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Abstract

This investigation evaluated the potential of natural antioxidants, pterostilbene (PT) and its parent compound resveratrol
(RSV), to alleviate hepatic damage, redox imbalance, mitochondrial dysfunction, and endoplasmic reticulum (ER) stress in
early-weaned piglets. A total of 144 suckling piglets were randomly assigned to four treatments (six replicates per group,

n = 6): 1) sow reared, 2) early weaned and fed a basal diet, 3) early weaned and fed the basal diet supplemented with

300 mg/kg PT, or with 4) 300 mg/kg RSV. Early weaning increased plasma alanine aminotransferase (P = 0.004) and aspartate
aminotransferase (P = 0.009) activities and hepatic apoptotic rate (P = 0.001) in piglets compared with the sow-reared
piglets. Early weaning decreased hepatic adenosine triphosphate (ATP; P = 0.006) content and mitochondrial complexes

III (P = 0.019) and IV activities (P = 0.038), but it increased superoxide anion accumulation (P = 0.026) and the expression
levels of ER stress markers, such as glucose-regulated protein 78 (P < 0.001), CCAAT/enhancer-binding protein-homologous
protein (P = 0.001), and activating transcription factor (ATF) 4 (P = 0.006). PT was superior to RSV at mitigating liver injury
and oxidative stress after early weaning, as indicated by decreases in the number of apoptotic cells (P = 0.036) and the levels
of superoxide anion (P = 0.002) and 8-hydroxy-2 deoxyguanosine (P < 0.001). PT increased mitochondrial deoxyribonucleic
acid content (P = 0.031) and the activities of citrate synthase (P = 0.005), complexes I (P = 0.004) and III (P = 0.011), and ATP
synthase (P = 0.041), which may contribute to the mitigation of hepatic ATP deficit (P = 0.017) in the PT-treated weaned
piglets. PT also prevented increases in the ER stress marker and ATF 6 expression levels and in the phosphorylation of
inositol-requiring enzyme 1 alpha caused by early weaning (P < 0.05). PT increased sirtuin 1 activity (P = 0.031) in the liver of
early-weaned piglets than those in the early-weaned piglets fed a basal diet. In conclusion, PT supplementation alleviates
liver injury in weanling piglets probably by inhibiting mitochondrial dysfunction and ER stress.
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Abbreviations

8-OHDG 8-hydroxy-2 deoxyguanosine

ALT alanine aminotransferase

AST aspartate aminotransferase

ATP adenosine triphosphate

CAT catalase

DAPI 4’-6-diamidino-2-phenylindole

DHE dihydroethidium

ER endoplasmic reticulum

ETC electron transfer chain

GPx glutathione peroxidase

GST glutathione S-transferase

H&E hematoxylin and eosin

HRP horseradish peroxidase

MDA malondialdehyde

mtD-loop mitochondrial

D-loop mtDNA, mitochondrial
deoxyribonucleic acid

NRF1 nuclear respiratory factor 1

NRF2 nuclear factor erythroid 2-related
factor 2

OXPHOS oxidative phosphorylation

PBS phosphate-buffered saline

PT pterostilbene

RSV resveratrol

SOD superoxide dismutase

TBS tris-buffered saline

TCA tricarboxylic acid

TEM transmission electron microscopy

TUNEL terminal deoxynucleotidyl
transferase-mediated dUTP nick-end
labeling

UPR unfolded protein response

W-RSV piglets fed a resveratrol-
supplemented diet from 21 to 28 d of
age

XBP1 X-box-binding protein 1

Introduction

Intensive swine production depends on high stocking densities
and high yield, but these requirements increase the exposure
risk of piglets to various stressful events and especially weaning
stress. Early weaning is one of the most stressful periods for
piglets and imposes a series of stressors resulting from dietary,
physiological, and environmental changes that can lead to
postweaning growth checks and inferior resistance to diseases
(Sutherland et al., 2006; Campbell et al., 2013).

The liver, as the largest internal organ, is vulnerable to
damage at weaning because of its functional immaturity and
continuous exposure to intestinally derived pathogens and
toxins (Seki and Schnabl, 2012). Recent evidence demonstrates
an increase in oxidative damage in the liver of weanling piglets,
an outcome that occurs when prooxidants overwhelm the
cellular antioxidant capacity (Luo et al., 2016; Novais et al., 2020).
Abrupt weaning evokes free radical overproduction and perturbs
cellular antioxidant mechanisms, resulting in oxidative damage
to biological substrates, including nucleic acids, proteins, and
lipids (Zhu et al., 2012; Yin et al., 2014; Luo et al., 2016; Novais
et al., 2020). The biological damage inflicted by oxidative stress
is deleterious to the normal liver functions, which included
nutrient metabolism, toxin clearance, and systemic defense.

Oxidative stress has also been implicated in the escalating
disease outbreaks in swine production (Vollmar and Menger,
2009). In this regard, a need exists for the development of
strategies that facilitate natural defense mechanisms against
oxidative damage to ensure the functionality of the liver during
the stressful practice of early weaning.

One strategy that can reduce early weaning stress is dietary
supplementation with antioxidants. The stilbenes, primarily
found in grapes, berries, and peanuts, are a promising class
of bioactive botanical compounds that exhibit promising
health benefits by their antioxidant, anti-inflammatory, and
hepatoprotective actions (Vladislav et al., 2006; Price et al., 2012;
Zhang et al, 2020a). The best-studied stilbene is resveratrol
(RSV), but RSV has several pharmacological defects, including
a short half-life, extensive phase II metabolism, and poor
bioavailability when administered orally (Baur and Sinclair,
2006; Choo et al., 2014; Rauf et al., 2017). These defects, therefore,
limit the potential usefulness of RSV as a hepatoprotective
agent in animal production. However, its naturally occurring
dimethylether analog, pterostilbene (PT), has been attracting
increasing attention as a dietary antioxidant with greater
bioavailability and hepatic stability (Song et al., 2019; Wu et al.,
2020; Zhang et al., 2020a).

