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Aspartate Metabolism-Driven Gut Microbiota Dynamics and
RIP-Dependent Mitochondrial Function Counteract

Oxidative Stress
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Aspartate (Asp) metabolism-mediated antioxidant functions have important

1. Introduction

implications for neonatal growth and intestinal health; however, the

antioxidant mechanisms through which Asp regulates the gut microbiota and
influences RIP activation remain elusive. This study reports that chronic
oxidative stress disrupts gut microbiota and metabolite balance and that such
imbalance is intricately tied to the perturbation of Asp metabolism. Under
normal conditions, in vivo and in vitro studies reveal that exogenous Asp
improves intestinal health by regulating epithelial cell proliferation, nutrient
uptake, and apoptosis. During oxidative stress, Asp reduces Megasphaera
abundance while increasing Ruminococcaceae. This reversal effect depends
on the enhanced production of the antioxidant eicosapentaenoic acid
mediated through Asp metabolism and microbiota. Mechanistically, the
application of exogenous Asp orchestrates the antioxidant responses in
enterocytes via the modulation of the RIP3-MLKL and RIP1-Nrf2-NF-xB
pathways to eliminate excessive reactive oxygen species and maintain
mitochondrial functionality and cellular survival. These results demonstrate
that Asp signaling alleviates oxidative stress by dynamically modulating the
gut microbiota and RIP-dependent mitochondrial function, providing a
potential therapeutic strategy for oxidative stress disease treatment.

Oxidative stress represents a substantial
challenge to intestinal integrity and func-
tion in humans and animals. Infants and
young animals with chronic oxidative stress
exhibit wasting (impaired growth perfor-
mance), stunting (reduced feed intake), de-
ficiencies in development and immunity,
and disrupted metabolism."*] Numerous
studies have indicated that inhibiting mito-
chondrial oxidation, which produces excess
reactive oxygen species (ROS), is essential
for understanding and addressing diseases
caused by chronic oxidative damage.[*7] As
a functional amino acid, aspartate (Asp) is
oxidized for energy and regulates mitochon-
drial metabolism.[®] Tt has been reported
that in endothelial cells, inhibition of the
electron transport chain (ETC) leads to re-
duced cell proliferation as well as decreased
Asp levels, but Asp supplementation alone
is not sufficient to rescue the impaired
cell growth caused by ETC deficiency.’!
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This highlights a correlation between mitochondrial dynamics
and Asp metabolism. Furthermore, clinical trials have shown that
exogenous Asp alleviates oxidative stress caused by metabolic dis-
eases, as evidenced by a significant increase in antioxidant en-
zyme activity and mitochondrial ATP levels.[!*!1] These imply
that Asp metabolism may affect the function and differentiation
of mitochondria differently by regulating ROS levels in different
states.

The gut microbiome and metabolism are intricately linked
to the host immune responses to oxidative stress through the
gut-liver axis, as evidenced in several studies.'”>'*] Notably, al-
terations in the gut microbiota of mice on a high-fat diet, such as
a decrease in lactic acid bacterium and an increase in Enterobac-
ter and Escherichia, are strongly linked to oxidative stress. This
imbalance leads to mitochondrial dysfunction and intestinal ep-
ithelial cell apoptosis.'>! Previous report has indicated that pre-
treatment with Asp effectively controls the antioxidant system by
reducing lipid peroxidation in myocardial infarction models in
rats.1 Moreover, dietary supplementation with Asp enhances
intestinal integrity and energy status in piglets, demonstrating
its potential to improve gut health in animal models.'”] Addi-
tionally, the gut microbiota production of short-chain fatty acids,
including acetate, influences the immune response. Acetate, a
result of Asp fermentation, not only modulates the formation of
Asp-derived antimicrobial peptides but also reduces macrophage
tumor necrosis factor-alpha (TNF-a) secretion and activates reg-
ulatory T cells in the pancreas.['®2°] These results suggest that
Asp may participate in improving the gut microbiota and mito-
chondrial function to enhance the antioxidant capacity; however,
the mechanism requires further exploration.

Receptor-interacting protein kinase-1 (RIP1) is the main reg-
ulatory factor in cell survival and death.[?’2)] RIP1 can induce
cell apoptosis via the recruitment of cysteinyl aspartate-specific
protease 8, while also modulating necroptosis through the phos-
phorylation of receptor-interacting protein kinase-3 (RIP3), thus
activating mixed lineage kinase domain-like (MLKL).[2426] Some
studies have shown that suppressing RIP1 expression in rat
embryonic cardiac myocytes can stimulate the Akt/Nrf2 path-
way, thereby mitigating mitochondrial damage and autophagy.?’!
Notably, RIP3 activation in the intestinal epithelial cells ini-
tiates cell death, leading to spontaneous colitis or ileitis in
mice.I?8] Moreover, inhibiting RIP1 ubiquitination in BV2 cells
has been linked to NF-kB deactivation, attenuating TNF-a-
induced neuroinflammation.[?l A recent report has shown that
upon treatment with the Asp metabolite glutamine, RIP3 can
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be phosphorylated and targeted by the pyruvate dehydrogenase
complex (PDC), promoting ROS generation and aerobic respira-
tion in the context of TNF-induced necroptosis.[**} Under star-
vation conditions, RIP1 deficiency leads to an accumulation of
Asp in the mouse brain and heart cells, fueling ATP production
and directly inhibiting autophagy.’!! Hence, we speculate that
the RIP pathway might be a bridge for Asp metabolism to regu-
late oxidative damage. However, the specific mechanisms under-
lying the antioxidant function of the Asp-mediated RIP pathway
have not yet been studied.

Here, we investigated the mechanisms associated with the
role of Asp in mediating the gut microbiota and RIP-dependent
mitochondrial function in a pig model of oxidative stress. We
demonstrated that the gut microbes of piglets were slowly dis-
ordered as oxidative stress persisted and that gut microbiota dys-
biosis further aggravated the progress of oxidative damage and
Asp metabolism. Both in vivo and in vitro results confirmed that
exogenous Asp alleviated oxidative damage and enhanced mito-
chondrial function and cell proliferation, wherein Asp-mediated
gut microbiota-enhanced production of eicosapentaenoic acid
(EPA) by interacting with RIP3-MLKL and RIP1-Nrf2-NF-«B
pathway. Our findings demonstrate that Asp metabolism dynam-
ically modulates gut microbiota and mitochondrial function via
the RIP pathway, consequently protecting against oxidative dam-
age. This may provide a basis for designing therapeutic strategies
against oxidative stress-related diseases.

2. Results

2.1. Oxidative Stress Reduced Growth Development and Altered
the Intestinal Microflora of Weaned Piglet Model

D-galactose (D-gal) was chosen to establish a chronic oxidative
stress piglet model to analyze the development of oxidative stress-
related intestinal diseases (Figure 1A).[32) Administration of D-gal
increased serum ROS and malondialdehyde (MDA) levels while
it decreased the Final body weight (FW), the average daily gain
(ADG), and average daily feed intake (ADFI) (Figure 1B,C), sug-
gesting that the weaned piglet model of chronic oxidative stress
was successfully established. Flow cytometry showed a reduction
in CD3" percentage and an increased CD4+/CD8" ratio follow-
ing D-gal treatment. Serum biochemical analysis showed higher
alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) ac-
tivities and a decrease in hepatic lipase (LIPC) activity under ox-
idative stress (Figure 1D,E). These results suggest that D-gal-
induced chronic oxidative stress inhibits piglet growth and im-
mune function and causes metabolic dysregulation over time.
We analyzed the gut microbiota of weaned piglets using 16S
rRNA sequencing to determine the impact of chronic oxidative
stress. Non-weighted principal co-ordinate analysis revealed a di-
vergence in microbial composition between control and D-gal
groups from d1 to d28, with significant deference emerging on
d28 (Figure 1F). The alpha diversity index, indicating species
richness and diversity, decreased under oxidative stress, with
notable declines in species abundance and in diversity on d14
and d28 (Figure 1G). At the genus level, D-gal treatment signif-
icantly increased Megasphaera and Prevotella_9 colonies but de-
creased Ruminococcaceae (UCG-002 and UCG-005) (Figure 1H
and Figure S1, Supporting Information). By linking SILVA
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Figure 1. Growth performance and intestinal microflora in oxidative stress piglet model. A) The protocol shows the modeling of oxidative stress using
dietary addition of D-gal (10 g kg™') for an experimental period lasting 28 days. B) Initial weight (IW), final weight (FW), average daily gain (ADG),
average daily feed intake (ADF), and feed-to-weight ratio (F/G) of Con and D-gal groups on day 28 (n = 6 per group). C) Concentrations of reactive
oxygen species (ROS) and malondialdehyde (MDA) in serum (n = 6 per group). D) Blood T cell proportion by flow cytometry (n = 4 per group). E)
Serum alkaline phosphatase (ALP), lactate dehydrogenase (LDH), and hepatic lipase (LIPC) concentrations (n = 6 per group). F) Feces were categorized
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classification with the KEGG database via the QIIME platform,
we predicted that altered microbiota affected mitochondrial res-
piratory metabolism, protein and amino acid transport, antibi-
otic synthesis, and the metabolism of various amino acids such
as alanine, aspartate, glutamate, glycine, serine, and threonine
(Figure 1I). These results suggest that oxidative stress dynami-
cally alters the intestinal microbiota profile of weaned piglets.

