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Background

Ulva prolifera extract contains a variety of functional active substances. Whether these substances had any beneficial effects on the small intestine of weaned piglets under oxidative stress remained unknown.



Method

We explored the effects of U. prolifera extract on oxidative stress and related mechanisms in weaned piglets and intestinal porcine epithelial cells (IPEC-J2) challenged with hydrogen peroxide.



Results

U. prolifera extract was found to mainly consist of polyphenols and unsaturated fatty acids. U. prolifera extract increased total antioxidant capacity and superoxide dismutase (SOD) activity, while it decreased malondialdehyde content, in the serum of weaned piglets challenged with hydrogen peroxide. Moreover, U. prolifera extract increased mRNA expression of SOD and catalase, as well as the intestinal expression of nuclear NF-E2-related factor 2 (Nrf2), both in vitro and in vivo. Furthermore, U. prolifera extract decreased reactive oxygen species and improved mitochondrial respiration in IPEC-J2 cells treated with hydrogen peroxide. However, AMPK inhibition did not affect nuclear Nrf2 expression and only partially affected the effects of U. prolifera extract on oxidative stress.



Conclusion

We suggest that U. prolifera extract alleviates oxidative stress via Nrf2 signaling, but independent of AMPK pathway in weaned piglets challenged with hydrogen peroxide. These results shed new insight into the potential applications of U. prolifera extract as a therapeutic agent for the prevention and treatment of oxidative stress-induced intestinal diseases.
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Introduction

Ulva prolifera is a common green algae that blooms in the Bohai and the Yellow Seas of China (1). In ancient China, U. prolifera is not only a food but also a pharmaceutical product for the treatment of diseases (2). In recent years, many components such as polyphenols, flavonoids, and polysaccharides have been extracted from U. prolifera (3–5). These components have been proven to widely exert antioxidant, anti-inflammatory, and hypolipidemic properties (1, 2, 6). Consequently, U. prolifera extract has the potential to be used for the prevention and treatment of diseases such as diabetes and non-alcoholic fatty liver diseases (4, 7). However, it remains unknown whether U. prolifera extract has any effects on oxidative damage in the intestine.

Redox homeostasis is a key factor in the maintenance of normal cellular and organic functions (8). The gastrointestinal tract is prone to oxidative damage as it faces a complicated luminal environment of ingested materials and microbial pathogens (9). The loss of redox homeostasis in the gastrointestinal tract due to oxidation-induced disruption can contribute to the development of various intestinal diseases such as ulcers, malignancies, and colitis (10). Hydrogen peroxide, a highly reactive oxygen species (ROS), causes the imbalance of intestinal cellular redox in vivo and in vitro (11). Previous studies have shown that hydrogen peroxide decreased the activity of antioxidant enzymes, increased ROS content and apoptosis level, and caused mitochondrial dysfunction in intestinal epithelial cells of weaned piglets (8, 11). These results suggested that weaned piglets challenged with hydrogen peroxide could provide appropriate dysfunctional intestine model for redox balance disruption. Additionally, many researchers suggested that the pig is a valuable resource for biomedical research, and experiments in pigs are much likely to be predictive of therapeutic treatments in humans (12). Because the pig is very similar to humans in terms of anatomy, genetics and physiology (13, 14).

Consequently, the present study was conducted to determine the effects of U. prolifera extract on oxidative stress and mitochondrial dysfunction, as well as its related mechanisms, in the intestine of hydrogen peroxide-challenged piglets. We expected that the results would shed new insight into the potential applications of U. prolifera extract as a therapeutic agent for the prevention and treatment of oxidative stress-induced intestinal diseases.



Materials and Methods


Sample Extraction

U. prolifera was collected in May 2018 from the coast of Beidaihe in the Bohai Sea. The collected U. prolifera was rinsed with running water and dried in the sun. One kilogram of dried U. prolifera was mixed with 5 L distilled water and extracted for 3 h at 90°C in an ultrasonic bath (200 W, 45 kHz). The supernatant was collected by ﬁltration through siliceous earth and then run through an adsorption chromatography column (120 cm L × 150 mm ID—Huamei Experiment Instrument Plant, Shanghai, China) packed with AB-8 macroporous adsorption resin. After initial elution with distilled water, the final extract (UE) was obtained by elution with 70% methanol, followed by freeze-drying. For sample preparation, 10 mg of UE powder was dissolved in 200 ml of distilled water. Then a 1 ml aliquot of the upper layer was filtered through a 0.22 µm nylon membrane prior to UHPLC/Q-TOF-MS analysis.