The dimethoxy structure that distinguishes PT from
RSV decreases the possibility of phase II reactions, thereby
endowingPT with aslower clearance,amore abundantplasma
exposure, and a longer elimination half-life (Yeo et al., 2013).
The partial methylation also enhances the lipophilicity of PT
to promote its membrane permeability and biological potency
(Choo et al., 2014). Notably, orally administered PT exhibits
abundant distribution to the liver (Choo et al., 2014),
raising the possibility that PT may be a favorable candidate
for further development as a therapeutic. However, the
possibility that PT might alleviate weaning-induced liver
injury has not been investigated. The aim of the present
study was, therefore, to compare PT to its parent compound
RSV for its effects on hepatic damage, redox status, and
mitochondrial and endoplasmic reticulum (ER) function in
weanling piglets.

Materials and Methods

Animals, diet, and housing

The animal experimentation and the corresponding protocols
performed in this study (Permit number SYXK-2017-0027)
complied with the guidelines of the Nanjing Agricultural
University Institutional Animal Care and Use Committee. In
total, 144 male suckling piglets (Duroc x [Landrace x Yorkshire])
were selected at age 21 d and then randomly assigned to four
treatment groups (six replicates per group, n = 6): a sow-reared
group (SR-CON), a weaned group fed a basal diet (W-CON), a
weaned group fed a diet supplemented with 300 mg/kg of PT
(W-PT), and a weaned group fed a diet supplemented with
300 mg/kg RSV (W-RSV). The SR-CON piglets were retained in
the farrowing pens and were nursed by the sows until 28 d of
age, whereas the remaining groups were moved to the weaner
unit and fed the experimental diets. The dosages of PT and
RSV used were selected according to the findings of previous
investigations (Zhang et al.,, 2015; Gan et al., 2019). Dietary
ingredients and the nutrient contents of the basal diet are
presented in Supplementary Table S1. Feed and water were
available ad libitum.
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Sample collection

At the end of the feeding experiment, one piglet was randomly
selected from each replicate (24 piglets in total). The selected
piglets were euthanized by exsanguination after electrical
stunning, and liver tissue was immediately collected from
the left lobes. A portion of each liver sample was fixed in 4%
paraformaldehyde (#P1110; Solarbio, Beijing, China), 2.5%
glutaraldehyde (#G7776; Sigma-Aldrich, St. Louis, MO, USA),
and optimal cutting temperature medium (#4583; Solarbio)
for subsequent analyses. Approximately, 10 g of the fresh
liver was collected from the same position for the isolation of
mitochondria. The remaining liver tissues were stored at -80 °C
until biochemical assays.

Plasma aminotransferase activities

Circulating alanine aminotransferase (ALT; #C009-2-1) and
aspartate aminotransferase (AST; #C010-2-1) activities were
determined by colorimetric methods using commercial kits
(Nanjing Jiancheng Institute of Bioengineering Nanjing, Jiangsu,
China).

Histopathology

After fixation in 4% paraformaldehyde for 24 h, the liver
specimens were dehydrated, embedded in paraffin, cut into
S5 pm sections, and stained with hematoxylin and eosin (H&E).
Histological fields were randomly selected and images were
captured with a light microscope (Nikon Eclipse 80i; Nikon,
Tokyo, Japan). Histopathological alterations were evaluated by a
histopathologist blinded to the group distribution.

Apoptosis

The number of apoptotic liver cells was determined with a
One-step Terminal Deoxynucleotidyl Transferase-mediated
dUTP Nick-end Labeling (TUNEL) Assay Kit (#A113-03; Vazyme,
Nanjing, Jiangsu, China) according to the manufacturer’s
instructions. Briefly, the liver sections (5 pm) were pretreated
with 20 pg/mL proteinase K at 25 °C for 15 min, followed by
incubation with the TUNEL reagents in the dark at 37 °C for 1 h.
The nuclei were identified by staining with 4’-6-diamidino-2-
phenylindole (DAPI) dissolved in anti-fade mounting medium
(#P0131; Beyotime, Shanghai, China). The number of TUNEL-
labeled cells in 15 randomly fields per section was quantified
by a blinded observer using a fluorescence microscope (Nikon
Eclipse 80i).

Transmission electron microscopy

Liver tissues were fixed overnight at 4 °C in 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer and then post-fixed for 1 h
in 1% osmium tetroxide. After dehydration using standard
protocols, the specimens were embedded in epoxy resin and
ultrathin sections were prepared (Reichert Ultracut microtome,
Leica, Deerfield, IL, USA) and imaged by a TEM (Hitachi H-7650,
Tokyo, Japan).

Immunohistochemical staining

Paraffin-embedded liver sections (5 um) were deparaffinized,
rehydrated, and rinsed for 10 min in 0.1 M phosphate-buffered
saline (PBS). Endogenous peroxidase activity was inhibited
by treatment of the sections with 3% hydrogen peroxide for
30 min in the dark. The sections were then incubated with a
primary rabbit polyclonal antibody against glucose-regulated
protein 78 (GRP78; #11587-1-AP; Proteintech, Chicago, IL, USA)
overnight in a humid chamber. After washing with PBS, the
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sections were incubated with a horseradish peroxidase (HRP)-
conjugated goat anti-rabbit secondary antibody (#SA00001-2;
Proteintech) at 25 °C for 1 h. The dilution for both antibodies
was 1:100 in Tris-buffered saline (TBS) and 5% skimmed milk.
The color of HRP was developed with a Diaminobenzidene HRP
Color Development Kit (#20203; Beyotime) and observed by light
microscopy (Nikon Eclipse 80i).

Superoxide anion levels

Hepatic superoxide accumulation was detected with a fluorescent
dye, dihydroethidium (DHE; #309800; Sigma-Aldrich, St. Louis, MO,
USA), based on the methods described by Yueh et al. (2014). DHE
is an oxidant-sensitive fluorescent probe that can interact with
intracellular superoxide anion to produce a fluorescent signal
(Zhao et al., 2003). Briefly, liver cryosections (5 pm) were incubated
with 10 uM DHE at 37 °C for 30 min. Cells staining positive for the
oxidized dye were detected by fluorescence microscopy (Nikon
Eclipse 80i). Ten random fields per section were quantified using
Image J software (NIH, Baltimore, MD, USA).

