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Abstract

Few studies have focused on the role of dimethylglycine sodium (DMG-Na) salt in protecting the redox status of skeletal
muscle, although it is reported to be beneficial in animal husbandry. This study investigated the beneficial effects of
DMG-Na salt on the growth performance, longissimus dorsi muscle (LM) redox status, and mitochondrial function in
weaning piglets that were intrauterine growth restricted (IUGR). Ten normal birth weight (NBW) newborn piglets

(1.53 + 0.04 kg) and 20 IUGR newborn piglets (0.76 + 0.06 kg) from 10 sows were obtained. All piglets were weaned at 21 d
of age and allocated to the three groups with 10 replicates per group: NBW weaned piglets fed a common basal diet (N);
IUGR weaned piglets fed a common basal diet (I); IUGR weaned piglets fed a common basal diet supplemented with 0.1%
DMG-Na (ID). They were slaughtered at 49 d of age to collect the serum and LM samples. Compared with the N group, the
growth performance, LM structure, serum, and, within the LM, mitochondrial redox status, mitochondrial respiratory chain
complex activity, energy metabolites, redox status-related, cell adhesion-related, and mitochondrial function-related gene
expression, and protein expression deteriorated in group I (P < 0.05). The ID group showed improved growth performance,
LM structure, serum, and, within the LM, mitochondrial redox status, mitochondrial respiratory chain complex activity,
energy metabolites, redox status-related, cell adhesion-related, and mitochondrial function-related gene expression,

and protein expression compared with those in the I group (P < 0.05). The above results indicated that the DMG-Na salt
treatment could improve the LM redox status and mitochondrial function in IUGR weaned piglets via the nuclear factor
erythroid 2-related factor 2/sirtuin 1/peroxisome proliferator-activated receptorycoactivator-la network, thus improving
their growth performance.
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Abbreviations

8-OHdG 8-hydroxy-2-deoxyguanosine

ATP adenosine triphosphate;

BCA bicinchoninic acid

BWG body weight gain

CAT catalase

DCFH-DA dichlorodihydrofluorescein diacetate
DMG-Na dimethylglycine sodium

ETC electron transport chain

FBW final body weight

FI feed intake

GF feed conversion ratio

GR glutathione reductase

GSH glutathione

GSH-Px glutathione peroxidase

IBW initial body weight

IUGR intrauterine growth restriction

LM longissimus dorsi muscle

MMP mitochondrial membrane potential
mtDNA mitochondrial DNA

NAD+ nicotinamide adenine dinucleotide
NBW normal birth weight

PC protein carbonyls

gPCR quantitative real-time polymerase
chain reaction

ROS reactive oxygen species

SOD superoxide dismutase

Introduction

Intrauterine growth restriction (IUGR), defined as being small
for gestational age with weight below the 10th percentile or
the population mean minus two SDs of a population-based
nomogram, is an important problem in animal husbandry
(Zhangetal.,2019). IUGR weaned piglets suffer from a permanent
stunting effect due to lack of efficient nutrient utilization and
impaired long-term health because of inadequate food intake,
disease, or oxidative stress (Dong et al., 2016). Skeletal muscle
mitochondrial dysfunction is associated with growth restriction
and metabolic disorders at various periods of life. However, little
is known about the postnatal effects of IUGR on the structure
and function of the longissimus dorsi muscle (LM). This point
appears to be important because the LM skeletal muscle has
a lower priority for nutrient redistribution, which makes it
particularly susceptible to nutritional deficiency in utero
(JafariNasabian et al., 2017). After birth, slow skeletal muscle
growth may, therefore, contribute to slow postnatal growth
rates in neonates with IUGR, and the altered redox status and
mitochondrial function of the skeletal muscle may negatively
affect the growth performance and daily activities of neonates
with IUGR throughout postnatal development and later on in
adulthood (Nistase et al., 2018; Posont et al., 2021).
Mitochondria are the principal energy sources of the cell
that convert nutrients into energy through cellular respiration;
therefore, compromised mitochondrial structure and function
are associated with many diseases (Dillin et al., 2002). Nuclear
factor erythroid 2-related factor 2 (Nrf2) is important for
maintaining mitochondrial function by regulating mitochondrial
respiratory chain activity and is also involved in the activation
of the antioxidant network (Dinkova-Kostova and Abramov,
2015). Peroxisome proliferator-activated receptorycoactivator-
lo (PGCla) is a coactivator with major pleiotropic functions in
mitochondrial biogenesis, as it induces mitochondrial genes
at the level of both the nuclear and mitochondrial genomes