2.2. Intestinal Microbial and Metabolic Disorders Induced by
Oxidative Stress Were Associated With Insufficient Supply of
Endogenous Aspartate

Our fecal metabolomics analysis showed a distinct separa-
tion in metabolite profiles between the control and D-gal-
treated groups, suggesting that D-gal alters the metabolome
(Figure 2A). There were 23 upregulated and 1351 downreg-
ulated metabolites in the D-gal group compared to the con-
trol group (Figure 2B). ClusterProfiler analysis identified the
KEGG pathways with differentially abundant metabolites were
enriched. The pathways most impacted included xenobiotics
metabolism by cytochrome P450, biosynthesis of pantothenate,
CoA, phenylalanine, tyrosine, tryptophan, ubiquinone, and other
terpenoid-quinone (Figure 2C). Essential differential metabo-
lites such as L-asparagine, 5-phosphoribosylamine, gamma-
aminobutyric acid, chorismate, and L-phenylalanine were iden-
tified within these pathways (Figure 2D). The association analy-
sis heat map indicated an extremely strong correlation between
the main differential metabolites and differential microflora:
Ruminococcaceae_UCG-005 was positively correlated with 21 dif-
ferential metabolites, while Megasphaera and Prevotella_9 were
negatively correlated with 20 and 19 differential metabolites, re-
spectively (Figure 2E). Significant decreases in Asp, glutamate
(Glu), and glycine (Gly) concentrations were observed in the D-
gal group, with Asp and Glu exhibiting an extremely strong posi-
tive correlation with most differential metabolites (Figure 2F,G).
The ternary analysis of Asp, Glu, and Gly with different microor-
ganisms and metabolites found a positive correlation between
the changes in Asp, Glu, and Gly. Furthermore, the correlation of
Asp with diverse microorganisms and metabolites was stronger
than that of Glu and Gly (Figure 2H). Based on these observa-
tions, we hypothesize that aspartate might modulate intestinal
microbiota and metabolism, particularly under oxidative stress
conditions. We further postulate that oxidative stress may lead to
increased consumption of endogenous Asp, potentially resulting
in an insufficient supply, underscoring the need for further stud-
ies to conclusively determine the extent of Asp’s involvement and
the precise mechanisms by which oxidative stress impacts Asp
levels.

www.advancedscience.com

2.3. Exogenous Aspartate Improved the Growth Performance of
Weaned Piglets

We established piglet diet groups with 0%, 0.25%, 0.5%, and
1.0% Asp concentration to determine the optimal Asp under nor-
mal physiological conditions (Figure 3A). The results showed
that adding 0.5% Asp to the daily diet significantly increased the
FW and ADFI of piglets, whereas 1% Asp supplementation de-
creased the ADFI (Figure 3B,C), highlighting the need for pre-
cise Asp dosing due to the potential growth impediments form
excess. A 0.5% Asp dietary supplementation alone had no sig-
nificant effect on the oxidative stress indicators ROS, MDA, and
superoxide dismutase (SOD) in serum, but it decreased the ac-
tivity of glutathione peroxidase (GSH-Px) (Figure 3D). Regard-
ing immunity, the flow cytometry analysis showed that Asp sup-
plementation increased the CD3" percentage and CD4*/CD8*
ratio in the blood (Figure 3E). The expression of the intestinal
Asp transporter proteins SLC1A1 and SLC1A3 increased. The
levels of free amino acids such as Asp, Thr, Glu, Gly, Cys, and Lys
in the serum were also increased, indicating boosted Asp trans-
port and metabolism, consequently promoting the synthesis of
other amino acids (Figure 3F,G). Histological examinations of
the intestine showed that Asp remarkably increased jejunal villus
height and intestinal ATP content, with electron microscopy dis-
playing a higher mitochondrial density (Figure 3H,I). These re-
sults indicated that adding 0.5% Asp to the diet improves growth
performance and intestinal health by enhancing immunity and
promoting Asp metabolism, which is involved in mitochondrial
energy metabolism.

2.4. Aspartate Promoted Cell Proliferation and Mitochondrial
Respiratory Metabolism in IPEC-)2 Cells

Intestinal porcine epithelial cells (IPEC-]2) are employed for our
experiments to evaluate the role of Asp. An optimal increase
in IPEC-J2 cell viability was observed with Asp treatment at a
0.1 mM concentration for 24 h, establishing it as the concentra-
tion of choice for subsequent experiments (Figure 4A,B). This
treatment also enhanced mitochondrial metabolic functions, in-
cluding the basal metabolic rate, maximum respiration, non-
mitochondrial respiration, proton leak, residual respiratory ca-
pacity, and ATP generation without altering mitochondrial mem-
brane potential (Figure 4C,D). Moreover, Asp upregulated pro-
liferating cell nuclear antigen (PCNA) expression and reduced
the overall apoptosis rate of IPEC-J2 cells (Figure 4E,F). Asp also
reduced the generation of mitochondrial ROS, which might be
related to increased GSH-Px activity and decreased LDH con-
tent (Figure 4G,H). Western blotting analysis revealed that Asp

by principal co-ordinate analysis to demonstrate differences in species diversity between samples. The closer the samples are to each other on the
co-ordinate plot, the greater the similarity (n = 5 — 6 per group). G) Feces were evaluated for the Alpha Diversity Index using QIIME2 software. Chao1
was used to measure species abundance. Shannon was used to measure species diversity (n = 5 — 6 per group). H) Species abundance map at the
genus level. One color represents one species, and the length of the color block indicates the proportion of relative abundance occupied by the species
(only the top ten species at the abundance level are shown; Day 7: n = 6 per group, Day 28: n =5 per group). I) The use of PICRUSt2 software employs
species annotation of the feature sequences to be predicted with the phylogenetic tree already available in the software, and the use of the IMG microbial
genome data for the output of functional information and thus inferring the functional gene composition in the samples, so as to analyze the differences
in function between different samples or subgroups (n = 6 per group). Statistics: Data are presented as mean + SEM (*p < 0.05, **p < 0.01, ***p
< 0.001). Test: Data were analyzed using unpaired two-tailed unpaired Student’s t-test, except for the data in H (Megasphaera and Prevotella_9), which

were analyzed using an unpaired t-test with Welch’s correction.
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Figure 2. Effects of oxidative stress on fecal metabolites and amino acids metabolism. A) The principal component analysis demonstrated the overall
metabolic differences between the samples in each group and the magnitude of variability between the samples within the groups. B) Volcano Plot
showing the difference in metabolite expression levels in the two groups and the statistical significance of the difference (VIP: Variable Importance in
Projection). Where each point represents a metabolite, the horizontal co-ordinate represents the fold change of the group comparing each substance
(taking logarithms with a base of 2), and the vertical co-ordinate represents the p-value of the unpaired two-tailed Student’s t-test (taking logarithms
with a base of 10). C) The annotation results of the differential metabolite KEGG were enriched and analyzed using clusterProfiler by choosing the
hypergeometric test. D) Differential metabolite localization map (top five). The yellowish nodes in the figure are pathways, and the small nodes connected
to them are specific metabolites annotated to that pathway. E) Heat map of Pearson correlation coefficients between differential microorganisms and
metabolites. F) Pearson correlation coefficients between differential metabolites and amino acids. G) Amino acid concentrations in the digesta (Data are
presented as mean + SEM). H) Ternary multi-dimensional analysis of correlations between amino acids, microorganisms, and metabolites. Statistics:
n = 6 per group. Test: Data were analyzed using unpaired two-tailed Student’s t-test, except for the data in panel E and F, which were analyzed using
Pearson correlation. *p < 0.05, **p < 0.01, ***p < 0.0071.
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Figure 3. Effects of dietary aspartate supplementation on the growth of piglets under non-stress conditions. A) During the 28-day experimental period,
different subgroups were established to be fed with different levels of Asp (0%, 0.25%, 0.5%, 1.0%) to screen the optimal concentration, and the best
growth performance was selected for further testing. B, C) Growth performance (n = 6 per group). D) Serum antioxidant indexes (n = 3 per group). E)
Blood T cell proportion and ratio (n = 3 per group). F) Serum-free amino acid contents (only significant differences shown, n = 6 per group). G) Intestinal
amino acid transporter expression (n = 6 per group). H) Light microscopy was used to measure villus height and crypt depth (Scale bar:100 um, n =6
per group). I) Mitochondrial morphology and number were observed and statistically analyzed using a JEM-1400PLUS transmission electron microscope
(Scale bar:1 pm and 500 nm) as well as the intestinal ATP content (n = 3 per group). Statistics: Data are presented as mean + SEM. Test: Data were
analyzed using unpaired two-tailed Student’s t-test, except for the data in panel B and C, which were analyzed using a one-way ANOVA with Dunnett’s
multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Effects of aspartate on cell proliferation and mitochondrial respiratory metabolism in IPEC-J2 cells. A) Screening the optimal concentration
of Asp added to IPEC-)2 cells and further testing the efficacy of Asp. B) IPEC-)2 cells were treated with different concentrations and times to screen the
most suitable concentration of Asp. Where the horizontal axis represents the concentration size and the colors represent different treatment times (n
= 6 per group). C) Oxygen consumption (OCR) was measured using a hippocampal respiratory metabolism meter (n = 3 per group). D) Mitochondrial
membrane potential was detected by staining with JC-1 dye and observed by confocal microscopy (Scale bar:10 um): red, aggregates; green, monomers
(n = 6 per group). E) Effect of Asp on the expression of proliferative protein PCNA in IPEC-)2 cells (Scale bar:10 pm, n = 3 per group). F) The total
apoptosis rate was detected using the combination of Pl and FITC dyes, with necrotic or late apoptotic cells in the R3 region, normal cells in the R4
region, and early apoptotic cells in the R5 region F in the figure (n = 3 per group). G) The activity or concentration of antioxidant paraments (n = 3 per
group). H) MitoSOX-based confocal microscope detection of mitochondrial ROS production (Scale bar:10 um, n =5 per group). I) Protein expression of
SLC1AT, IL-10 and UCP2 (n = 6 per group). Statistics: Data are presented as mean + SEM. Test: Data were analyzed using unpaired two-tailed Student’s
t-test, except for the data in panel B, which were analyzed using one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, **¥*p
< 0.001.
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upregulated IL-10, uncoupling protein 2 (UCP2), and SLC1A3
protein expression in IPEC-]2 cells, suggesting it promotes cell
proliferation, reduces apoptosis, and improves mitochondrial
respiratory metabolism by regulating mitochondrial ROS gener-
ation (Figure 4I).