Redox status

Hepatic superoxide dismutase (SOD; #A001-1-2), glutathione
peroxidase (GPx; #AO005-1-2), and catalase (CAT; #A007-1-1)
activities and malondialdehyde (MDA; #A003-1-2) content
were measured using colorimetric kits (Nanjing Jiancheng
Institute of Bioengineering) according to the manufacturer’s
protocols. Glutathione S-transferase (GST; #GST-2-W) activity
was measured based on ultraviolet spectrophotometry using
a detection assay kit (Suzhou Comin Biotechnology Co., Ltd.).
The concentration of hepatic 8-hydroxy-2 deoxyguanosine (8-
OHDG; #589320-96S) was determined by an enzyme-linked
immunosorbent assay using a commercial kit (Cayman
Chemical; Ann Arbor, MI, USA).

Mitochondrial enzyme activities

A commercial kit was used to extract mitochondria from the
fresh liver tissues (#SM0020; Solarbio). The protein content of
the mitochondrial suspension was determined, and then the
activities of citrate synthase (CS; #BC1065); electron transport
chain complexes I (#BC0515), II (#BC3230), III (#BC3240), and IV
(#BC0945); and adenosine triphosphate (ATP) synthase (#BC1445)
were determined using colorimetric kits (Solarbio), following the
manufacturer’s guidelines.

Hepatic ATP content

The liver samples were weighed, ground, blended with boiling
double-distilled H,O, boiled for 30 min, and then centrifuged at
4,000 x g for 15 min. The resulting supernatant was collected,
and the ATP content was determined with a commercial kit
(Nanjing Jiancheng Institute of Bioengineering).

Mitochondrial deoxyribonucleic acid content

Total DNA was extracted from frozen liver samples with the
TIANamp Genomic DNA kit (#DP304-03; Tiangen, Beijing, China).
Real-time polymerase chain reaction (PCR) was used for the
relative quantification of mitochondrial deoxyribonucleic acid
(mtDNA) copy number using the QuantStudio 5 Real-time
PCR System (Applied Biosystems, Life Technologies, CA, USA)
and the ChamQ SYBR gPCR master mix (#Q311-02; Vazyme),
according to the manufacturer’s recommended protocols. The
mitochondrial D-loop (mtD-loop) was selected as the indicator
of mtDNA, and beta actin (ACTB), a marker of nuclear DNA, was
used as the internal control. The primers were as follows. The
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mtD-loop forward: 5'-GATCGTACATAGCACATATCATGTC-3', reverse:
5- GGTCCTGAAGTAAGAACCAGATG-3. The ACTB forward:
5-CCCCTCCTCTCTTGCCTCTC-3; reverse: 5-AAAAGTCCTAGGAA
AATGGCAGAAG-3'. The 2% method was performed to calculate
the copy number of mtDNA (Livak and Schmittgen, 2001).

Sirtuin 1 activity

Nuclear extracts from fresh liver tissues were prepared using
a Nuclear Protein Extraction Kit (#P0028; Beyotime). Sirtuin 1
(SIRT1) activity in the hepatic nuclear protein was evaluated
using a commercial assay kit obtained from Genmed (#50287.2;
Shanghai, China). The experimental procedures were performed
following the instructions of the manufacturers.

Gene expression

The methods for isolation and quality determination of total
RNA and for the synthesis of complementary DNA were as
described previously (Zhang et al., 2020b). Real-time PCR was
carried out with SYBR Green reagent to measure the expression
of SIRT1, peroxisome proliferation-activated receptor gamma
co-activator 1 alpha (PGC-1a), mitochondrial transcription
factor A (TFAM), nuclear respiratory factor 1 (NRF1), estrogen-
related receptor alpha (ERRa), peroxisome proliferator-activated
receptor alpha (PPARa), carnitine palmitoyltransferase 1A
(CPT1A), GRP78, GRP94, CCAAT/enhancer-binding protein-
homologous protein (CHOP), activating transcription factor 4
(ATF4), ER oxidoreductase 1 alpha (ERO1A), ER oxidoreductase 1
beta (ERO1B), glyceraldehyde-3-phosphate dehydrogenase, and
ACTB, following the manufacturer’s recommended protocols.
Fluorescence measurements were made using a QuantStudio
5 Real-time PCR System instrument (Applied Biosystems).
Supplementary Table S2 presents the details of the primer
sequences used in this work. The cDNA input levels of each
sample were normalized using its ACTB expression. The 2-3¢t
method was used for comparisons between the groups (Livak
and Schmittgen, 2001).

Western blotting

Protein extracts were prepared by lysing approximately 100 mg
of liver samples in 1:9 (wt/vol) lysis buffer containing protease
and phosphatase inhibitors. Nuclear protein was extracted from
fresh liver samples as mentioned above. After centrifugation,
the supernatant was mixed with sodium dodecyl sulfate sample
buffer and then boiled for 5 min. The protein concentration
was determined and an equal amount of isolated protein
was separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The separated proteins were then transferred
to Immobilon-P transfer membranes. The membranes were
blocked with 5% skimmed dry milk in TBS combined with 0.2%
Tween-20 for 2 h at room temperature. The membranes were
then immunoblotted using rabbit polyclonal antibodies against
nuclear factor erythroid 2-related factor 2 (NRF2; #ab92946;
Abcam, Cambridge, MA, USA), histone H3 (#5192S; CST, Danvers,
MA, USA), GRP78 (#11587-1-AP; Proteintech), inositol-requiring
enzyme 1 alpha (IREla; #bs8680R; Bioss Biotechnology, Beijing,
China), protein kinase RNA-like ER kinase (PERK; #24390-
1-AP; Proteintech), phospho-IRElo (Ser’?; #bs-4308R; Bioss
Biotechnology), phospho-PERK (Thr®®; #bs-3330R; Bioss
Biotechnology), ATF6 (#24169-1-AP; Proteintech), and ACTB
(#20536-1-AP; Proteintech). Immunoreactivity was detected with
a goat anti-rabbit secondary antibody (#SA00001-2; Proteintech)
and then developed using an enhanced chemiluminescence
HRP substrate (#WBKLS0100; Millipore, Bedford, MA, USA). The

gray scale values of the bands were measured using the Gel-
Pro Analyzer program, version 4.0 (Media Cybernetics, Inc., MD,
USA).