(Jornayvaz and Shulman, 2010). Its activity is downregulated,
followed by elevated reactive oxygen species (ROS), which is
induced by oxidative damage and results in the activation of both
enzymatic and nonenzymatic antioxidant defenses (St-Pierre
et al., 2006). Sirtuin 1 (SIRT1), originally described as a factor
regulating apoptosis and DNA repair, is highly sensitive to the
cellular redox status and is known to control genomic stability
and cellular metabolism (Tang, 2016). Previous studies have
suggested that SIRT1 physically interacts with and deacetylates
PGCla at multiple lysine sites, thus increasing PGCla activity
and influencing the redox status (Aquilano et al., 2013).

Dimethylglycine sodium (DMG-Na) salt can improve the
body’s redox status and relieve oxidative damage by scavenging
excessive free radicals. This is because it is similar to choline
and betaine and is an important material for the synthesis of
glutathione (Friesen et al., 2007b). Previous studies indicated
that DMG-Na could improve the utilization of oxygen, thus
protecting the body against the oxidative damage. It also
enhanced the immune response of individuals, thereby
improving their body performance (Bai et al., 2019). In this study,
decreased SIRT1 activity impaired the LM redox status and
mitochondrial function via its substrate PGCla, thus decreasing
the performance of IUGR weaned piglets. We also provide a
novel insight into the effects of DMG-Na salt on the growth
performance, LM redox status, and mitochondrial function in
IUGR weaned piglets via the Nrf2/SIRT1/PGC1la network.

Materials and Methods

This trial was conducted in accordance with the Chinese
guidelines for animal welfare and the experimental protocols
for animal care approved by the Nanjing Agricultural
University Institutional Animal Care and Use Committee
(SYXK(Su)2017-0027).

Animal experiment and sampling

This experiment was conducted on a trial pig farm that was
owned by the Yangzhou Fangling Agricultural and Pastoral
Co., Ltd. (Jiangsu, China). A total of 80 healthy pregnant
multiparous sows (Landrace x Yorkshire) with similar expected
farrowing dates (less than 3 d) and parity (second or third) were
preselected during gestation. The sows were fertilized by the
pool of Duroc boars and fed the same gestating diet that met the
National Research Council (NRC, 2012) nutrient requirements. At
farrowing, 10 sows that had 11 to 13 live-born piglets and met
the selection criteria for IUGR were chosen. Piglets with birth
weights of 1.53 £ 0.04 and 0.76 + 0.06 kg (mean + SEM) in this work
were selected as normal birth weight (NBW) newborn piglets
and IUGR newborn piglets according to the method described by
Wang et al. (2005), respectively. In each litter, one NBW and two
IUGR newborn piglets were obtained. The piglets were weaned
at 21 d of age and assigned to three groups with 10 replicates per
group: The NBW piglets were allocated to the N group that fed a
common basal diet (Supplementary Table S1), and the two IUGR
piglets from one litter were randomly assigned to the I group
that fed a common basal diet and ID group that fed a common
basal diet supplemented with 0.1% DMG-Na salt (99.9% of purity,
Qilu Shenghua Pharmaceutical Co., Ltd., Shandong, China). The
piglets were housed individually in plastic floored pens (1 x 0.6
m) at an ambient temperature of 28 °C in an environmentally
controlled room and had free access to water.

At 49 d of age, all piglets were weighed after feed deprivation
for 12 h, and the initial body weight (IBW), final body weight


http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab186#supplementary-data

(FBW), feed intake (FI), and feed conversion ratio (G:F) values
were calculated. The blood samples were withdrawn from
the precaval vein, and the serum samples were separated by
centrifugation at 3,500 x g for 15 min at 4 °C, and then stored
at -80 °C until analysis. After blood sampling, the piglets
were anesthetized via electrical stunning and sacrificed by
exsanguination. Subsequently, the LM samples were harvested
immediately: one (1 x 1 x 1 cm) sample for the morphological
measurements embedded into 4% buffered formaldehyde
solution and another sample storied at -80 °C for further study.