2.5. Aspartate Improved Intestinal Flora in Oxidative
Stress-Weaned Piglets

To confirm whether the reversal effects of Asp administration
were sufficient to mediate the intestinal flora during long-term
oxidative stress, we examined the growth and gut microbe pro-
files of oxidative stress piglets (Figure 5A). Under D-gal-induced
oxidative stress conditions, the ADG and ADFI of weaned piglets
fed with 0.5% Asp diet were greater than those in the D-gal
group and did not differ from the control group. Asp also reduced
serum ROS and MDA levels, while the activities of GSH-Px and
SOD were increased (Figure 5B,C). Asp enhanced villus height
and crypt depth in the jejunum with no significant ideal changes
(Figure 5D). Electron microscopy showed that Asp maintained
intestinal mitochondrial morphology and increased mitochon-
drial density, thereby increasing intestinal ATP level and improv-
ing energy metabolism under oxidative stress (Figure 5E). These
findings indicate that dietary Asp supplementation can improve
growth performance and intestinal morphology integrity to alle-
viate oxidative damage.

Furthermore, we conducted 16S rRNA sequencing of fecal
samples taken at different ages (7, 14, 21, and 28 days) to deter-
mine the effect of Asp on the intestinal microbiota profiles in
D-gal-induced piglets. The Principal Co-ordinates Analysis indi-
cated a gradual alteration in microbial composition from day 1
to 28, with a significant difference in the Asp-treated group ev-
ident by day 28 compared to the D-gal group. Species diversity
and abundance remained relatively constant (Figure 5F). Linear
Discriminant Analysis Effect Size analysis revealed that 37.5%
of the differential bacteria were concentrated at the genus level,
where significant differences were observed (Figure 5G). We
found increases in Prevotella (2, 9), Ruminococcaceae (UCG002,
UCGO005, UCG 014), and Anaerovibrio, and a decrease in Megas-
phaera in the Asp-supplemented group compared to the D-
gal group (Figure 6A). These alterations in Ruminococcaceae
(UCG002, UCG005) and Megasphaera communities in Asp-
supplemented piglets were opposite to those observed in piglets
fed the basal diet under D-gal treatment. Tax4fun functional pre-
diction showed that the differential microorganisms mainly tar-
geted metabolic pathways, such as sugar metabolism, antibiotic
synthesis, and propionate metabolism (Figure 6B). These results
suggest that Asp regulates the intestinal microbiota profiles in
response to chronic oxidative damage.

2.6. The Crosstalk between Aspartate Metabolism and Intestinal
Microbiota was Involved in Alleviating Oxidative Damage

Metabolomic analysis of fecal samples was conducted to elucidate
the crosstalk between Asp metabolism and differential intesti-
nal microflora under oxidative stress. Principal component anal-
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ysis revealed significant overall metabolic differences between
the D-gal and D-gal+Asp groups, with 63 metabolites upregu-
lated and 105 downregulated after Asp treatment (Figure 6C,D).
Enrichment analysis via lusterProfiler indicated key pathways,
including unsaturated fatty acids biosynthesis, cellular senes-
cence, and mannose-type O-glycan biosynthesis. By searching
for metabolites within the top five major enrichment pathways
(top five), we identified the main differential metabolites, such
as EPA, docosapentaenoic acid, sirolimus, and cytidine triphos-
phate (Figure 6E,F).

Correlation analysis linked differential metabolites to Pre-
votella_9, Ruminococcaceae_UCG-014, and Megasphaera, indicat-
ing that the differential metabolites were produced directly by mi-
croorganisms. These metabolites, including EPA, S-angelicain,
and cytidine triphosphate, showed positive correlations with an-
tioxidant enzymes GSH-Px and SOD and negative correlations
with ROS and MDA (Figure 6G,H). Absolute quantification in-
dicated Asp treatment increased the levels of S-angelicaine, cyti-
dine triphosphate, EPA, S-9-Hydroxy-10-undecenoic acid, fluvas-
tatin, and homodihydrojasmone, aligning with oxidative stress
biomarker trends (Figure 6L]). Asp’s comprehensive impact
on gut microbiota and metabolites under oxidative stress was
demonstrated, highlighting the significant role of different mi-
croorganisms in oxidative regulation and their association with
metabolite production. EPA emerged as a crucial mediator be-
tween microorganisms and antioxidant mechanisms (Figure 6K).
These results indicate that Asp alleviated chronic oxidative stress
by regulating the crosstalk between intestinal microbiota and
Asp-enhanced production of EPA.

2.7. Asp and its Metabolite EPA Alleviated Oxidative Stress in an
H,0,-Induced Enterocyte Oxidative Stress Model

To further investigate the role of EPA as Asp metabolite in alle-
viating oxidative stress, we initially assessed cell viability at vari-
ous concentrations of EPA in IEPC-J2 cells. The results indicated
that 1.6 uM EPA produced the highest cell viability, making it the
optimal concentration for subsequent experiments (Figure 7A).
We then treated cells with H,0, and EPA to examine the im-
pact on oxidative stress markers, showing that H, O, significantly
increased MDA level and decreased SOD activities in the cells
and supernatants. Additionally, H,0, reduced GSH-Px activity
in the cell supernatants. However, EPA treatment reversed these
effects, indicating EPA’s protective role against oxidative damage
(Figure 7B,C). Moreover, mitochondrial ROS levels, elevated by
H, 0, treatment, were significantly reduced by EPA, confirming
that EPA alleviates oxidative stress (Figure 7D). In line with these
findings, Asp treatment decreased mitochondrial ROS and MDA
level in IPEC-J2 cells (Figure 7E,F). Asp treatment also upregu-
lated SLC1A3, IL-10, and UCP2 protein expression (Figure 7G).
Immunofluorescence revealed that H, O, increased caspase 3 ex-
pression and overall apoptosis, effects that were counteracted
by Asp (Figure 7H). Asp also diminished late-stage apoptosis
and enhanced mitochondrial membrane potential in early-stage
stressed IPEC-]J2 cells (Figure 71,]). These findings indicate that
both EPA and Asp effectively mitigate oxidative damage.
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Figure5. Effects of dietary aspartate supplementation on growth and intestinal microorganisms in oxidative stress piglets. A) The experiment was divided
into three groups, and while modeling oxidative stress, Asp was added to the diet to test the antioxidant function of Asp. B) Growth performance (n =6
per group). C) Serum antioxidant indexes (n = 3 per group). D) Intestinal morphology (Scale bar:100 um, n = 3 per group). E) Intestinal ultrastructure
by transmission electron microscope and intestinal ATP content (Scale bar:1 pum, n = 3 per group). F) The composition and level of intestinal microflora
(n=5-6 per group). G) LEfSe is able to look for Biomarkers that are statistically different between groups (n = 6 per group). The circles radiating from
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2.8. Aspartate Mediated the RIP3-MLKL and RIP1-Nrf2-NF-xB
Pathways to Counteract Intestinal Oxidative Damage In Vivo and
In Vitro

Recent reports reported that the catalytic activity of the RIP-
dependent pathway was indispensable in oxidative cell death.
This pathway is involved in various cellular signals regulating
inflammation, survival, and death.*%) Investigating the antioxi-
dant role of Asp, we assessed the RIP-dependent pathway’s ex-
pression. The western blotting results indicated that oxidative
stress upregulated the protein expression of intestinal RIP1, p-
RIP3, and MLKL, whereas Asp treatment downregulated the pro-
tein expression of intestinal p-RIP3 and MLKL in the D-gal-
induced piglets, indicating that Asp might counteract intesti-
nal oxidative damage by regulating the RIP signaling pathway
(Figure 8A,B). Asp also reduced intestinal PDC protein expres-
sion and pyranic acid and acetyl-coenzyme A levels (Figure 8C),
indicating decreased cellular oxygen consumption and ROS pro-
duction. D-gal exposure increased PGAMS, Drp1, and CypD pro-
tein expression, whereas adding Asp downregulated these pro-
teins (Figure 8D), indicating that Asp could prevent mitochon-
drial dysfunction and cell necrosis by inhibiting mitochondrial
swelling and division. Correlation analysis between RIP pathway
proteins and Asp-related metabolites revealed negative correla-
tions between EPA and RIP1/3 (Figure 8E). These results suggest
that Asp reduces cell necroptosis and maintains mitochondrial
function by regulating the RIP pathway and through the involve-
ment of its metabolites.

