat reduced the activity ~ sensitive to oxidative stress and most of the free radical oxy-
and the expression of all antioxidant enzymes tested in the  gen is generated by complex I [29, 30]. Only complex I, and
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plus pooled SEM, 7 =8. *Mean values were significantly different between CON-NON and CON-DIQ (P < 0.05). “Mean values were
significantly different between SGD-NON and SGD-DIQ (P < 0.05). &Mean values were significantly different between CON-DIQ and

SGD-DIQ (P < 0.05).

not complex III, showed strong activity in offspring sub-
jected to diquat challenge, thereby suggesting that the mito-
chondrial complex I is the primary site of ROS production
under diquat challenge. Furthermore, complex I activity
was higher in the offspring of dams fed with the serine-
deficient diet when compared to that of the offspring of
dams fed with the basal diet. The above results indicated
that maternal serine deficiency can influence complex I activ-
ity and cause ROS overaccumulation in offspring subjected to
oxidative damage.

Oxidative stress leads to inactivation of AMPK and Sirtl
pathways but results in the activation of the PI3K/Akt path-
way. Oxidative challenge caused a significant increase in
phosphorylated Akt levels but a significantly decrease in Sirt1
and phosphorylated AMPK levels in the offspring of dams
fed with the serine-deficient diet, thereby suggesting that
the impaired antioxidant defense system caused by maternal
serine deficiency was mediated by a dysfunctional Akt/
AMPK/Sirtl pathway. Moreover, the downregulated expres-
sion of nuclear nrf2 further suggested that the Akt/AMPK/
Sirtl pathway plays a critical role in oxidative response by
modulating its downstream target nrf2.

5. Conclusions

Our results showed that maternal serine deficiency did not
affect basal oxidative status in weanling oftspring. However,
the weanling offspring were more vulnerable to oxidative
challenges. Further, our results suggested that the dysfunc-
tional antioxidant systems in offspring of dams fed with
the serine-deficient diet were caused by lower NADPH
availability and the dysfunctional Akt/AMPK/Sirtl pathway
potentially mediates the effects of maternal serine deficiency
on offspring.
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