Morphological measurements of the LM

The LM samples fixed in 4% buffered formaldehyde were dried
using a graded series of xylene and ethanol and then embedded
into paraffin for histological processing. The samples (8 pm in
size) were deparaffinized using xylene and rehydrated with
graded dilutions of ethanol. The slides were stained with
hematoxylin and eosin. Ten slides for each sample (the middle
site of samples) were prepared, and the images were acquired
using an optical binocular microscope (Cheng et al., 2020).

Redox status examination

The LM sample was homogenized in 0.9% sodium chloride
solution on ice and centrifuged at 3,500 x g for 15 min at 4 °C.The
serum and supernatant were individually used to measure the
levels of superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px), GSH, glutathione reductase (GR), and catalase (CAT)
using the corresponding assay kit following the manufacturer’s
instructions (Nanjing Jiancheng Institute of Bioengineering,
Jiangsu, China) (Paglia and Valentine, 1967; Nozik-Grayck et al.,
2005; Heras et al., 2018). The protein content was determined
using a bicinchoninic acid (BCA) protein assay kit according to
the manufacturer’s instructions (Nanjing Jiancheng Institute of
Bioengineering, Jiangsu, China).

Mitochondrial redox status measurement

The mitochondria of the LM samples were obtained according
to the method described by Roediger and Truelove (1979). The
levels of MnSOD, GSH-Px, GSH, GR, and y-glutamylcysteine
ligase (y-GCL) in the LM mitochondria were calculated using an
assay kit according to the manufacturer’s instructions (Nanjing
Jiancheng Institute of Bioengineering, Jiangsu, China; Paglia and
Valentine, 1967; Nozik-Grayck et al., 2005; Heras et al., 2018).

Oxidative damage measurement

The ROS level was detected using a ROS assay kit (Nanjing
Jiancheng Institute of Bioengineering; Sang et al, 2012).
Briefly, the mitochondria were incubated with 10 pM of
dichlorodihydrofluorescein diacetate (DCFH-DA) and 10 mmol/L
of DNA stain Hoechst 33342 at 37 °C for 30 min. Then, the DCFH
fluorescence of the mitochondria was measured at an emission
wavelength of 530 nm and an excitation wavelength of 485 nm
with a fluorescence reader (FACS Aria III; BD Biosciences,
Franklin Lakes, NJ, USA). The results were expressed as the
mean DCFH-DA fluorescence intensity over that of the control.

The mitochondrial membrane potential (MMP) level was
calculated according to a method described by Zhang et al.
(2011). Briefly, the mitochondria were loaded with 1 x JC-1
dye at 37 °C for 20 min and then analyzed, after washing, by
flow cytometry (FACS Aria III). The MMP was calculated as the
increase in the ratio of green and red fluorescence. The results
were calculated as the ratio of the fluorescence of aggregates
(red) to that of the monomers (green).
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The number of apoptotic and necrotic cells was measured by
an Alexa Fluor 488 Annexin V/dead Cell Apoptosis kit (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Briefly, the LM samples
were grinded by a glass homogenizer grinding, and their cells
were washed twice with cool phosphate-buffered saline (PBS)
buffer (pH = 7.4) and resuspended (2% suspension) in 1 x
Annexin-binding buffer. Then, the cell density was determined
and diluted in 1 x Annexin-binding buffer to 1 x 10° cells/mL.
A sufficient volume of the above cell suspension was stained
with Annexin V-fluorescein isothiocyanate and propidium
iodide (1:9 dilution) staining solution in dark for 15 min at
room temperature. After incubation, the forward scatter of
cells was determined, and Annexin V fluorescence intensity
was measured in FL-1 with 488 nm excitation wavelength and
530 nm emission wavelength on a FACS caliber (BD Biosciences).

Malondialdehyde in the LM sample was calculated using
a malondialdehyde assay kit following the manufacturer’s
instructions (Nanjing Jiancheng Institute of Bioengineering,
Jiangsu, China). Protein carbonyls (PC) and 8-hydroxy-2-
deoxyguanosine (8-OHdG) in the LM sample were calculated
using their respective enzyme-linked immunosorbent
assay (ELISA) kits following the manufacturer’s instructions
(Nanjing Jiancheng Institute of Bioengineering, Jiangsu, China)
(Valavanidis et al., 2009; Bai et al., 2011).