Oxidative stress, a major factor in intestinal diseases, causes a
complex interplay of inflammation, immune response, cell apop-
tosis, and autophagy.’>*° Our research supported these con-
nections, showing that D-gal increased the mRNA expression of
inflammatory factors cytokines (TNF-a, IL-a, IL-f), Keapl, and
the protein expression of RIP1, caspase3, and p62 in the intes-
tine (Figure 8A,D,F), while decreasing the Nrf2 and IL-10 mRNA
expression (Figure 8F,G). Asp treatment significantly reduced
RIP1, caspase3, p62 protein expression, Keap1 and inflammatory
cytokines mRNA expression while restoring N1f2 protein and IL-
10 mRNA expression. Similar results were obtained in H,O,-
induced IPEC-]2 cells with Asp decreasing H,O,-induced upreg-
ulation of RIP1, NF-kB-p65, p-RIP3, activating transcription fac-
tor 4 (ATF4), and TNF-R1 proteins, while increasing nuclear Nrf2
protein expression (Figure 9A,C). These results indicate that Asp
has the ability to alleviate oxidative damage by regulating the ac-
tivation of the RIP1-Nrf2-NF-x B signaling pathway.

The in vitro experiment further confirmed that H,0, expo-
sure significantly upregulated RIP1, p-RIP3, and MLKL pro-
tein expression in IPEC J2 cells. Asp supplementation reduced
the levels of p-RIP3 and MLKL, aligning with in vivo findings
(Figure 9A,C). To verify Asp’s regulatory effect on the RIP path-
way, we used Necrostatin-1 (Nec-1) (Figure 7A), an inhibitor of
programmed necroptosis, which confirmed that Asp did not de-
crease mitochondrial ROS level and p-RIP3 expression during

www.advancedscience.com

Nec-1 treatment. Furthermore, Asp had no marked impact on the
expression of RIP1, RIP3, or MLKL (Figure 9D,E). To further ex-
plore this regulatory effect, RIP1 was overexpressed in IPEC-]2
cells. RIP1 overexpression inhibited cell proliferation, while Asp
supplementation alleviated these adverse effects (Figure 9F,G
and Figure S2, Supporting Information). Mitochondrial mor-
phology also improved with Asp treatment, where RIP1 overex-
pression induced mitochondrial fragmentation and Asp reversed
these effects (Figure 9H). Immunofluorescence analysis showed
that p-RIP3 expression was elevated in RIP1-overexpressing cells,
but Asp treatment significantly reduced p-RIP3 levels (Figure 91).
Western blot analysis confirmed that RIP1 overexpression upreg-
ulated RIP1, RIP3, p-RIP3, MLKL, and PGAMS, while Asp re-
duced the expression of p-RIP3, MLKL, and PGAMS5 (Figure 9J).
MDA levels were elevated in RIP1-overexpressing cells, but Asp
treatment reduced these levels, further supporting Asp’s role in
reducing oxidative stress (Figure 9K). These results demonstrate
that Asp supplementation mitigates oxidative stress and improve
mitochondrial function by modulating the RIP pathway, while
confirming that the inhibition of the RIP pathway is indispens-
able for Asp’s antioxidant effects.

3. Discussion

The gut microbiota and its metabolism are associated with
chronic oxidative stress, which typically accelerates imbal-
ances in gut microbial diversity and causes related intestinal
diseases.36%8] Although there is growing interest in the relation-
ship between oxidative stress and the gut microbiota, it remains
unclear whether gut microbiota is mechanistically involved in
chronic oxidative stress in a piglet model. Our study found that D-
gal administration induced chronic oxidative stress damage asso-
ciated with altered gut microbiota and Asp metabolism in piglets.
Chronic oxidative stress slowly decreased the species abundance
and diversity of microbial populations from day 1 to 28, with a
gradual decrease in beneficial bacteria Ruminococcaceae (UCG-
002 and UCG-005). In contrast, harmful bacteria Megasphaera
increased, suggesting that the damage caused by D-gal is slow
and persistent. Ruminococcaceae can convert primary bile acids
to secondary bile acids.[***°1 Megasphaera, a harmful bacterium,
is associated with various diseases such as lung cancer, HIV, and
Dbacterial vaginosis, and is usually accompanied by inflammation,
indicating a decline in immunity.?3##2] Thus, these changes in
intestinal microbiota are often accompanied by inflammation.
Serum ALP, LDH, and LIPC levels often reflect mild inflam-
mation. Some studies have reported that increased serum ALP
and LDH levels are related to neuropathic inflammation, which
may lead to pain.***!] Decreased LIPC levels exacerbate oxida-
tive damage, causing systemic inflammation and cardiovascu-
lar risk.[*>®l This is consistent with our findings, indicating that
changes in the intestinal microbiota are a component of chronic
oxidative stress and may be a major trigger for inflammation in
oxidative damage.

inside to outside of the evolutionary branching diagram represent taxonomic levels from phylum to species; each small circle at a different taxonomic
level represents a taxon at that level, and the size of the diameter of the circle is proportional to the size of the relative abundance. Statistics: Data are
presented as mean + SEM. Test: Data were analyzed using one-way ANOVA with Tukey’s multiple comparison test except for the data in panel F and G,
which were analyzed using unpaired two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Effect of aspartate on the crosstalk between intestinal microorganisms and metabolites in oxidative stress piglets. A) Species abundance map
at the genus level. One color represents one species, and the length of the color block indicates the proportion of relative abundance occupied by the
species (only the top ten species at the abundance level are shown, data are presented as mean + SEM, *p < 0.05, data were analyzed using unpaired
two-tailed Student’s t-test except for the Ruminococcaceae data, which were analyzed using Mann-Whitney test, n = 4 — 6 per group). B) Functional
prediction analysis of differential microorganisms. C) The principal component analysis demonstrated the overall metabolic differences between the
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Intestinal microbiota metabolism is closely linked to amino
acids, such as Asp, Try, and Gln, which are key driving factors for
the anti-stress effect of digestive Streptococcus.l***’] We found
that the metabolites produced by the intestinal microbiota under
chronic oxidative stress mainly accumulate in the KEGG path-
ways that affect respiratory metabolism, protein transport, and
amino acid metabolism. The differential metabolic products were
mainly related to Asp metabolism and positively correlated with
Asp. This is also confirmed by the decrease in free Asp content in
the intestinal chyme. The interconnections between changes in
the microbiota, altered metabolites, and Asp utilization speculate
that chronic oxidative stress may stimulate increased consump-
tion of Asp in the gut, which accelerates energy deprivation and
dysfunction. Although piglets are able to synthesize endogenous
Asp to primarily meet bodily needs under non-stressed condi-
tions, reduced synthesis or excessive consumption of Asp in the
gut can lead to an inadequate endogenous Asp supply, affecting
the diverse gut microbiota.[*®*° During oxidative stress, entero-
cytes produce more ROS and energy consumption increases, re-
sulting in increased utilization of Asp in various key functions,
including mitochondrial function, cell proliferation and antiox-
idant defense.®® Furthermore, endogenous Asp synthesis can
vary depending on the health and development of the animal.
During weaning, piglets experience rapid growth and physiolog-
ical challenges, which further limits the body’s ability to produce
sufficient endogenous Asp.>! Therefore, in order to confirm the
higher demand for aspartate during oxidative stress, we chose
to study Asp and hypothesized that Asp metabolism is a critical
antioxidant node that influences the gut microbiota and metabo-
lites.