Statistical analysis

Data were analyzed using the IBM SPSS Statistics software,
version 22.0. Statistical differences were assessed using one-
way analysis of variance, followed by the Tukey’s post hoc test
for the comparison between two groups. The criterion for the
statistical significance was P < 0.05. All data are presented as
mean values and standard errors (mean + SE).

Results

Hepatic injury

To monitor the severity of hepatic damage induced by early
weaning, we first carried out a histopathological analysis
of the livers of these piglets and measured the levels of liver
cell apoptosis. Livers from the SR-CON group showed normal
hepatocyte architecture with well-preserved cytoplasm
(Figure 1A). A few vacuoles were seen in the cytoplasm
of hepatocytes from the W-CON piglets, along with mild
disorganization of the parenchyma. These defects were
completely absent in the PT-supplemented piglet livers, but
only moderately reduced by RSV supplementation. The W-CON
piglets exhibited an increase in hepatic apoptosis (P =0.001) when
compared with the SR-CON piglets (Figure 1B and Table 1). The
activities of plasma ALT (P = 0.004) and AST (P = 0.009) were also
substantially higher in the W-CON piglets than in their SR-CON
counterparts. After the 1-wk feeding trial, PT supplementation
prevented the appearance of increased plasma ALT activity
(P = 0.002) and the greater number of hepatic apoptotic cells
(P = 0.036) induced by early weaning. However, these effects
were not prevented by supplementation with RSV (P > 0.05).

Hepatic oxidative stress

Since oxidative stress has been reported to be increased in
piglets at weaning (Zhu et al.,, 2012; Yin et al., 2014; Luo et al.,
2016; Novais et al., 2020), we tested the accumulation of
superoxide anion and the contents of MDA (main end product
of lipid peroxidation) and 8-OHDG (the predominant form
of free radical-induced lesions of DNA) in the liver of piglets.
Early weaning resulted in dramatic increases in superoxide
accumulation (P = 0.026) in the liver (Figure 2A and B). The
levels of hepatic MDA (P = 0.001) and 8-OHDG (P < 0.001) were
significantly higher in the W-CON piglets than in the SR-CON
piglets (Figure 2C and D). Treatment with PT prevented the early
weaning-induced accumulation of superoxide anion (P = 0.002)
in the liver. PT effectively inhibited the increases in 8-OHDG
content (P < 0.001) induced by early weaning. The hepatic levels
of MDA (P = 0.012) and 8-OHDG (P < 0.001) were also higher in
the piglets fed the RSV-supplemented diet than in the piglets
nursed by the sows.

Hepatic antioxidant capacity

Next, we analyzed the activities of hepatic antioxidant enzymes
and the levels of NRF2 nuclear translocation. The activities
of hepatic SOD (P = 0.029) and CAT (P = 0.009) were higher in
the W-CON group than in the SR-CON group (Table 2). Both PT
(P =0.004) and RSV (P = 0.001) treatments suppressed this early
weaning-induced increase in hepatic CAT activity. No difference
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Figure 1. Effects of PT and RSV supplementation on hepatic morphology and the number of apoptotic cells in weanling piglets. (A) Representative histopathological
images of H&E staining (200x and 400x magnification); (B) Representative micrographs of TUNEL staining (200x and 1,000x magnification).

Table 1. Effects of PT and RSV supplementation on plasma aminotransferase activities and hepatic apoptosis in weanling piglets'?

Items SR-CON W-CON W-PT W-RSV
Plasma

ALT, U/L 12.63 + 1.36 23.83 +2.51° 11.70 £ 0.89° 19.17 £ 2.59

AST, U/L 19.70 £ 3.01 46.76 + 8.152 26.97 £ 5.49 33.10 £ 2.55
Liver

TUNEL-positive cells, % 0.78 +0.16 2.18 +0.242 1.29 + 0.25° 1.54 £ 0.19

Walues are means + SE, n = 6.

2SR-CON, sow-reared control; W-CON, weaned group fed basal diet; W-PT, weaned group fed basal diet supplemented with 300 mg/kg PT;
W-RSV, weaned group fed basal diet supplemented with 300 mg/kg RSV.
2P < 0.05 compared with SR-CON group; P < 0.05 compared with W-CON group.
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was observed for GPx or GST activities in the four groups (P >
0.05). Piglets in the W-PT group showed a significant increase
in the amount of nuclear NRF2 protein (P = 0.001; Figure 3)
compared with those in the SR-CON group. However, RSV did
not affect the accumulation of nuclear NRF2 protein in the liver
of W-RSV piglets compared with either SR-CON or W-CON group
(P >0.05).

Hepatic energy metabolism

Energy homeostasis is susceptible to reactive oxygen
species (ROS)-mediated oxidative stress (Pike et al., 2011; Wu
etal.,2014). We accordingly tested the efficiency of mitochondrial
oxidative metabolism and ATP production in the liver. Hepatic
ATP content (P = 0.006) and mitochondrial electron transfer
chain (ETC) complexes III (P = 0.019) and IV activities (P = 0.038)
were lower in the W-CON piglets than in the SR-CON piglets
(Table 3). Treatment with PT significantly increased hepatic ATP
concentration (P = 0.017) and the activities of mitochondrial CS
(P = 0.005), complexes I (P = 0.004) and III (P = 0.011), and ATP
synthase (P = 0.041) in the weanling piglets compared with the
basal diet. The activity of hepatic complex I (P = 0.025) was also
higher in the RSV-treated weaned piglets than in the piglets fed
the unsupplemented basal diet.