Mitochondrial electron transport chain complexes
examination

The electron transport chain (ETC) complexes I, II, III, IV, and
V activities of the LM sample were measured using an ELISA
kit according to the manufacturer’s instructions (SinoBestBio,
Shanghai, China; Sousa et al., 2018).

Energy metabolites examination

The glycogen content in the LM samples was measured using a
commercial kit (Nanjing Jiancheng Institute of Bioengineering,
Nanjing, China; @rtenblad et al., 2013). The concentrations of
nicotinamide adenine dinucleotide (NAD*) and nicotinamide
adenine dinucleotide cofactor (NADH) in the LM samples
were determined using commercial kits according to the
manufacturer’s instructions (SinoBestBio, Shanghai, China;
Elhassan et al, 2019). The adenosine triphosphate (ATP)
content in the LM sample was determined using an ATP Assay
Kit (Solarbio, Beijing, China) following the manufacturer’s
instructions (Zhang et al., 2014).

The mitochondrial DNA (mtDNA) copy number of the LM
sample was determined (Grady et al., 2018) using a real-time
fluorescence quantitative polymerase chain reaction (qPCR) kit
(Tli RNaseH Plus; Takara Bio, Inc., Otsu, Japan). In brief, the 20 pL
PCR mixture consisted of 10 pL of SYBR Premix Ex Taq (2X), 0.4 pL
of upstream primer, 0.4 pL of downstream primer, 0.4 pL of ROX
dye (50X), 6.8 of pL ultra-pure water, and 2 pL of complementary
DNA (cDNA) template. The sequence of the Mt D-loop gene
upstream primer was 5-AGGACTACGGCTTGAAAAGC-3’
and that of the downstream primer was 5-CATCTTGGCA
TCTTCAGTGCC-3’; the length of the target fragment was
198 bp. The sequence of the B-actin upstream primer was
5-TTCTTGGGTATGGAGTCCTG-3" and that of the downstream
primer was 5-TAGAAGCATTTGCGGTGG-3’; the length of the
target fragment was 150 bp. The amplification of each LM
sample was performed in triplicate. The fold expression of each
gene was calculated according to the 2-2*¢t method (Mohamed
et al., 2010), in which B-actin was used as an internal standard.
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RNA extraction and quantitative real-time
polymerase chain reaction

Quantitative real-time PCR was performed as previously described
(Mohamed et al., 2010). Total RNA was obtained from the LM sample
using Trizol Reagent (TaKaRa, Dalian, China) and then reverse-
transcribed using a commercial kit (Perfect Real Time, SYBR®
PrimeScript, TaKaRa) following the manufacturer’s instructions.
The mRNA expression levels of specific genes were quantified via
real-time PCR using SYBR® Premix Ex Taq II (Tli RNaseH Plus) and an
ABI 7300 Fast Real-Time PCR detection system (Applied Biosystems,
Foster City, CA). The SYBR Green PCR reaction mixture consisted of
10 pL SYBR® Premix Ex Taq (2X), 0.4 pL of the forward and reverse
primers, 0.4 uL of ROX reference dye (50X), 6.8 uL of ddH,0, and 2 pL
of cDNA template. Each sample was amplified in triplicate. The
fold expression of each gene was calculated according to the 24
method (Mohamed et al.,, 2010), in which the f-actin gene was used
as an internal standard. The primer sequences used are presented
in Supplementary Table S2.

Western blotting examination

Total protein was isolated from the three LM samples per group
with a radioimmunoprecipitation assay lysis buffer containing
protease inhibitor cocktail (Beyotime Institute of Biotechnology,
Jiangsu, China). The nuclear protein in the LM samples was
carried out using a Nuclear Protein Extraction Kit (Beyotime
Institute of Biotechnology, Jiangsu, China). The concentrations of
total cellular protein and nuclear protein in the LM samples were
measured by the BCA protein assay kit (Beyotime Institute of
Biotechnology, Jiangsu, China). Antibodies against related proteins
were all purchased from Cell Signaling Technology (Danvers, MA,
USA). Thereafter, equal quantities of protein were resolved by
sodium dodecyl sulfate (SDS)-PAGE gel and then transferred onto
polyvinylidene difluoride membranes. After that, the membranes
were incubated with blocking buffer (5% bovine serum albumin
in Tris-buffered saline containing 1% Tween 20) for 1 h at room
temperature and probed with the primary antibody (1:1,000) against
Nrf2 (# 12721S), heme oxygenase 1 (HO1; # 82206S), SOD (# 37385S),
GSH-Px (# 3286S), Sirtl (# 9475S), PGCla (# 2178S), cytochrome C
(Cyt C; # 11940S), estrogen-related receptor o (ERRa; # 13826S),
mitochondrial transcription factor A (mtTFA; # 8076S), Tubulin (#
2125S) overnight at4 °C.Then, the membranes were washed by Tris-
buffered saline with 0.05% Tween 20 and incubated with a suitable
secondary antibody for 1 h at room temperature. Finally, the blots
were detected using enhanced chemiluminescence reagents
(ECL-Kit, Beyotime, Jiangsu, China), followed by autoradiography.
Photographs of the membranes were taken using the Luminescent
Image Analyzer LAS-4000 system (Fujifilm Co.) and quantified with
Image] 1.42 q software (NIH, Bethesda, MD, USA).