UHPLC-Q-TOF-MS/MS Analysis

An Agilent 1290 Series UHPLC (Agilent, Palo Alto, CA, USA) was used and chromatography was performed in a ZORBAX Eclipse Plus C18 column (2.1 × 100 mm, 1.8 μm) (Agilent). The mobile phases consisted of water containing 0.1% formic acid (A) and acetonitrile (B). Gradient elution was performed with 5% B (0–1 min), 55% B (1–6 min), 95% B (6–20 min), 95% B (20–26 min), and 5% (1 min). Finally, the column was conditioned with 5% B for 8 min. The total run time was 35 min, with a flow rate of 0.25 ml/min, and an injection volume of 5 µl. The column temperature was 30°C.

MS was performed using an Agilent 6545 ESI-Q-TOF (Agilent). The optimum MS conditions consisted of a capillary voltage of 3500 V in negative ionization mode, a skimmer voltage of 65 V, and a fragmentor at 135 V. The gas temperature was 320°C, the drying gas flow rate was 8 L/min, and the nebulizer pressure was 35 psi. The sheath gas temperature was 350°C, and the sheath gas flow was 11 L/min. MS spectra were acquired at 100–1,700 m/z using an extended dynamic range at a scan rate of 2.0 spectra/s. A reference mass solution that contained reference ions (m/z 112.985587 and m/z 1033.988109) was used to maintain mass accuracy during the run. The MassHunter Workstation software (Agilent) was used to control the UHPLC/Q-TOF-MS system and to process recorded data, while the MassHunter Profiling software (Agilent) was used to screen the characteristic compound (15). The IM-MS Browser software (Agilent) and Traditional Chinese Medicine (TCM) database (Agilent) were used to identify the compound’s identity.



Experimental Design

Thirty-two Landrace × Large White piglets (mean body weight of 6.81 ± 0.21 kg) were weaned at the age of 21 days, and randomly assigned to one of four treatment groups (n = 8/group): (1) Piglets fed a basal diet (CONT); (2) Piglets fed a basal diet supplemented with 0.1% extract of U. prolifera (UE group); (3) Piglets fed a basal diet and intraperitoneal injection of 10% hydrogen peroxide (1 ml/kg body weight) (HP); (4) Piglets fed a basal diet supplemented with 0.1% extract of U. prolifera and intraperitoneal injection of 10% hydrogen peroxide (UEH). The experiment lasted for 14 days and all piglets had free access to feed and drinking water. The diets for the UE and UEH groups were supplemented with U. prolifera extract daily. Hydrogen peroxide were administered intraperitoneally in the HP and UEH groups on days 8 and 11 as previously did (8). The composition and nutrient levels of the basal diet met the nutrient requirements listed in Nutritional Requirements of Swine (NRC, 2012) (Supplementary Table 1). Piglets were weighed on days 1 and 14, and their feed intake was recorded daily. Average daily feed intake, average daily weight gain, and the ratio of feed intake to weight gain, were calculated. The experimental protocol was approved by the Protocol Management and Review Committee of the Institute of Animal Husbandry, Heilongjiang Academy of Agricultural Sciences. Pigs were cared for and slaughtered according to the guidelines of Heilongjiang Academy of Agricultural Sciences (Harbin, China).



Determination of Serum Antioxidative Enzymes and Malondialdehyde

Malondialdehyde (MDA) content, total antioxidant capacity (T-AOC), and superoxide dismutase (SOD) activities were analyzed in serum using commercial kits according to the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).



Cell Culture and Treatments

Intestinal porcine epithelial cells (IPEC-J2) were cultured in Dulbecco’s Modiﬁed Eagles Medium/Nutrient Mixture F-12 (Gibco, Carlsbad, CA, USA). After being seeded in 6-well plates and grown at ∼60−70% conﬂuence, cells cultured in fresh medium without fetal bovine serum (FBS) for 12 h were pretreated with U. prolifera extract (40 μg/ml) for 12 h, and then treated with 200 μM hydrogen peroxide for 6 h. For the inhibition of AMPK, 5 μM Compound C (Selleck Chemicals, Shanghai, China) was added to the medium for 6 h.