Hepatic mtDNA content and SIRT1 activity

To further investigate the mechanisms by which stilbenes
stimulated hepatic energy metabolism, the analyses of hepatic
mtDNA content and SIRT1 activity were performed. Early
weaning of piglets had no effect on the hepatic mtDNA copy
number or SIRT1 activity when compared with piglets nursed
by the sows (P > 0.05; Figure 4). Dietary PT supplementation
significantly increased the mtDNA content (P = 0.031) in the
livers of early-weaned piglets compared with the SR-CON
piglets. PT also elevated the activity of hepatic SIRT1 over that
in the SR-CON (P = 0.018) or the W-CON piglets (P = 0.031). By
contrast, RSV treatment had no effect on mtDNA content or
SIRT1 activity (P > 0.05).
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Hepatic genes expression

We then extended our analysis by examining the expression
of genes related to mitochondrial biogenesis and energy
metabolism. No difference was detected in the mRNA abundance
of hepatic genes related to mitochondrial biogenesis or fatty
acid oxidation in the SR-CON and W-CON groups (P > 0.05;
Table 4). Supplementation of the weanling piglet diet with PT
significantly increased the mRNA abundance of hepatic SIRT1
(P = 0.024) above that in the suckling piglets. PT also increased
the expression levels of hepatic PPARa and CPT1A mRNA above
that seen in the suckling piglets or the weanling piglets fed
the unsupplemented basal diet (P < 0.05). PT supplementation
also substantially upregulated the mRNA abundance of NRF1
(P=0.007) and TFAM (P = 0.030) in the liver above that of weanling
piglets fed the basal diet alone. By contrast, supplementation
with RSV did not alter the mRNA levels of these genes (P > 0.05).

Hepatic ER stress

Disruption in the ER hemostasis has also been implicated in the
development of liver damage associated with oxidative stress
(Malhotra and Kaufman, 2007). We finally tested the severity
of hepatic ER stress in piglets. Hepatocytes from the SR-CON
group contained round nuclei, rod-shaped mitochondria, and
abundant and well-developed ER (Figure 5A). By contrast, the
ER of W-CON piglets exhibited obvious signs of ultrastructural
injury, as characterized by dilated cisternae, which were rarely
observed in the SR-CON piglets. Dietary supplementation
with the two stilbenes, and particularly with PT, suppressed
this ER swelling in the hepatocytes. Immunohistochemical
and Western blot analyses indicated that early weaning
significantly increased the expression of hepatic GRP78
(P = 0.047), a sensitive marker of ER stress (Figure 5B and C).
The mRNA levels of hepatic GRP78 (P < 0.001), CHOP (P = 0.001),
ATF4 (P = 0.006), and ERO1A (P = 0.006) were all increased in
the W-CON group above the levels observed in the SR-CON
group (Figure 5D). The phosphorylation of IREla (P = 0.018)

o

8-OHDG,
ng/mg DNA

Figure 2. Effects of PT and RSV supplementation on hepatic oxidative stress in weanling piglets. (A and B) Hepatic superoxide anion levels measured with DHE
fluorescent probe; (C) MDA content, and (D) 8-OHDG content. Values are represented as mean =+ SE, n = 6. *Significant difference compared with SR-CON. ®Significant

difference compared with W-CON.
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Table 2. Effects of PT and RSV supplementation on hepatic antioxidant enzyme activities in weanling piglets'?

Items SR-CON W-CON W-PT W-RSV
SOD, U/mg protein 112.73 £ 6.12 155.13 + 12.872 134.82 +9.36 136.54 + 9.67
GPx, U/mg protein 96.69 + 9.86 71.79 +4.74 86.63 + 9.80 77.21 +12.10
CAT, U/mg protein 151.40 + 17.84 227.12 + 15.18 143.13 £ 3.86° 130.41 + 18.04°
GST, U/mg protein 59.46 + 2.74 66.07 +1.89 60.20 + 1.29 67.76 +5.62

Walues are means + SE, n = 6.

2SR-CON, sow-reared control; W-CON, weaned group fed basal diet; W-PT, weaned group fed basal diet supplemented with 300 mg/kg PT;

W-RSV, weaned group fed basal diet supplemented with 300 mg/kg RSV.

3P < 0.05 compared with SR-CON group; P < 0.05 compared with W-CON group.

F & 4 3 a
O F A S .
c;};-p_:\(" q\g q\g' l
- — [
Histone H3 —> [ S0 e |

NRF2/Histone H3
fold to SR-CON

Figure 3. Effects of PT and RSV supplementation on the expression levels of
nuclear NRF2 protein in the liver of piglets. Values are represented as mean + SE,
n = 6. *Significant difference compared with SR-CON.

and the protein content of ATF6 (P = 0.031) were also higher
in the livers of the W-CON group than in the SR-CON group
(Figure 5E and G). Supplementation with PT decreased the
expression of GRP78 at both the mRNA (P < 0.001) and protein
levels (P = 0.014). The mRNA levels of CHOP (P = 0.002), ATF4
(P = 0.005), and ERO1A (P = 0.004), the phosphorylation of
IREla (P = 0.002), and ATF6 protein content (P < 0.001) were
also reduced by PT supplementation to levels close to those in
the sow-reared piglets. PT supplementation also increased the
phosphorylation of hepatic PERK in the weanling piglets above
those in either suckling piglets (P = 0.057) or piglets fed a basal
diet (P = 0.037; Figure 5F). RSV treatment also decreased the
hepatic GRP78 (P < 0.001) and ATF4 mRNA (P = 0.002) and IREla
phosphorylation levels (P = 0.031).

Discussion

Early weaning of piglets is frequently accompanied with liver
disorders and oxidative damage, but the underlying mechanism
remains poorly explored (Luo et al., 2016; Novais et al., 2020).
The findings presented here are the first to indicate that that
early weaning results in hepatic mitochondrial dysfunction and
ER stress that may be critical factors in the hepatic oxidative
stress of piglets. Cellular redox status is closely linked to
mitochondrial function and ER homeostasis, so disruption of
any of these three elements, as often occurs at weaning, creates
a vicious with eventual outcomes of cellular dysfunction and
oxidative damage (Cao and Kaufman, 2013).

In the present study, the supplementation of the weanling
piglet diet with PT alleviated the early-weaning hepatic damage
and oxidative stress probably by suppressing mitochondrial
dysfunction and ER stress. By contrast, supplementation with
RSV at an equivalent dose failed to achieve a comparable
protection, most likely reflecting the differences between RSV
and PT in terms of oral bioavailability and hepatic stability (Yeo
et al.,, 2013; Choo et al., 2014).

PT increased the expression and activity of hepatic SIRT1,
a master regulator of metabolic homeostasis, mitochondrial
function, and cellular resistance to stress (Li et al., 2011; Chang
and Guarente, 2014). These alterations may contribute to the
mitigation of hepatic dysfunction after PT treatment. For
example, Price et al. (2012) have reported that SIRT1 is required
for the protective effect of RSV on mitochondrial respiration and
membrane potential. Likewise, other recent evidence has also
indicated the importance of SIRT1 activation in the protective
action of PT against acute and chronic liver disorders involving
mitochondrial dysfunction and metabolic derangements (Liu
et al,, 2017; Song et al., 2019; Wu et al., 2020; Zhang et al., 2020a).