Asp supplementation has been linked to enhancing energy
metabolism and cell proliferation, observations that align with
our studies in piglets. SLC1A1 and SLC1A3 carriers are known
to play a crucial role in mitochondrial function and energy
metabolism, which is essential for the transport of amino acids.
These carriers facilitate the efficient entry of Asp into cells
by supporting the energy requirements necessary for its ac-
tive transport.>2%3] The upregulation of transport proteins after
adding exogenous Asp facilitates the entry of Asp from the extra-
cellular domain into the intracellular environment and further
into the mitochondria, increasing the number of mitochondria
and the respiratory metabolism to improve the ATP energy sup-
ply. Adequate energy also supports the metabolism and synthe-
sis of amino acids such as Thr, Glu, and Gly from Asp, providing
cells and organelles with the necessary amino acids for growth
processes and further promoting cell proliferation and immune
cell differentiation. PCNA, a marker protein of cell proliferation,
plays a crucial role in DNA replication and repair.>**! UCP2
can prevent mitochondrial Ca?* overload and reduce ROS for-
mation, inhibiting cell apoptosis.*®! Under the effect of Asp, the
protein expression of PCNA and UCP2 increased and the over-
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all apoptotic rate reduced in IPEC-]2 cells. This indicates that Asp
could promote intestinal cell renewal and differentiation, increas-
ing piglet digestibility and nutrient uptake. Meanwhile, the op-
posite results of MitoROS and IL-10 in IPEC-J2 cells suggest that
Asp has antioxidant and immunomodulatory effects. In a non-
oxidative stress state, Asp metabolism mainly promotes growth
and development rather than antioxidation.

When weaning piglets experience oxidative stress, Asp plays
a significant role in antioxidant functions, mainly by improving
intestinal and mitochondrial functions. We observed a signifi-
cant improvement in intestinal integrity and function in a piglet
model of oxidative stress, and this change was related to exoge-
nous Asp addition, further confirming the role of Asp in protect-
ing the intestinal barrier during the progression of chronic ox-
idative stress. In particularly, we observed that Asp supplemen-
tation also led to the simultaneous increase in both villus height
and crypt depth, suggesting that Asp promotes cell proliferation.
Increased crypt depth is generally linked to enhanced intesti-
nal regeneration, as it indicates a more active proliferative zone
where cells rapidly replace damaged ones.>’] So this further con-
firms that Asp is important for supporting both nutrient absorp-
tion and intestinal regeneration under conditions of increased
metabolic demand or oxidative stress, aligning with previous re-
ports in the literature on similar effects of dietary additives like
Bacillus subtilis and niacin.l>’)

In actual production, chronic oxidative stress caused an imbal-
ance in the gut microbiota, disordered microbiota also affected
the progression of oxidative damage, and there were significant
fluctuations in the abundance and diversity of gut microbiota
species with a continuous supply of exogenous Asp. Linking the
positive feedback between Asp and bacterial metabolism will help
solve unexplained antioxidant mechanisms and improve clinical
treatment. Regarding the species of bacteria, the abundance of
Prevotella, Ruminococcaceae, and Anaerovibrio in the intestine in-
creased by Asp treatment in piglets with chronic oxidative stress,
while the content of Megasphaera decreased. We speculate that
this may be due to the metabolism of the supplemented Asp.
Asp not only serves as an energy source, potentially support-
ing the growth of beneficial bacteria, but it may also influence
the gut environment in a manner that discourages the prolifera-
tion of pathogenic species. This dual action could lead to an en-
hanced presence of health-promoting bacteria, while simultane-
ously suppressing harmful ones, thus contributing to a more bal-
anced and healthier gut microbiome. Additionally, Asp’s involve-
ment in various metabolic pathways, including those related to
antioxidant defense, further underscores its potential in main-
taining gut health and preventing dysbiosis.

Most amino acids in the gut, including Asp, are derived from
the metabolism of gut bacteria, and it is known that Prevotella
and Ruminococcaceae produce Asp and metabolites. Prevotella
is often associated with the breakdown of carbohydrates and

samples in each group and the magnitude of variability between the samples within the groups. D) Metabolite volcano map (VIP: Variable Importance
in Projection). E) KEGG enrichment map of differential metabolites. F) Differential metabolite localization map (top five). The yellowish nodes in the
figure are pathways, and the small nodes connected to them are specific metabolites annotated to that pathway. G) Pearson correlation coefficients
between differential microorganisms and differential metabolites. H) Pearson correlation coefficients between differential metabolites and antioxidant
indicators. |, J) Quantification of differential metabolites (unpaired two-tailed Student’s t-test, n = 6 per group, data are presented as mean + SEM). K)
Ternary multi-dimensional correlation analysis of Asp with microorganisms and metabolites. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Effects of aspartate on mitochondrial ROS and cell apoptosis in H,0,-induced IPEC-)2 cells. A) Screening the optimal concentration of EPA
added to IPEC-)2 cells and further testing the efficacy of EPA (Kruskal-Wallis test with Dunn’s multiple comparison test, n = 6 per group, data are
presented as Mean + SEM, different letters indicate a difference, p < 0.05). B) A diagram of cell treatment. C) The activity or concentration of oxidative
stress paraments (two-way ANOVA with Tukey’s multiple comparison test, n = 6 per group, data are presented as Mean + SEM, *p < 0.05, **p < 0.01,
*%%p < 0.001). D) Mitochondrial ROS levels in cells treated with EPA and/or H,0,. Mito ROS staining (red) and DAPI (blue) indicate mitochondrial ROS

Adb. Sci. 2025, 12, 2404697 2404697 (13 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

protein fermentation, contributing significantly to the produc-
tion of amino acids like Asp. Ruminococcaceae, another key player
in Asp metabolism, is involved in the fermentation of com-
plex plant polysaccharides. The metabolic activities of Ruminococ-
caceae not only contribute to the production of Asp but also to the
generation of short-chain fatty acids which have been shown to
have antioxidative properties. Moreover, the metabolism of Asp
by these bacteria may influence various aspects of host physiol-
ogy, including modulation of the gut-liver axis and the systemic
immune response, which are integral in managing oxidative
stress. The ability of these bacteria to metabolize Asp and produce
beneficial metabolites underlines their potential role in protective
mechanisms against oxidative stress-related damage in the gut.
In our study, the metabolic products generated by the gut mi-
crobiota under the addition of Asp included EPA, S-angelicaine,
and cytidine triphosphate. Initially, they affect metabolic path-
ways, such as sugar metabolism, antibiotic synthesis, and pro-
pionate metabolism, and are closely related to ROS and antiox-
idant enzymes (e.g., MDA, GSH-Px, and SOD). Changes in the
abundance of Prevotella and Ruminococcaceae in the microbiota
were strongly and positively correlated with EPA levels. These
results suggest that Asp may regulate the increase in Prevotella
and Ruminococcaceae to produce EPA and the antioxidant func-
tion of Asp depends on the modulation of gut microbiota. Our
findings indicate that EPA treatment in H,O,-induced entero-
cytes increases antioxidative enzyme activities (SOD and GSH-
Px) and reduces MDA and mitochondrial ROS levels. This sug-
gests that EPA plays a direct role in neutralizing ROS and pre-
venting mitochondrial dysfunction during oxidative stress. These
results align with previous reports indicating that EPA plays a
critical role in modulating inflammatory responses and oxida-
tive stress in various cellular contexts, including cardiovascular
diseases.®%9 Physiological studies have also reported its essen-
tial role in improving cell membrane function, cellular respira-
tion, and energy transfer in recombinant Escherichia coli contain-
ing EPA.[%] Therefore, we speculate that Asp might decrease the
production of ROS and MDA by altering the EPA generated by
the microbiota.

In terms of mitochondrial function, emerging evidence has
described the detrimental effects of oxidative stress on mito-
chondrial metabolism.[**2] For example, stress in lung cancer
cells impairs mitochondrial oxidative phosphorylation and accel-
erates glycolysis.[®*] ROS induces cellular calcium overload and
mitochondrial depolarization in mouse models, triggering cell
death.[*4] Tt has also been reported that a decrease in the mito-
chondrial membrane potential caused by stress is a marker of
the onset of apoptosis.l®?] Under normal conditions, mitochon-
dria are shuttle-shaped and elliptical.'?! We found that chronic
oxidative stress triggered significant swelling and deformation
of mitochondria, accompanied by fission and fusion, drastically
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reducing the number of mitochondria and ATP production and
decreasing energy supply, implying further limitations of antiox-
idant metabolism and piglet growth. Moreover, Asp adminis-
tration maintained the morphological structure and number of
mitochondria, safeguarded normal mitochondrial function, in-
creased ATP production with a significant decrease in ROS, re-
stored the membrane potential of mitochondria, and decreased
the total apoptotic and mortality rates of enterocytes. Asp plays
a critical role in eliminating excess mitochondrial ROS and at
the systemic level in regulating energy metabolism. This protec-
tive mechanism requires linkage to multiple proteins and targets;
therefore, we hypothesized that the antioxidant function of Asp
relies on a complete and efficient pathway.