Statistical analysis

Data are presented as the mean + SEM and were analyzed by a one-
way analysis of variance procedure in Statistical Analysis System
software (version 9.1; SAS Institute, Inc., Cary, NC, USA). This was
followed by a Tukey’s test when significant differences were found.
Statistical significance was considered at P < 0.05. Thirty weaned
piglets were evaluated at least three times for each assay.

Results

Growth performance

The protective effects of DMG-Na salt on the growth performance
of IUGR weaned piglets are presented in Table 1. Compared with

the N group, the I group showed significantly lower IBW, FBW,
body weight gain (BWG), and FI values (P < 0.05). The FBW, BWG,
and G:F values of the ID group were significantly improved
compared with those in the I group (P < 0.05).

Morphological measurements of the LM

The protective effects of DMG-Na salt on the LM structure of
IUGR weaned piglets are shown in Figure 1. Compared with
the N group, internal structure damage and larger intercellular
space were observed in group I, and these features were not
found in the N group. The internal structure and intercellular
space of the ID group were improved compared with those of
the I group.

Redox status examination

The protective effects of DMG-Na salt on the serum and LM redox
status of IUGR weaned piglets are shown in Figure 2. Compared
with the N group, the I group showed significantly lower SOD,
GSH-Px, GSH, GR, and CAT activity (P < 0.05). The SOD, GSH-Px,
GSH, GR, and CAT activities of the ID group were significantly
improved compared with those of the I group (P < 0.05).

Mitochondrial redox status measurement

The protective effects of DMG-Na salt on the mitochondrial
redox status of IUGR weaned piglets are shown in Figure 3.
Compared with the N group, the I group showed a significant
decrease in the LM MnSOD, GSH-Px, GSH, GR, and y-GCL activity
(P < 0.05). The LM mitochondrial MnSOD, GSH-Px, GSH, GR, and
v-GCL activity of the ID group were all significantly improved
compared with those in the I group (P < 0.05).

Oxidative damage measurement

The protective effects of DMG-Na on the LM oxidative damage
of IUGR weaned piglets are shown in Figure 4. Compared with
the N group, significantly higher levels of ROS, PC, 8-OHdG,
apoptosis, and necrosis (P < 0.05) and significantly lower MMP
levels (P < 0.05) were observed in the group I. Significantly
decreased levels of ROS, PC, 8-OHdG, apoptosis, and necrosis
(P < 0.05) and significantly increased MMP levels (P < 0.05) were
observed in the ID group compared with the respective values
in the group I.

Mitochondrial ETC complexes examination

The protective effects of DMG-Na salt on the mitochondrial
ETC complexes of the ITUGR weaned piglets are presented in
Table 2. The I group showed a significantly lower level of LM
complex I and complex V with respect to their levels in the N

Table 1. The growth performance of the IUGR weaned piglets fed
diet supplemented with DMG-Na salt*

Treatment
Item N I ID
IBW, kg 7.71 £ 0.582 5.80 + 0.60° 6.02 + 0.57°
FBW, kg 17.04 + 1.222 13.74 + 1.12¢ 15.87 +2.02°
BWG, kg 9.33 £ 1.052 7.94 +0.88° 9.85 +1.632
FI, kg 17.00 = 1.07# 14.90 + 0.96° 15.30 + 1.05°
G:F? 0.55 + 0.04° 0.53 + 0.06° 0.64 + 0.052

‘Data are presented as the mean + SEM, n = 10 piglets/group.
2G:F, body weight gain: feed intake.