Several natural stilbenes, such as RSV and PT, can increase
SIRT1 activity by facilitating the binding affinity between SIRT1
and its substrates (Hubbard et al., 2013; Zhang et al., 2020a). In
the current work, PT was superior to RSV in terms of activating
hepatic SIRT1 activity in weanling piglets. PT and RSV differ
in their pharmacological properties, but an in vitro study
further revealed that PT also has a distinct molecular docking
mechanism with SIRT1. RSV simply interacts with Cys*? and
Ser*? of SIRT1, whereas PT embeds nicely into the catalytic
pocket of SIRT1 at Cys*? and Arg*® (Guo et al., 2016).

PT has also been reported to prevent the downregulation of
SIRT1 induced by different harmful stimuli (Guo et al., 2016; Liu
et al.,, 2019). Wu et al. (2020) further showed that PT promotes
hepatic SIRT1 expression by suppressing its negative modulator
microRNA-34a. These findings may explain the observed
increases in hepatic SIRT1 mRNA abundance and activity by
dietary PT supplementation in the present study. The activation
of SIRT1 would be expected to confer protection that could
facilitate mitochondrial energy metabolism. For instance, one
effect of PT would be an improvement of CS activity, which
would facilitate mitochondrial oxidative phosphorylation
(OXPHOS) and increase ATP generation.

CS plays a vital role in the regulation of oxidative metabolism
and ATP production, as it catalyzes the first committed step of
the tricarboxylic acid (TCA) cycle (Cheng et al., 2016). Similar
findings of increased CS activity were also observed in the
PT-treated obese rats (Aguirre et al., 2016). Liu et al. (2019) have
also shown that PT ameliorates the ATP depletion observed in
H9c2 cells exposed to doxorubicin. Increased ATP production was
also found in C2C12 myotubes after treatment with PT (Zheng
et al., 2020). The findings presented here for weanling piglets
further corroborate these previous findings, as PT improved
the efficiency of the mitochondrial TCA cycle and OXPHOS in
the liver of piglets and may have helped to alleviate the energy
deficiency and liver disorders induced by early weaning.

A second PT effect was that it apparently enhanced hepatic
mitochondrial biogenesis in early-weaned piglets, as indicated
by the increase in mtDNA content in the W-PT group. PT has
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Table 3. Effects of PT and RSV supplementation on hepatic ATP production and mitochondrial oxidative metabolism in weanling piglets®?

Items SR-CON W-CON W-PT W-RSV

ATP, umol/g wet weight 38.92 +5.54 18.88 + 2.81* 36.56 + 3.60° 29.03 +2.41
CS, U/mg protein 100.86 + 5.64 63.39 +5.53 117.76 + 16.74° 73.04 +7.36
Complex I, U/mg protein 5.41 +0.63 4.05+0.55 7.26 + 0.67° 6.58 + 0.40°
Complex II, U/mg protein 8.32+1.17 7.20£1.24 9.70 + 1.65 9.94 + 0.62
Complex III, U/mg protein 8.56 + 0.67 5.26 + 0.60* 8.82+0.67° 7.77 +0.88
Complex IV, U/mg protein 31.70 £ 2.80 17.79 + 2.372 20.52 + 2.90 22.26 +4.81
ATP synthase, U/mg protein 31.94 +3.42 24.18 +1.99 37.51+3.03° 30.06 +4.20

Walues are means + SE, n = 6.

2SR-CON, sow-reared control; W-CON, weaned group fed basal diet; W-PT, weaned group fed basal diet supplemented with 300 mg/kg PT;

W-RSV, weaned group fed basal diet supplemented with 300 mg/kg RSV.

3P < 0.05 compared with SR-CON group; P < 0.05 compared with W-CON group.
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Figure 4. Effects of PT and RSV supplementation on hepatic mtDNA content (A) and SIRT1 activity (B) in weanling piglets. Values are represented as mean + SE, n = 6.
Significant difference compared with SR-CON. *Significant difference compared with W-CON.

recently been reported to improve muscular mitochondrial
biogenesis in rats that in turn are thought to facilitate the
skeletal muscle adaptions shown by the rats in response to
exercise training (Zhengetal.,2020). The mitochondrial genome
content reflects the abundance of mitochondria within a cell
and is regulated by a series of nuclear transcription factors and
hormone nuclear receptors. Kosuru et al. (2018) have reported
that PT improves mitochondrial biogenesis through its role in
upregulating the expression levels of PGC-1a and complexes
III and V subunits. SIRT1 facilitates mitochondrial biogenesis
via PGC-1a, indicating that SIRT1 and PGC-1a both may be part
of an upstream signaling axis that activates nucleus-encoded
genes involved in mitochondrial metabolism (Brenmoehl and
Hoeflich, 2013).

In the early-weaned piglet livers, dietary PT supplementation
increased the mRNA abundance of NRF1, a downstream
effector of the SIRT1/PGC-1a axis that plays an important role
in the transcription of OXPHOS components and mitochondrial
proteins (Aquilano et al., 2010). NRF1 is also responsible for the
activation of TFAM, which is necessary for the transcription,
replication, and maintenance of mtDNA (Kang et al., 2007).
The upregulation of NRF1, as observed in the livers of the W-PT
group, may account for the simultaneous increases in TFAM
expression and mtDNA content. Notably, a rat model of metabolic
derangements also showed that PT was more effective than RSV
at preventing the downregulation of TFAM in the liver (Nirwane
and Majumdar, 2016). A similar effect was also observed in the
present early-weaned piglets, as the expression of hepatic TFAM

was increased by supplementation with PT but not with RSV.
Collectively, the findings in the present study indicate that PT
may improve hepatic mitochondrial biogenesis in early-weaned
piglets by stimulating SIRT1 signals and the expression of
downstream NRF1 and TFAM.