RT-qPCR Analysis

Total RNA was extracted from ileum samples and then reverse-transcribed into cDNA using reverse transcriptase (Takara Bio, Tokyo, Japan). Pig-specific primers were designed using Primer 5.0 software (Supplementary Table 2). The mRNA expression level of the target gene was normalized using housekeeping genes β-actin and GAPDH. RT-PCR was performed as described previously (16, 17). Relative expression of the target gene in the treatment groups was expressed as a ratio to the expression of the target gene in the control group.



Protein Qualification by the Wes Simple Western System

Protein qualification was performed using the Wes Simple Western System (ProteinSimple, San Jose, CA, USA), an automated process of capillary gel electrophoresis. Proteins were extracted from IPEC-J2 cells, mixed with Simple Western Sample Buffer, Master Mix, dithiothreitol, and fluorescent standards (ProteinSimple), and then loaded into Wes 25-well plates. Thereafter, primary and secondary antibodies, luminol-peroxide mixture, stacking gel matrix, and separation gel matrix were added to the appropriate wells. Primary antibodies used in the experiment included antibodies against Keap1, Nrf2, β-actin (Abcam, Cambridge, MA, USA); lamin B1, AMPK and phospho-AMPK (Bioss, Beijing, China). Results were obtained using the “gel view” function of the software (ProteinSimple). Total cellular protein expression was normalized to β-actin, while nuclear Nrf2 and Keap1 protein expression was normalized to lamin B1.



Measurement of ROS in Mitochondria

IPEC-J2 cells seeded into confocal dishes were treated with 5 μM MitoSOX™ reagent working solution (Invitrogen, Shanghai, China) and incubated for 10 min at 37°C. Cells were then treated with anti-fluorescence quenching agent and observed using a ZEISS LSM 880 confocal microscope (ZEISS, Shanghai, China).



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was assayed by double fluorescence staining with JC-1 (Invitrogen, Shanghai, China). After being seeded into confocal dishes, the cells were incubated with 10 μg/ml JC-1 for 30 min, and then washed twice with PBS. Cells were then treated with anti-fluorescence quenching agent and observed using a ZEISS LSM 880 confocal microscope (ZEISS, Shanghai, China).



Mitochondrial Respiration

Mitochondrial respiration was measured using an XF-24 Extracellular Flux Analyzer and a Cell Mito Stress Test Kit (Agilent, Beijing, China) according to the manufacturer’s instructions. The baseline oxygen-consumption rate (basal OCR), spare respiratory capacity, non-ATP-linked oxygen consumption (proton leakage), maximal respiratory capacity (maximal respiration), ATP-linked mitochondrial oxygen consumption (ATP production), and non-mitochondrial respiration were determined as previously described (18). Total cellular protein was analyzed for normalizing mitochondrial respiration rates.



Immunofluorescent Assay

IPEC-J2 cells seeded into confocal dishes were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.3% Triton X-100 for 15 min. Cells were then blocked in 10% BSA for 20 min, and incubated with primary antibodies Keap1 and Nrf2 (Abcam, Cambridge, MA, USA) overnight at 4°C. After being washed three times with PBS, cells were incubated with secondary antibodies for 1 h. The nuclear DNA was labeled with 4’,6-Diamidino-2-phenylindole (Sigma-Aldrich, St. Louis, MO, USA) for 2 min, and cells were then treated with anti-fluorescence quenching agent and observed using a ZEISS LSM 880 confocal microscope (ZEISS, Shanghai, China).



AMPK Activity Determination

AMPK activity was determined using AMPK Kinase Assay Kit (CycLex, Tokyo, Japan) as previously described (19). Briefly, IPEC-J2 cells were collected and lysed. Then, supernatant was obtained by centrifugation at 12,000 g and 4°C for 15 min, for the determination of the relative AMPK activity.