Glutamine, a metabolite of Asp, has recently been reported to
be involved in RIP3-mediated cell necroptosis.[') It has also been
reported that RIP1 deficiency specifically increases Asp levels and
the production of ATP in mice and mammalian cells.[1*3% In our
study, under oxidative stress conditions, Asp reduced the expres-
sion of p-RIP3 and MLKL in the intestine and further reduced
the production of mitochondrial ROS through two pathways: p-
RIP3-PDC and p-RIP3-MLKL. Han’s study has revealed that p-
RIP3 promotes cellular respiration and ROS production under
TNF stimulation by activating PDC.'% Our results showed that
Asp treatment decreased the expression of PDC in the intestine,
leading to a reduction of succinate and acetyl-CoA content, indi-
cating that Asp inhibits the efficiency of ROS production by in-
testinal cells during aerobic respiration by inhibiting PDC from
catalyzing the generation of acetyl-CoA entering the TCA cycle.
Additionally, after being activated by p-RIP3, MLKL is translo-
cated to the cell membrane. They pump calcium ions, causing
an increase in membrane permeability. DAMP molecules such as
IL-1a, IL-18, and HMGB1 leak out of the cell, triggering inflam-
mation. At the same time, MLKL can activate Drp1 and CypD in
the mitochondria through PGAMS. Drp1 causes ROS accumula-
tion in mitochondria, which subsequently undergoes fission.[®!
CypD is the main regulatory factor of the mitochondrial perme-
ability transition pore, and depletion or inhibition of the drug can
inhibit mitochondrial dysfunction and cell apoptosis induced by
NRC-03.1I In this study, Asp treatment downregulated the pro-
tein expression of MLKL, PGAMS, Drp1, and CypD under oxida-
tive stress, confirming the role of Asp in protecting mitochondrial
function and cell membrane integrity by mediating the MLKL-
PGAMS pathway. The increase in mitochondrial content and en-
ergy supply confirms that Asp ensures normal metabolism and
functional operation of the mitochondria, reducing cell necrop-
tosis and apoptosis. The decrease in inflammatory factors TNF-a
and IL-1p in enterocytes also suggests that the inflammatory re-
sponse is alleviated with the reduction of MLKL.

We used the targeted inhibitor Nec-1 to inhibit the RIP path-
way and added Asp. The results showed that ROS production in

and nuclei (Scale bar:10 pm, two-way ANOVA with Tukey’s multiple comparison test, n = 9 per group, data are presented as Mean + SEM, *p < 0.05,
**p < 0.01, ***p < 0.001). E) Experimental strategy diagram of Asp treatment in H,O,-induced IPEC-)2 cells F) Antioxidant parameters in IPEC-|2 cells
(Scale bar:10 um, unpaired two-tailed Student’s t-test, n = 3 per group, data are presented as Mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001).
G) The protein expression of SLCTA3, IL-10, and UCP2 (unpaired two-tailed Student’s t-test, n = 3 per group, data are presented as Mean + SEM, *p
< 0.05, ***p < 0.001). H) Cell apoptotic protein expression (Scale bar:10 um, one-way ANOVA with Tukey’s multiple comparison, n = 6 per group, data
are presented as Mean + SEM, ***p < 0.0071). I) The rate of cell apoptosis (one-way ANOVA with Tukey’s multiple comparison, n = 3 per group, data
are presented as Mean + SEM, *p < 0.05, **p < 0.01). J) Mitochondrial membrane potential changes (Scale bar:10 um, one-way ANOVA with Tukey’s
multiple comparison, n = 6 per group, data are presented as Mean + SEM, *p < 0.05, ***p < 0.007).
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Figure 8. Aspartate metabolism alleviates intestinal oxidative damage by regulating RIP-dependent mitochondrial function in the piglet model. A) Visu-
alization of western blotting bands after Asp action under oxidative stress conditions. B) Effect of Asp on RIP pathway-related proteins (one-way ANOVA
with Tukey’s multiple comparison, n = 3 per group, data are presented as Mean + SEM). C) Effect of Asp on pyranic acid and CoA levels affecting
mitochondrial respiration in the PDC pathway (one-way ANOVA with Tukey’s multiple comparison, n = 3 per group, data are presented as Mean +
SEM). (D) Effect of Asp on the PGAM pathway affecting mitochondrial function and apoptosis and autophagy proteins (one-way ANOVA with Tukey’s
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the mitochondria increased after adding the inhibitor, and the
expression of RIP1, RIP3, and MLKL in H,0O,-induced entero-
cytes did not change. The effect of Asp failed, and only phos-
phorylated RIP3 increased, which may be due to the phospho-
rylation of RIP3 that induces cell apoptosis and necroptosis. The
RIP1 overexpression offers important mechanistic insights into
Asp’s regulatory effects on the RIP signaling pathway. We found
that RIP1 overexpression in IPEC-]2 cells accelerated cell necrop-
tosis and mitochondrial fragmentation, while Asp supplementa-
tion effectively alleviated these effects by improving cell viabil-
ity and restoring mitochondrial morphology, suggesting that it
plays a crucial role in maintaining mitochondrial dynamics and
preventing mitochondrial fission to defend cell necroptosis. Fur-
thermore, the decreased expression of p-RIP3, MLKL, PGAMS,
and Drp1 proteins and MDA content after Asp treatment in RIP1-
overexpression cells provides stronger evidence that Asp can di-
rectly interferes with the necroptotic signaling cascade and then
retard mitochondrial dysfunction and ROS accumulation to in-
hibit the programmed cell death and oxidative stress response.
These finding collectively highlight that the protective mecha-
nism of Asp in oxidative stress-induced intestinal damage may
be mediated through its dual action of modulating both mito-
chondrial function and the RIP1-RIP3-MLKL axis pathway.

A previous study reported that a decrease in RIP1 promotes
the transfer of Nrf2 from the cytoplasm to the nucleus in liver
cells, thereby inhibiting cell death.[’”] The interaction between
NF-xB and RIP1 has also been shown to control the onset of
early cell death,[%®] such as in tumor cells, where the activation
of RIP1 can directly activate NF-x B, thereby inducing inflamma-
tion and programmed cell death.[®”] The results of in vivo and
in vitro experiments showed that the increase in RIP1 expres-
sion inhibited the antioxidant function of Nrf2 in oxidative stress
enterocytes, and the activation of NF-xkBp65 increased the secre-
tion of inflammatory factors, exacerbating the inflammatory and
oxidative stress responses. The expression of caspase3 and p62
was also increased, suggesting that oxidative stress promotes cell
apoptosis and autophagy. It has been reported that the reduction
of p62 gene expression can alleviate autophagy in Alzheimer’s
disease,”"! and the mononuclear cell motility inhibitory factor
can increase cell survival rate and reduce cell apoptosis by inhibit-
ing the expression of caspase 3 in myocardial cells.[®! Consistent
with our results, administration of Asp to oxidative stress entero-
cytes effectively reversed the expression of RIP1, p62, caspase3,
and NF-xkBp65 and the levels of inflammatory factors. Only nu-
clear Nrf2 maintained a high level, possibly due to its endoge-
nous immune function and the influence of Asp. These findings
indicate that Asp supplementation may be important for treat-
ing oxidative stress. The role of the RIP1-Nrf2-NFx B pathway in
modulating antioxidant functions has not been reported within
the context of Asp metabolism, which is worthy of further study.
Additionally, Asp metabolites like EPA are involved in regulating
RIP signaling and have a strong correlation, suggests that Asp is
directly involved or in the form of metabolites that dynamically
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mediate the gut microbiota and RIP-dependent pathway to im-
prove mitochondrial function and inhibit ROS production. The
antioxidant function of Asp exists in various forms but is inter-
connected.

4. Conclusion

Collectively, our results demonstrate that protection by Asp is
a multifactorial process that synergistically affects piglet growth
and antioxidative stress. We provide a multilevel comprehensive
picture of the interplay between Asp metabolism and the gut
microbiota and reveal that Asp alleviates oxidative stress by me-
diating RIP-dependent mitochondrial function. These findings
imply a complex and critical connection between amino acid
metabolism and the gut microbial functions involved in oxida-
tive stress, which may help design future intervention strate-
gies against chronic oxidative stress-related diseases. Further-
more, they highlight Asp’s potential in therapeutic and preven-
tive strategies for gastrointestinal disorders linked to oxidative
stress, emphasizing the need for dietary Asp in maintaining in-
testinal health. Understanding these mechanisms opens new
avenues for targeted therapies against chronic oxidative stress-
related diseases. The clinical significance of these findings, par-
ticularly in human health, warrants further investigation to val-
idate Asp’s role as a vital component in disease prevention and
management strategies.