*<Data in the same row with different superscripts were
significantly different (P < 0.05).
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Figure 1. The LM morphological of the IUGR weaned piglets fed diet supplemented with DMG-Na salt. The LM morphological (internal structure and intercellular space)
was scanned. Scale bars represent 100 um.
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Figure 2. The serum (A) and LM (B) redox status of the IUGR weaned piglets fed diet supplemented with DMG-Na salt. Data are presented as the mean (n = 10 piglets/
group) with their SEs represented by vertical bars. Groups with different superscripts were significantly different (P < 0.05). All the experiment was repeated three times.
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Figure 4. The LM oxidative damage of the IUGR weaned piglets fed diet supplemented with DMG-Na salt. Data are presented as the mean (n = 10 piglets/group) with
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group (P < 0.05). Compared with the I group, the ID group showed
significantly higher levels of LM complex I and complex V
(P <0.05).

Energy metabolites examination

The protective effects of DMG-Na salt on the LM energy
metabolism of IUGR weaned piglets are presented in Table 3.
Compared with the N group, significantly higher levels of NADH
(P < 0.05) and lower levels of glycogen, NAD*, NAD*/NADH,
and ATP (P < 0.05) were observed in the group I. Significantly
decreased levels of NADH (P < 0.05) and increased levels of
glycogen, NAD*, NAD*/NADH, and ATP (P < 0.05) were observed
in the ID group compared with the respective values in the
group I.

Gene expression

The protective effects of DMG-Na salt on LM redox status-
related and mitochondrial function-related gene expression
in TUGR weaned piglets are shown in Figure 5. The redox
status-related (Nrf2, HO1, Cu/ZnSOD, GSH-Px, MnSOD, y-GCLc,
v-GCLm, thioredoxin 2 [Trx2], thioredoxin reductase 2 [Trx-
R2], peroxiredoxin 3 [Prx3], Sirtl, PGCla) gene expression,
cell adhesion-related (occluding [OCLN], cloudin [CLDN] 2,
CLDN3, and zonula occludens-1 [ZO1]) genes expression, and
mitochondrial function-related (malonyl-CoA decarboxylase
[MCD], medium-chain acyl-CoA dehydrogenase [MCAD],
succinate dehydrogenase [SDH], uncoupling protein 2 [UCPZ2],
cyclooxygenase 2 [COX2], citrate synthase [CS], cyclooxygenase 1
[COX1], Cyt C, ERRa, major histocompatibility complex I [MHC1],



Table 2. The LM mitochondrial ETC complexes of the IUGR weaned
piglets fed diet supplemented with DMG-Na salt!

Treatment

Item, nmol/ N I ID
min/mg protein

Complex I 254.22 +9.03° 215.72 + 8.03° 242.77 +7.56°
Complex II 2.62 +0.45 2.01+0.21 2.54 +0.33
Complex III 33.50 +0.89 25.21+1.15 28.15+1.21
Complex IV 15.20 + 0.65 12.54 +0.71 13.21 + 0.56
Complex V 47.38 +1.622 36.57 £ 1.57° 44.65 + 1.462

Data are presented as the mean + SEM, n = 10 piglets/group.
#*Data in the same row with different superscripts were
significantly different (P < 0.05).

Table 3. The LM energy metabolism of the IUGR weaned piglets fed
diet supplemented with DMG-Na saltl

Treatment

Item N I ID

ATP, nmol/g 172.41 + 8.09* 112.77 £ 6.21° 166.76 + 6.382
mtDNA, % of N 1.00 £ 0.13® 0.61 + 0.09° 0.88 + 0.08*
Glycogen, mg/g 72.52 + 2.03* 52.44 + 1.51° 69.78 + 1.36*
NAD*, pmol/g 2.38 +0.212 1.21+£0.16° 1.92 +0.20*
NADH, pmol/g 0.99 + 0.07° 1.39 £ 0.10° 0.71 + 0.05°
NAD*/NADH 240 +0.122 0.87 +0.07° 2.70 £ 0.20*

Data are presented as the mean + SEM, n = 10 piglets/group.
#bData in the same row with different superscripts were
significantly different (P < 0.05).