Statistical Analysis

Statistical analysis was performed by one-way ANOVA followed by Student-Newman-Keuls post hoc test using data statistics software SPSS 18.0. All the measurement data was expressed as the means ± standard error (SEM). P < 0.05 was considered statistically significant.




Results


Characterization of Components of U. Prolifera Extract

By screening with Agilent’s TCM database, U. prolifera extract was found to mainly consist of polyphenols and unsaturated fatty acids (Table 1).


Table 1 | Identiﬁcation of compounds extracted from Ulva prolifera using hot water extraction method.





U. prolifera Extract Improved Growth Performance and Alleviated Oxidative Stress in Weaned Piglets Challenged With Hydrogen Peroxide

Piglets challenged with hydrogen peroxide showed decreased average daily weight gain and feed intake, while showing an increased ratio of feed intake to weight gain, indicating reduced growth performance (Figures 1A–C). When the piglets’ diet was supplemented with U. prolifera extract, the growth performance was unchanged compared with control piglets, even if the piglets were challenged with hydrogen peroxide. Compared with control piglets, piglets challenged with hydrogen peroxide had lower T-AOC and SOD activities, but higher MDA content in serum, while no such changes were observed in piglets supplemented with U. prolifera extract (Figures 1D–F).




Figure 1 | Ulva prolifera extract improved growth performance and alleviated oxidative stress in weaned piglets challenged with hydrogen peroxide. (A) Average daily weight gain; (B) Average daily feed intake; (C) Feed: gain ratio; (D) T-AOC activity in serum; (E) SOD activity in serum; (F) MDA content in serum. T-AOC, total antioxidant ability; SOD, superoxide dismutase; MDA, Malondialdehyde. CONT, piglets fed a basal diet and administrated intraperitoneally with saline (1 ml/kg BW); UE, piglets fed a basal diet and supplemented with 0.1% U. prolifera extract; HP, piglets fed a basal diet and administrated intraperitoneally with 10% hydrogen peroxide (1 ml/kg body weight); UEH, piglets fed a basal diet supplemented with 0.1% U. prolifera extract, and administrated intraperitoneally with 10% hydrogen peroxide. Values are expressed as mean ± SEM, n = 8; *p < 0.05.





U. prolifera Extract Alleviated Oxidative Stress and Activated AMPK/Nrf2 Signaling in the Ileum of Weaned Piglets Challenged With Hydrogen Peroxide

Compared with those in control piglets, piglets challenged with hydrogen peroxide had higher SOD1, SOD2, and CAT mRNA expression in the ileum, while no changes were observed in piglets supplemented with U. prolifera extract (Figures 2A–C). No change in Gpx1 mRNA expression in the piglet ileum was observed across the four treatments (Figure 2D). Hydrogen peroxide challenge caused significant decreases in protein expression of AMPK and phosphorylated AMPK, as well as nuclear Nrf2 and Keap1, in the weaned piglet ileum, while U. prolifera extract significantly prevented these changes (Figure 3).




Figure 2 | Ulva prolifera extract promoted expression of the antioxidant genes in the ileum of weaned piglets challenged with hydrogen peroxide. Gene expression of SOD1 (A), SOD2 (B), CAT (C), and Gpx1 (D) in ileum. SOD, superoxide dismutase; CAT, catalase; Gpx1, glutathione peroxidase 1. CONT, piglets fed a basal diet and administrated intraperitoneally with saline (1 ml/kg BW); UE, piglets fed a basal diet and supplemented with 0.1% U. prolifera extract; HP, piglets fed a basal diet and administrated intraperitoneally with 10% hydrogen peroxide (1 ml/kg body weight); UEH, piglets fed a basal diet supplemented with 0.1% U. prolifera extract, and administrated intraperitoneally with 10% hydrogen peroxide. Values are expressed as mean ± SEM, n = 8; *p < 0.05.