5. Experimental Section

Animals and Samples:  All animal studies and protocols complied with
the procedures approved by the Animal Ethics Committee of the Insti-
tute of Subtropical Agriculture, Chinese Academy of Sciences (2 013 020;
Changsha, China). A batch experiment was conducted using healthy
piglets (Duroc X Landrace x Large Yorkshire) weaned at 28 days with
an average body weight (BW) of 9.74 + 0.15 kg. In the first selection, 20
piglets were randomly divided into two groups, with 10 piglets in each
group. The control group was fed the basal feed, while the other group was
fed 10 g kg™' BW of D-galactose (D-gal) to establish a chronic oxidative
stress model.[32] In the second selection step, 40 piglets were randomly
divided into four groups (n = 10 per group). They were fed with basic feed
supplemented with 0%, 0.25%, 0.5%, or 1.0% of aspartate (Asp). In the
third selection, 30 piglets were randomly divided into three groups (n = 10
per group). They were fed with basic feed, basic feed supplemented with
10 g kg~! BW of D-gal, or basic feed supplemented with 10 g kg~" of D-gal
and 0.5% of aspartate (D-gal+Asp). The feed composition and nutritional
levels met the nutritional requirements for pigs weighing 5-10 kg (Table
S1, Supporting Information). All animals had ad libitum access to feed
and water and were euthanized when necessary to alleviate suffering. No
feed was provided the night before slaughter. Fecal, blood, and intestinal
samples were collected from these weaned piglets, immediately frozen on
dry ice, and stored at —80 oc.l71.72]

IPEC-J2 Cell Culture and Treatment: Intestinal porcine epithelial cells
(IPEC-)2) were maintained in DMEM-H (Thermo Scientific, USA) sup-
plemented with 10% fetal bovine serum (FBS; Hyclone, USA), 5 mM L-
glutamine, 100 U mL~" penicillin, and 100 pg mL~" streptomycin. Cells
were cultured in uncoated plastic flasks (either 25 or 100 mm?), 6-well,

multiple comparison, n = 3 per group, data are presented as Mean = SEM). E) Heatmap of association analysis of protein expression with intestinal
metabolites (Pearson correlation). F) Effect of Asp on relative mRNA expression of antioxidant-related genes (one-way ANOVA with Tukey’s multiple
comparison, n = 3 per group, data are presented as Mean = SEM). G) The relative mRNA expression of inflammatory cytokines (one-way ANOVA with
Tukey's multiple comparison, n = 6 per group, data are presented as Mean & SEM). *p < 0.05, **p < 0.01, ***p < 0.01.

Adv. Sci. 2025, 12, 2404697 2404697 (16 of 21)

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

A H202
Asp
RIPI
RIP3
PpRIP3
MIKL
NF-xB-p6S
TNF-RI
ATF4
Nucleus-Nrf2
LaminB
p-actin
D
H:Or+Asp|
HaOx+Asp|
+Nec-1
F
PLVX-RIPI

J2-RIPL

PLVX-RIPI-GFP
J2RIPI-GEP

PLVX-GFP
12-GFP

www.advancedscience.com

PR B
+
. e ™ Con
-~ | 78kDa P f;" _,,'_l f';l . mn H,0,
n . [ T M .0yt Asp
& am @ | 62kDa sxs A ',:‘ ﬁ
e <= | 62kDa
- | sakna || » | ]
T T T T N T T
s 64kDa NG N & > <& <> &
¢ F ¥ ¢ & s
- - | 55LiDq &
-] 9KDa C N
55 1 = Con
25 .
- - WDa e . M Nl . H:0,
252 =M — = HOyAs
———{  66kDa e m
Z %10 B B &
S eer| i Z%o0s |
!
N > 3
§ & &
>
o
S
e
R
RIPL | e e | 78 kD2
z 10 = H:Os+Asp
E80q L. W H:O:Asp H:O:+Asp+Nec-1
£ H-O-+AsptNee-l  RIP3 | @mw ams | 62KkDa
]
L p-RIP3 | =] 62kDa
32
2 -—
£ MLKL S4kDa
2
. > o & v
P-actin | @ @®| 43 kDa R & f .;y*
Ov-RIP1 Ov-RIP1+Asp
oMy — PGK 0d
Promoter _RIPI gene I Promoter Pumksml
PR
oy BT e GIRF PGK. 1d
Promoter  RIP1 gene_ GFP gene, Promoter
A
pl.VX—puvop\;‘sl:r‘\:B ; o
Fieibe Linker
2d
e
oy PGK
Promoter GEP gene Promoter PuroR gene
3d
DAPI Merge

MitoTacker

GFP
O‘I-R""“-A‘.

GAPDH _ 36 kba

-- '

T

GFP
m-kwl---- o ----
-- - ----

K
78 kDa M = Con
- o s
208 = m e M - Ov-RIPI =1s
Eo6] m . = o Ov-RIPI+ASp 2
Z £
2 = 1.0
2 04 ®
3
£ =
s 02 gos
B
2 o | B U 3 00
N & & o
& & & N &
1 IR W &

= Con
Ov-RIPL
Ov-RIPI+Asp

Figure 9. Aspartate eliminates excessive ROS production by mediating RIP pathway IPEC-)2 cells. A) Visualization of western blot bands after Asp sup-
plementation under oxidative stress conditions in IPEC-J2 cells. B) Effects of Asp on the expression of related proteins under oxidative stress conditions
in IPEC-)2 cells (one-way ANOVA with Tukey’s multiple comparison, n = 3 per group, data are presented as Mean + SEM). C) The mRNA expression of
related genes (one-way ANOVA with Tukey's multiple comparison, n = 3 per group, data are presented as Mean + SEM). D) Changes in ROS content
in IPEC-)2 cells after the addition of Nec-1, a RIP pathway inhibitor, under conditions where ASP exerts antioxidant effects (Scale bar:100 pm, unpaired
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24-well, or 96-well plates, adjusting for the appropriate cell density. Oxida-
tive stress was induced with 200 uM H, O, (Sigma-Aldrich, USA) for 6 h,
while L-aspartate (Sigma-Aldrich; >99.0% purity) and EPA (Sigma-Aldrich;
>98.5% purity) treatment varied in dosage and duration to assess oxida-
tive stress mitigation. Cell viability was assessed under different Asp or
EPA concentrations, with or without H,O,, for set durations. For analysis,
cells at #60-70% confluence were switched to FBS-free media with Asp or
EPA (Asp: 0 or 0.1 mM, EPA: 0 or 1.6 pM) for 18 h. Post-incubation, cells
were washed with PBS (Hyclone, USA) and exposed to 200 uM H, 0O, with
Asp or EPA (Asp: 0 or 0.1 mM, EPA: 0 or 1.6 uM) for another 6 h. Both
culture media and cells were then harvested for analysis.

Measurement of Physiological and Biochemical Assays: Malondialde-
hyde was determined using the Thiobarbituric acid reactive substances
method.l”3] Cytochrome ¢ assay was used to measure SOD activity.[74]
GSH-Px activity was calculated according to an established procedure
using H,0, as substrate.[”*l ATP content was determined by the firefly
luciferin-luciferase system.[”] ROS assays were measured using ELISA
kits (Jiangsu Meimian Industrial Co., Ltd, Jiangsu, China) and performed
as previously reported.['] Samples for amino acid analysis were deter-
mined using an automatic amino acid analyzer (L-8900; Hitachi Global
Inc., Hitachi, Tokyo, Japan).l”®! Serum levels of ALP, LDH, and LIPC were
measured using a Cobas c311 automatic biochemical analyzer (Roche,
CH, SE). The detection steps followed the instructions of the reagent kit
(Cobas ¢311, Roche, CH, SE)‘[3]

Histopathological Examination: The intestinal morphology was de-
fined as previously described.3] Villus height and crypt depth were mea-
sured on tissue sections using a light microscope with Image] software
version 1.51 (National Institutes of Health, Bethesda, MD). For ultra-
structural analysis, tissues were fixed in 3% glutaraldehyde, processed,
and sectioned. Sections were stained with uranium acetate (GZ02616)
for 10-15 min and with lead citrate for 1-2 min, then examined under
a JEM-1400PLUS (JEOL, Tokyo, Japan) transmission electron microscope.
After electron microscopy, photographs were taken at a magnification of
600xfor observation and statistical analysis of mitochondrial morphology
and quantity.

Analysis of Blood T-Cell Using Flow Cytometry: Blood samples (2 mL)
were collected from the anterior vena cava of each fasting pig and placed
in 10 mL heparinized tubes. After mixing and resting for 5-10 min, 2 mL of
lymphocyte separation medium was added, and samples were centrifuged
at 2000 rpm for 10 min. The white blood cell layer was carefully extracted
and transferred to fresh tubes with separation medium, then centrifuged
at 3000 rpm for 10 min. This step was repeated twice to remove residual
red blood cells. Anti-CD3*, Anti-CD4", and Anti-CD8% monoclonal anti-
bodies were diluted 1:50, and 100 uL was added to each sample, followed
by incubation at 37 °C for 20-30 min. Samples were washed three times
with PBS, then incubated with fluorescein isothiocyanate (FITC)-labeled
secondary antibody (mouse anti-pig 1gG) for 20 min at 37 °C. After a final
three PBS washes, samples were analyzed by flow cytometry.

Quantitative Reverse-Transcription PCR:  Total RNA was extracted from
tissue samples using TRIzol Reagent. The mRNA expression levels of se-
lected genes (Table S2, Supporting Information) were quantitatively eval-
uated. The analyses were performed on an Applied Biosystems 9100 Real-
Time PCR System, employing SYBR Green Supermix to detect amplifica-
tion products.l’’] The relative expression of each target mRNA was nor-
malized to B-actin.

www.advancedscience.com

Western Blotting Analysis: ~ Protein extracts were obtained from homog-
enized, flash-frozen tissue using RIPA buffer fortified with protease and
phosphatase inhibitors to ensure stability. The detailed process was de-
scribed in the previous report.[378] Western blotting was conducted using
a range of primary antibodies, detailed in Table S3, Supporting Informa-
tion.