A third PT effect revealed in the present study was that PT
promoted the expression of hepatic PPARa and CPT1A. PPARa
promotes fatty acid oxidation by increasing the transcriptional
expression of several enzymes involved in fatty acid uptake,
transport, and metabolism (Leone et al, 1999), while its
downstream target, CPT1A, acts as a rate-limiting enzyme that
controls long-chain fatty acid oxidation (Nakamura et al., 2014).
The increased PPARa and CPT1A expression indicated a greater
efficiency of fatty acid oxidation in the livers of the W-PT piglets,
in agreement with the improvement in mitochondrial function
and ATP production (Shen et al., 2008; Nakamura et al., 2014).
Fatty acid oxidation is a major source of acetyl coenzyme A that
fuels the mitochondrial TCA cycle and supports subsequent
OXPHOS (Yang et al., 2014).

Available evidence has indicated that PT activates PPARa
expression mostly through the activation of the SIRT1/PGC-1a
axis. A signal interaction occurs in the cross talk between PPARa
and the SIRT1/PGC-1a axis, and this effect may explain how PT
can serve as a dual inducer for the transcriptional expression
of PGC-1a and PPARa in streptozotocin-induced diabetic rats
(Naik et al., 2017). By contrast, RSV did not affect the expression
of PPARa, which may be attributed to the dosage used in the
current study. Oral administration of PT at a low dose (5 mg/
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Table 4. Effects of PT and RSV supplementation on the expression of hepatic genes related to mitochondrial biogenesis and fatty acid oxidation

in weanling piglets*?

Items SR-CON W-CON W-PT W-RSV

SIRT1 1.00 £ 0.18 1.16 £ 0.23 1.81+0.172 1.24£0.13
PGC-1a 1.00 £ 0.13 0.61 +0.05 1.03+0.11 0.95+0.14
NRF1 1.00 +£0.13 0.57 +0.03 1.36 £ 0.13° 0.93+0.24
ERRa 1.00 £ 0.26 0.84 +0.09 0.78 £0.18 1.17 £ 0.39
TFAM 1.00 £ 0.15 0.82+0.13 1.46 +0.15° 1.19+0.16
PPARa 1.00 = 0.09 1.08 £ 0.10 1.96 + 0.24%° 1.20£0.12
CPT1A 1.00 £ 0.31 0.81+0.09 2.11 + 0.14%® 0.74 +0.08

Values are means + SE, n = 6.

2SR-CON, sow-reared control; W-CON, weaned group fed basal diet; W-PT, weaned group fed basal diet supplemented with 300 mg/kg PT;

W-RSV, weaned group fed basal diet supplemented with 300 mg/kg RSV.

P < 0.05 compared with SR-CON group; *P < 0.05 compared with W-CON group.

kg body weight) rescued the downregulation of hepatic PPARa
in estrogen-deficient rats chronically exposed to the aqueous
extract of tobacco leaves, whereas a comparable effect for RSV
was achieved at a dose of 40 mg/kg body weight (Nirwane and
Majumdar, 2016).

PT serves as a potent agonist of PPARa probably through its
direct docking interactions (Mizuno et al., 2008). Nagao et al.
(2017) have demonstrated that PT dose-dependently increases
the activity of PPARa in vitro, an effect that was absent in the
RSV-treated group. The two methoxy groups of PT allow the
formation of hydrogen bond interactions with PPARa at Ser?®
and Tyr**, which are regarded as the critical sites for PPARa
activation (Mizuno et al.,, 2008). In this context, PT prevents
obesity in rats by increasing energy metabolism and especially
fat oxidation (Nagao et al., 2017). Therefore, the upregulation
of PPARa after PT treatment may improve the availability of
substrates for energy metabolism, thereby contributing to
increases in mitochondrial CS, complexes I and III, and ATP
synthase activities and in ATP content in the liver.

In addition to improving mitochondrial energy metabolism,
PT also inhibited the overproduction of superoxide anion.
Consistent with the present findings, animal models of
cerebral ischemia-reperfusion injury show that PT can alleviate
mitochondrial free radical accumulation and oxidative insults
by increasing the activities of ETC complexes I and IV (Yang
et al, 2016). Increases in mitochondrial complex activities,
and particularly complexes I and III, may reduce the leakage
of electrons from the ETC, thereby decreasing the reaction
between free electrons and molecular oxygen and the resulting
formation of superoxide anion (Korla, 2016). PT also has the
potential to prevent the collapse of the mitochondrial membrane
potential and inhibit the translocation of cytochrome c from the
mitochondria to the cytoplasm, thereby conferring protection
to mitochondrial homeostasis under adverse situations (Yang
etal., 2017).

The mechanism by which PT inhibits free radical production
may involve its ability to regulate cellular redox status, as PT is
a potent scavenger of various free radicals. The present study
also found that PT had the potential to promote the nuclear
import of NRF2, a crucial factor that regulates cellular defense
mechanisms. PT has been demonstrated to be a potent agonist
of NRF2 (Chiou et al, 2011; Bhakkiyalakshmi et al., 2016).
Similarly, we recently found that PT activated hepatic NRF2
and its downstream manganese SOD in an acute oxidative
stress model induced by diquat, a redox cycling toxicant that
utilizes molecular oxygen to produce superoxide anion (Zhang
et al,, 2020a). These effects of PT may act in concert to improve

mitochondrial function and protect against hepatic damage in
weanling piglets.

The impaired liver function in early-weaned piglets may also
have involved ER stress. At weaning, multiple adverse stimuli
can create ER stress and result in the accumulation of unfolded
and/or misfolded proteins within the ER lumen and subsequent
activation of the unfolded protein response (UPR) pathways. In
the early-weaned piglets, the increased hepatic expression of
ER stress markers, such as GRP78, paralleled the pathological
alteration of hepatocyte ER structure. Under normal conditions,
the UPR sensors (i.e., IREla, PERK, and ATF6) are restrained by
GRP78 within their intralumenal domains and rendered inactive
(Lebeaupin et al., 2018). Upon ER stress, improperly folded
proteins compete with the UPR sensors for binding to GRP78,
leading to the release of GRP78 from these sensors and they
become activated (Lebeaupin et al., 2018). GRP78 is one of the
downstream targets of UPR pathways, and its expression is
considered a sensitive indicator of ER stress and triggering of
the UPR (Lee, 2005).