Figure 3 | Ulva prolifera extract activated the AMPK/Nrf2 signaling pathway in the ileum of weaned piglets challenged with hydrogen peroxide. (A) Western blotting results; (B) AMPK abundance relative to β-actin; (C) pAMPK abundance relative to AMPK; (D) Nuclear Nrf2 abundance relative to Lamin B1; (E) Nuclear Keap1 abundance relative to Lamin B1. CONT, piglets fed a basal diet and administrated intraperitoneally with saline (1 ml/kg BW); UE, piglets fed a basal diet and supplemented with 0.1% U. prolifera extract; HP, piglets fed a basal diet and administrated intraperitoneally with 10% hydrogen peroxide (1 ml/kg body weight); UEH, piglets fed a basal diet supplemented with 0.1% U. prolifera extract, and administrated intraperitoneally with 10% hydrogen peroxide. AMPK, AMP-activated protein kinase; Nrf2, NF-E2-related factor 2; Keap1, inhibitor of Nrf2. Values are expressed as mean ± SEM, n = 3; *p < 0.05.





U. prolifera Extract Alleviated Oxidative Stress in the IPEC-J2 Cells Treated With Hydrogen Peroxide

Hydrogen peroxide treatment caused significant decreases in mRNA expression of SOD1, SOD2, and CAT in IPEC-J2 cells, while U. prolifera extract significantly prevented these changes (Figures 4A–C). Moreover, cells further treated with compound C, an inhibitor of AMPK, showed significantly less effect of U. prolifera extract, even though mRNA expression of SOD1 and SOD2 remained significantly higher than observed in hydrogen peroxide-treated cells. No changes in Gpx1 mRNA expression were observed in IPEC-J2 cells across the five treatments (Figure 4D). ROS content was significantly higher in cells treated with hydrogen peroxide, while no difference in ROS content was observed when the cells were treated with U. prolifera extract (Figures 5A, B). ROS content in hydrogen peroxide-induced cells treated with both U. prolifera extract and compound C was significantly higher compared with control cells, but ROS content was lower when compared with cells treated only with hydrogen peroxide.




Figure 4 | Ulva prolifera extract promoted expression of the antioxidant genes in IPEC-J2 cells treated with hydrogen peroxide. Gene expression of SOD1 (A), SOD2 (B), CAT (C), and Gpx1 (D) in IPEC-J2 cells. SOD, superoxide dismutase; CAT, catalase; Gpx1, glutathione peroxidase 1. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. Values are expressed as mean ± SEM, n = 6; *p < 0.05, **p < 0.01.






Figure 5 | Ulva prolifera extract decreased ROS content and alleviated oxidative stress in IPEC-J2 cells treated with hydrogen peroxide. (A) ROS staining (red, ROS; blue, DAPI); (B) Relative ROS content; (C) JC-1 staining (red, aggregate; green, monomer); (D) JC-1 ratio (red to green). ROS, reactive oxygen species. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide and 5 μM compound C. Values are expressed as mean ± SEM, n = 3; *p < 0.05, **p < 0.01.



JC-1 staining, as a marker of mitochondrial membrane potential, was further used to assess mitochondrial stress. The formation of JC-1 aggregates (red fluorescence) reflects lower stress while JC-1 monomers (green fluorescence) suggest higher stress. Hydrogen peroxide induced a decrease in the ratio of red to green fluorescence, while U. prolifera extract diminished this ratio decrease (Figures 5C, D). The ratio of red to green fluorescence in cells treated with compound C was higher than the ratio observed in control cells and U. prolifera extract-treated cells, but lower than observed in hydrogen peroxide-treated cells.



U. prolifera Extract Promoted Mitochondrial Respiration in IPEC-J2 Cells Treated With Hydrogen Peroxide

The results of mitochondrial respiration determination are shown in Figure 6A. Challenge with hydrogen peroxide significantly decreased basal OCR, maximal respiration, spare respiration capacity, non-mitochondrial respiration, and ATP production, and increased proton leak, while U. prolifera extract alleviated these changes in IPEC-J2 cells (Figures 6B–G). Cells further treated with compound C did not show any change in these parameters, except that spare respiration capacity was not altered between cells treated with compound C and cells treated with hydrogen peroxide only.




Figure 6 | Ulva prolifera extract promoted mitochondrial respiration in IPEC-J2 cells treated with hydrogen peroxide. (A) mitochondrial respiration curve; (B) Basal respiration; (C) Proton leak; (D) Maximal respiration; (E) Spare respiration capacity; (F) Non mitochondrial respiration; (G) ATP production. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. Values are expressed as mean ± SEM, n = 3; *p < 0.05.