mtTFA, NADH dehydrogenase (ubiquinone) iron-sulfur protein 2
[Ndufa2], nuclear respiratory factor 1 [NRF1], uncoupling protein
1 [UCP1], y DNA polymerases catalytic subunit y [POLG1], DNA
polymerases accessory subunit [POLG2], single-strand DNA-
binding protein 1 [SSBP1], dynamin-related protein 1 [Drp1],
mitochondrial fission 1 [Fisl], and mitochondrial mitofusin2
[Mfn2]) gene expression of the LM significantly deteriorated
more in the group I than in the group N (P < 0.05). Compared
with the I group, redox status-related gene expression, cell
adhesion-related gene expression, and mitochondrial function-
related gene expression of the LM were significantly improved in
the ID group (P < 0.05).

Protein expression

The protective effects of DMG-Na salt on LM redox status-
related protein expression and mitochondrial function-related
protein expression of IUGR weaned piglets are shown in Figure 6.
Compared with the N group, the I group showed significantly
lower SOD, GSH-Px, Sirtl, PGClo, Cyt C, ERRa, and mtTFA
contents (P < 0.05) along with higher Nrf2 and HO1 contents
(P < 0.05). The ID group presented a significantly higher Sirtl
content (P < 0.05) and lower Nrf2 and HO1 contents (P < 0.05) as
compared with the I group.

Discussion

IUGR is an important issue in the animal industry because it
causes irreversible oxidative damage, delayed postnatal growth,
and affects skeletal muscle health (JafariNasabian et al., 2017).
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Some studies have used IUGR weaned piglets as a model to
exhibit poor performance (Wu et al., 2006; Amdi et al., 2016), and
these outcomes agree with the current work that piglets with
birth weights of 1.53 + 0.04 and 0.76 + 0.06 kg (mean + SEM) were
selected as NBW newborn piglets and IUGR newborn piglets,
respectively. Skeletal muscle is the main component of the
total body mass that absorbs circulatory glucose, synthesizes
glycogen, is responsible for metabolic homeostasis, and is
thus easily affected by oxidative damage (Davis et al., 2008). In
this work, supplementation with DMG-Na salt could improve
the growth performance of IUGR weaned piglets as compared
with those of NBW weaned piglets; however, this still requires
further study.

Oxidative damage could increase the ROS content, thus
influencing the redox status and destroying the mitochondrial
structure and function. This could be improved by SOD, which
catalyzes the conversion of endogenous superoxide anions to
hydrogen peroxide through disproportionation, and is finally
neutralized by intracellular CAT and GSH-Px (Avci et al,
2012). Meanwhile, MnSOD, GSH, GR, and y-GCL are crucial
for suppressing oxidative damage in mitochondria (Langston
et al., 2011). Previous studies found that DMG-Na salt could
act as an antioxidant additive to improve the redox status
of the body, thus relieving the oxidative damage induced by
excessive ROS generation (Friesen et al., 2007a; Bai et al., 2016).
In this work, consuming DMG-Na salt could be beneficial to
the redox status by scavenging excessively generated ROS,
thus maintaining the balance of the intracellular redox status.
This may be one possible reason for the results observed in the
histological analysis.

The ROS concentration in cells maintains a dynamic
balance with the redox status system. However, this balance
will be disturbed when subjected to oxidative stress (Sun and
Zemel, 2009). Excessive ROS can induce mitochondrial and
DNA structural damage and dysfunction, ultimately affecting
the redox status (Sastre et al., 2000). IUGR is closely related to
oxidative damage, mitochondrial dysfunction, high ROS levels,
and the occurrence of metabolic syndrome (Rashid et al., 2018).
It has been suggested that excessive ROS induces mtDNA
damage, whereas impaired mitochondrial function produces
more endogenous ROS (Simmons, 2012). The MMP level, which is
negatively associated with ROS concentration, acts as anindicator
at the beginning of mitochondria-dependent apoptosis (Kim and
Kim, 2018). Consistent with this work, one study indicated that
IUGR reduces the redox status of weaned piglets mainly due to
the high ROS concentration (Park et al., 2004). Another study also
found that IUGR piglets have reduced redox status and are prone
to oxidative damage (Mert et al., 2012). It can be seen from the
results that the reduction of the redox status in weaned piglets of
the IUGR group leads to impaired skeletal muscle mitochondrial
function. These results also suggested that DMG-Na salt could
relieve oxidative damage due to excessive ROS generation, and
different studies verified that natural antioxidants could protect
cells from oxidative damage (Look et al., 2001). However, the
effects of DMG-Na salt on reducing oxidative damage to skeletal
muscle require further study.