In the early-weaned piglets, dietary PT supplementation
significantly inhibited the expression of hepatic GRP78 at both
the mRNA and protein levels. Importantly, PT robustly decreased
the expression levels of CHOP and its downstream ERO1A. In the
initial phase of ER stress, the UPR serves an adaptive role that
can reestablish proteostasis and facilitate cell survival. However,
if the adaptive UPR is overwhelmed by prolonged ER stress, it will
be switched to a proapoptotic response that is mainly regulated
by the UPR components, such as CHOP and ERO1A, and by the
cross talk between ER and mitochondria (Calfon et al., 2002; Cao
and Kaufman, 2013).

Evidence from both in vitro and in vivo studies has shown
that CHOP serves as a potent inducer of ER stress-associated cell
death by activating several proapoptotic proteins (Calfon et al,,
2002; Malhotra and Kaufman, 2007). CHOP also transcriptionally
activates ERO1A, resulting in an exaggerated formation of
free radicals and oxidative products in the ER (Wang et al,
1998; Oyadomari and Mori, 2004). ERO1A has been recognized
as a major inducer of ER-derived free radicals, as the process
of oxidative protein folding involves the generation of one
molecule of hydrogen peroxide during the formation of each
disulfide bond mediated by ERO1A (Gross et al.,, 2006). The
mechanism underlying CHOP-dependent apoptosis is also
related to proapoptotic Ca? signaling (Cao and Kaufman, 2013).
During ER stress, Ca? released from the ER is taken up by nearby
mitochondria and this induces mitochondrial dysfunction, as
indicated by the overproduction of superoxide anion and the
activation of proapoptotic signals (Cao and Kaufman, 2013).
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Figure 5. Effects of PT and RSV supplementation on hepatic ER stress and UPR signals in weanling piglets. (A) Representative images of hepatic ultrastructure observed
by TEM (5,000x magnification); (B) representative images of GRP78 staining (200x magnification); (C) the expression of hepatic GRP78 protein; (D) activation of ER
stress was reflected by the mRNA levels of ER stress-related markers, GRP78, GRP94, CHOP, ATF4, ERO1A, and ERO1B; (E) the phosphorylation of hepatic IRElq; (F) the
phosphorylation of hepatic PERK; and (G) the expression of hepatic ATF6 protein. Values are represented as mean + SE, n = 6. *Significant difference compared with

SR-CON. *Significant difference compared with W-CON.

Therefore, the downregulation of CHOP and ERO1A by PT may
contribute to the mitigation of hepatic apoptosis, free radical
accumulation, and mitochondrial dysfunction in the early-
weaned piglets.

In the current work, PT showed promise for restoring hepatic
UPR signals upon ER stress. The administration of PT decreased
the phosphorylation of hepatic IREla that was dramatically

increased by early weaning. Phosphorylated IRElo. has RNase
activity and catalyzes the splicing of X-box-binding protein 1
(XBP1). The spliced XBP1 (XBP1s) initially promotes an adaptive
UPR by increasing the protein-folding capacity (Cao and
Kaufman, 2013). However, prolonged ER stress shifts XBP1s to
transactivate a cluster of apoptotic and inflammatory targets,
including CHOP. The expression levels of ATF4 mRNA and ATF6



protein were also reduced after PT treatment, and both of
these can transcriptionally activate CHOP during the terminal
phase of the UPR (Pagliassotti, 2012). These findings may reflect
potential mechanisms that would explain the downregulation
of CHOP in the W-PT piglets.

Interestingly, PT increased the phosphorylation of hepatic
PERK, an upstream protein kinase of eukaryotic initiation
factor 2 alpha (elF2a). Activation of PERK phosphorylates elF2a
at serine residue 51 to initiate a transient cellular translational
arrest to mitigate ER workload (Chaudhari et al., 2014).
Paradoxically, the phosphorylated elF20 may also promote a
selective synthesis of ATF4 that activates several UPR-related
genes, including CHOP (Lebeaupin et al., 2018). PERK can also
dissociate the interaction between NRF2 and its inhibitor
Kelch-like ECH-associated protein 1 through phosphorylation
modification, thereby facilitating the nuclear import of NRF2 for
the transcriptional activation of antioxidant and detoxification
enzymes (Cullinan et al., 2003). Thus, the activation of PERK
may offer a possible explanation for the increased expression of
nuclear NRF2 protein in the liver of PT-treated weaned piglets.
The NRF2 signals engage survival responses and coordinate
the convergence of ER stress with oxidative stress, thereby
protecting the cells against free radical-induced oxidative
damage and apoptosis (Cullinan and Diehl, 2006).

The benefits of PT in ameliorating ER stress may also be achieved
through the activation of SIRT1, which is considered a negative
regulator of multiple arms of UPR signaling (Li et al,, 2011; Prola
et al,, 2017; Zhang et al,, 2018). Overexpression of SIRT1 in mice
increases the resistance of the liver to obesity-induced ER stress by
inhibiting IRE-1-dependent splicing of XBP1 (Li et al.,, 2011). SIRT1
deacetylates XBP1s and represses its transcriptional activity (Wang
et al., 2011). Consistently, the activation of SIRT1 by RSV suppresses
the expression of IREla and its downstream GRP78 and CHOP (Zhang
et al,, 2018). In addition, SIRT1 inhibits the activity of elF2a through
deacetylation at its lysine residue 143, which in turmn decreases the
expression of its downstream ATF4 and CHOP (Prola et al., 2017).
SIRT1 can also promote the expression of ER chaperones to facilitate
protein folding, allowing the cells to tackle an increased demand
for protein folding (Jung et al., 2012). These results may explain the
decreases in the phosphorylation of IREla and the expression levels
of ER stress markers observed in the W-PT livers.

In conclusion, this investigation provides insights into the
benefits of PT supplementation for mitigating the liver injury
induced by early weaning in piglets. PT is more potent than its
parent compound RSV in terms of improving mitochondrial
function and ER homeostasis, and these effects probably arise
through its activation of SIRT1. The findings presented here
may help in the development of novel nutrition strategies
to ameliorate hepatic dysfunction in early-weaned piglets.
Considering the similarities between humans and pigs in
anatomy and physiology, the findings obtained here may also
provide a number of important clues to improve the liver
function and health status in human infants after weaning.
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online.
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