Cell Apoptosis:  Apoptosis in IPEC-)2 cells was assessed via dual stain-
ing with Annexin V-FITC and propidium iodide (Pl), utilizing flow cytom-
etry kits designed for apoptosis detection. In this process, cells were col-
lected and stained using apoptosis detection reagents (BD556547, Beck-
man Coulter, USA) following the protocol provided by the manufacturer.
This staining discriminates between viable, early apoptotic, and late apop-
totic or necrotic cells. Flow cytometric analysis was then performed (Beck-
man Coulter, USA), allowing for the precise enumeration and categoriza-
tion of cells in each stage of apoptosis. The proportion of apoptotic cells
was then calculated, giving a detailed quantitative representation of the
apoptotic status within the cell population under investigation.

Mitochondrial ROS, Morphology and Membrane Potential Determination:
Sterilized coverslips were prepared in six-well plates for cell culture, fol-
lowed by 24 h of incubation. Mitochondrial ROS levels were assessed by
adding 5 uM MitoSOX (1 mL, Invitrogen, California, USA) to each well,
incubating the cells at 37 °C in darkness for 10 min, and rinsing with PBS.
DAPI (20 pL, Wellbio, Shanghai, China) was subsequently added for nu-
clear staining for 5 min in the dark. Mitochondrial morphology was evalu-
ated by incubating cells with 250 uM MitoTracker (1 mL, Invitrogen, Cali-
fornia, USA) at 37 °C for 25 min, followed by PBS rinsing and DAPI stain-
ing. Mitochondrial membrane potential was measured using 10 ug mL™!
JC-1 (1 mL, Invitrogen, California, USA), with incubation for 30 min at 37 °C
in the dark and subsequent PBS washing. Imaging for all assays was per-
formed using a Zeiss LSM880 confocal microscope (Carl Zeiss GmbH,
Jena, Germany) to capture fluorescence and ensure accurate analysis of
mitochondrial status under experimental conditions.

Mitochondrial Respiration Metabolism:  Cells (100 uL) were seeded into
the hippocampal respiratory metabolic plate (Zeiss, Changsha, China). Af-
ter a 4-h attachment period, 150 uL of DMEM was introduced. On the day
before the assay, 1 mL of buffer was added to each well, and the plate was
then incubated overnight at 37 °C in a carbon dioxide-free environment.
The working solution and the mother liquor were prepared and added as
per the provided instruction manual, and the measurements were sub-
sequently taken using a hippocampal respiration and metabolism meter.
Finally, the cell plate was removed, and the total cell protein concentra-
tion was determined by the BCA assay kit, which was used to correct the
baseline oxygen consumption (OCR).

Cellular Immunofluorescence: Cells were accessed in a six-well plate
and cultured for 24 h. After rinsing with PBS, cells were fixed by adding
4% paraformaldehyde (Gibco, USA) and rinsed three times with PBS
after 15-20 min. The fixed cells were permeabilized and blocked us-
ing a solution containing 0.5% Triton X-100 (Thermo Scientific, USA)
and 2% BSA (Thermo Scientific, USA) for 30min-Th. After removing
the blocking solution, cells were incubated with a primary antibody (di-
luted 1:200) at 4 °C overnight, away from light exposure. The cells
were then washed with PBS before adding a secondary antibody (diluted
1:500) and incubating for an additional 1 h at room temperature, en-
suring they were shielded from light. Following a PBS wash, the cells
were mounted on slides and placed inside an immunohistochemistry

two-tailed Student’s t-test, n = 3 per group, data are presented as Mean + SEM). E) The RIP pathway-related protein expression (unpaired two-tailed
Student’s t-test, n = 3 per group, data are presented as Mean + SEM). F) Schematic of RIPK and RIPK-GFP overexpression plasmids. G) Cell morphology
of wild-type (WT) cells, RIP1-overexpressing (Ov-RIP1) cells, and Ov-RIP1 cells cultured with Asp (Scale bar:50 pm). H) Mitochondrial morphology of
WT cells, Ov-RIP1 cells, and Ov-RIPT cells treated with Asp. MitoTracker staining (red) highlights the mitochondria, GFP (green) indicates RIP1 over-
expression, and DAPI staining (blue) marks the nuclei (Scale bar:10 pm). 1) Immunofluorescence analysis of P-RIP3 expression in WT cells, Ov-RIP1
cells, and Ov-RIP1 cells treated with Asp. P-RIP3 (magenta) indicates phosphorylation of RIP3, GFP (green) marks RIP1 overexpression, and DAPI (blue)
stains the nuclei (Scale bar:10 um). J) Western blot analysis and quantification of RIP1, RIP3, P-RIP3, MLKL, and PGAMS5 protein expression in WT cells,
Ov-RIP1 cells, and Ov-RIPT cells treated with Asp (one-way ANOVA with Tukey’s multiple comparison, n = 3 per group, data are presented as Mean +
SEM). (K) Cellular MDA levels in WT cells, Ov-RIP1 cells, and Ov-RIP1 cells treated with Asp (Kruskal-Wallis test with Dunn’s multiple comparison test,
n = 6 per group, data are presented as Mean + SEM). *p < 0.05, **p < 0.01, ***p < 0.001.
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dark chamber. Each slide was treated with 20 uL of the nuclear stain
DAPI. The coverslips from the six-well plate were carefully inverted and
placed over the stained cells. After protecting from light for 5 min, the
slides were examined, and images were captured using a fluorescence
microscope.

16S rRNA Gene Sequencing and Analysis of Fecal Microbiota: Total
DNA was isolated and sequenced on the Illumina HiSeq sequencing plat-
form. This work designed primers targeting conserved regions with ap-
pended sequencing adaptors. Following PCR amplification, this work pu-
rified, measured, and equilibrated the products to construct sequencing
libraries, which, after stringent quality checks, were sequenced using the
Illumina HiSeq 2500 system. The high-throughput sequencing produced
raw image files that were transformed into sequences captured in the
FASTQ format, encompassing both nucleotide sequences and their qual-
ity scores. Subsequent bioinformatic processing included refining reads
through filtering, clustering, or noise reduction, annotating species, and
quantifying their abundance. This work delved deeper into the composi-
tional differences between samples by examining alpha and beta diversity,
pinpointing significant species disparities, and conducting correlation as-
sessments and functional predictions to infer potential metabolic path-
ways.

Metabolome Analysis of Feces: Before analysis, the data were normal-
ized using the total peak area normalization method, which involves di-
viding each metabolite in each sample by the total peak area of that sam-
ple, resulting in quantified information for the pooled metabolites. Or-
thogonal projections to latent structure discriminant analysis (OPLS-DA)
were used for the analysis. More reliable information on intergroup dif-
ferences and correlations with the experimental group was obtained by
filtering out the orthogonal variables unrelated to the categorical variables
in the metabolites. The R package ropls (version 3.3.2) were used for the
OPLS-DA model calculations. For biological replicates, a combination of
fold change, t-test p-value, and the OPLS-DA model’s VIP value was used
to select differential metabolites, with the criteria of FC>1, p-value <0.05,
and VIP>1. Enrichment analysis of differential metabolite Kyoto Encyclo-
pedia of Genes and Genomes annotations was performed using the hy-
pergeometric test method with ClusterProfiler.

Plasmid Constructs and Transfection for RIP1 Overexpression: For the
overexpression of RIP1 in IPEC-J2 cells, this work designed and used
three distinct plasmid constructs: pLVX-RIP1, pLVX-RIP1-GFP, and pLVX-
GFP (control). Transfections were performed using Lipofectamine 3000
(Thermo Scientific, USA), following the manufacturer’s instructions. After
48 h, transfected cells were selected with puromycin (2 ug mL™") to en-
sure stable integration of the plasmids. The efficiency of overexpression
was confirmed by both Western blotting and fluorescence microscopy for
GFP expression.

Statistical Analysis: All statistical analyses were conducted using
GraphPad Prism (version 9.0). Outliers were removed based on a ROUT
outlier test (Q = 5%). For comparisons between two groups, this work
used an unpaired two-tailed Student’s t-test, while for multiple group
comparisons, either one-way ANOVA or two-way ANOVA was employed,
followed by Tukey’s or Dunnett’s multiple comparison tests, depend-
ing on the dataset. In cases of unequal variances, Welch's correction
was applied. Pearson correlation analysis was used to assess relation-
ships between variables, and the Kruskal-Wallis test with Dunn’s mul-
tiple comparison test and Mann-Whitney test was employed for non-
parametric data (e.g., Figure 6A and 7A). Data were presented as mean
+ standard error of the mean (SEM). A p-value of less than 0.05 was
considered statistically significant. The number of replicates (n) is in-
dicated in the figures or figure legends, where applicable. Detailed sta-
tistical methods are provided in the figure legends or within the main
text.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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