Necessary for growth and glycogen synthesis and related to the
mitochondrial number, ATP can be calculated quantitatively using
the mtDNA copy number (Pinto and Moraes, 2015). A lower level of
ATPinIUGR weaned piglets results in lower postnatal muscle growth
and glycogen storage (Felicioni et al., 2020). The loss of complex
I activity induced by oxidative damage in the LM mitochondria
of IUGR weaned piglets could lead to a decrease in mitochondrial
energy generation. In this work, the lower NAD*/NADH ratio could
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be explained by the reduced activity of complex I, which couples
electrons from NADH to quinone with the translocation of a proton
across the inner mitochondrial membrane for ATP generation
(Fiedorczuk and Sazanov, 2018). Moreover, it also inhibits the
flux of glycolytic and tricarboxylic acid cyclic metabolites by the
mitochondria, resulting in reduced ATP generation (Lane et al,
2001). An increase in complex V or ATP synthase activity in the LM
mitochondria of IUGR weaned piglets is crucial in bioenergetics,
which uses the exergonic proton backflow for ATP synthesis from
ADP and inorganic phosphate in the matrix (Haraux and Lombes,
2019). A previous study suggested that DMG-Na salt acted as an
antioxidant (Bai et al., 2019), thus protecting the skeletal muscle
from oxidative damage and maintaining its normal structure
and function. Another study found that DMG-Na salt exerted a
beneficial effect on cells that protects them from oxidative damage
(Zhang et al., 2014), and this might be one possible reason for the
improvement of the LM mitochondrial ETC complex activity and
energy metabolism level in the ID group.

The activation of Nrf2 and HO1 is important in relieving
oxidative damage by regulating redox status-related gene
expression (SOD, GSH-Px, and vy-GCL; Hwang et al., 2013).
Mitochondria are rich in Trx2, Trx-R2, and Prx3 proteins,
which act together to prevent oxidative damage by scavenging
excessive free radicals and regulating mitochondria-dependent
apoptotic pathways (Michelet et al., 2006). The protein PGCla
is a coactivator with pleiotropic functions that can regulate
mitochondrial biogenesis (COX1, Cyt C, ERRo, MHC1, mtTFA,
Ndufa2, NRF1, NRF2, and UCP1), mitochondrial function gene
expression (mtDNA replication and repair [POLG1, POLG2, and
SSBP1], mitochondrial fission [Drp1 and Fis1], and fusion [Mfn2]),
as it induces mitochondrial gene expression at the level of
both the nuclear and mitochondrial genomes (Lin et al., 2005;
St-Pierre et al., 2006). The factor SIRT1, originally described
as a factor regulating apoptosis and DNA repair, is highly
sensitive to cellular redox and nutritional status and is known
to control genomic stability and cellular metabolism (Sinclair,
2005). Previous studies have reported that SIRT1 physically
interacts with and deacetylates PGCla at multiple lysine sites,
consequently increasing the PGClo activity and regulating
the redox status, lipid oxidation enzymes (MCD and MCAD),
and mitochondrial gene expression (SDH, UCP2, COX2, and CS)
(Sinclair, 2005; Sdnchez-Ramos et al., 2011). The factor ZO1, which
is correlated with paracellular permeability, together with OCLN
and CLDN are key regulators of cell permeability (Gu et al., 2011).
To our knowledge, this is the first study to show the effects of
DMG-Na salt on the LM redox status and mitochondrial function
of IUGR weaned piglets via the Nrf2/SIRT1/PGCla network, and
further work is still needed to elucidate this specific mechanism.

In conclusion, this study demonstrated that DMG-Na salt
could effectively reduce skeletal muscle structure damage
and dysfunction in IUGR weaned piglets. We also found that
DMG-Na salt could directly neutralize excessive free radicals and
indirectly improve the redox status and inhibit the abnormal
expression of stress-related factors via the Nrf2/SIRT1/PGCla
network. Therefore, this suggests that DMG-Na salt can serve
as a health-promoting substance and can be used to treat
skeletal muscle disorder in IUGR weaned piglets to improve
their performance.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.
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