U. prolifera Extract Activated AMPK/Nrf2 Signaling in the IPEC-J2 Cells Treated With Hydrogen Peroxide

The results of immunofluorescent assay show that nuclear Nrf2 and Keap1 expression was decreased by hydrogen peroxide, while U. prolifera extract alleviated these changes in IPEC-J2 cells (Figures 7 and 8). Compound C treatment did not alter the effects of U. prolifera extract on Nrf2 and Keap1 expression. We determined the activity of AMPK to further investigate any changes to AMPK signaling. The results showed that hydrogen peroxide caused significant decrease of AMPK activity, and this decrease was alleviated by U. prolifera extract (Figure 8).




Figure 7 | Ulva prolifera extract increased expression of Nrf2 and Keap1 in IPEC-J2 cells treated with hydrogen peroxide. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. Nrf2, NF-E2-related factor 2; Keap1, inhibitor of Nrf2.






Figure 8 | Ulva prolifera extract activated AMPK/Nrf2 signaling pathway in IPEC-J2 cells treated with hydrogen peroxide. Relative fluorescence intensity of Nrf2 (A) and Keap1 (B) based on the results of Figure 7; (C) Relative AMPK activity. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U._ prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. AMPK, AMP-activated protein kinase; Nrf2, NF-E2-related factor 2; Keap1, inhibitor of Nrf2. Values are expressed as mean ± SEM, n = 3; *p < 0.05 relative to CONT, UE, and UEH; #p < 0.05 relative to HP.






Discussion

U. prolifera, the major causative species of green tides, has bloomed in the Yellow Sea since 2008 and bloomed in the Bohai Sea in 2015, leading to marine ecological disasters as well as great losses to tourism and aquaculture (1). However, many bioactive materials in U. prolifera are considered nutritious and have functional activities. In the present study, we extracted bioactive constituents from U. prolifera using hot water extraction, analyzed the components by UHPLC-Q-TOF-MS/MS analysis, and screened the components using Agilent’s TCM database. Except that other researchers who extracted polysaccharides and flavonoids in the green algae, U. prolifera extract was found to contain polyphenols and unsaturated fatty acids in our study (2, 4). By supplementation with U. prolifera extract in hydrogen peroxide-challenged piglets, interestingly, we found that U. prolifera extract protected the intestine from oxidative damage. U. prolifera extract also improved mitochondrial function and activated the AMPK/Nrf2 signaling pathway in intestinal porcine epithelial cells.

Hydrogen peroxide can diffuse across the cell membrane and penetrate throughout the mitochondria (20). Overaccumulation of hydrogen peroxide and its metabolites, such as hydroxyl radicals, oxidizes carbohydrates, lipids, nucleic acids, and proteins, resulting in cellular injury that includes mitochondrial dysfunction. This state of oxidative stress further impairs organ function. Previous studies have shown that hydrogen peroxide not only inhibited SOD and T-AOC activities but also increased MDA content, indicating an oxidative imbalance in weaned piglets challenged with hydrogen peroxide (8, 20–22). Additionally, hydrogen peroxide treatment caused morphological injury and mitochondrial dysfunction, and promoted apoptosis in intestinal porcine epithelial cells (11). These results suggested that weaned piglets challenged with hydrogen peroxide would be a suitable model for studying intestinal oxidative damage and ROS-induced intestinal diseases.

In the present study, we used the described piglet model and our results suggested that the weaned piglets were under oxidative stress after peritoneal injections with hydrogen peroxide, which is in agreement with previous studies (8, 11). Interestingly, U. prolifera extract showed a strong protective effect against hydrogen peroxide-induced oxidative responses in weaned piglets. Importantly, U. prolifera extract exerted beneficial effects on mitochondrial function via preventing the impairment of ATP-linked respiration and maximal respiratory capacity from hydrogen peroxide challenge, according to the results of the mitochondrial respiration assay (23). Mitochondria play critical roles in generating, sensing, and scavenging ROS (24). We proposed that U. prolifera extract may help maintain mitochondrial function by improving mitochondrial metabolism of ROS when the intestinal porcine epithelial cells were challenged with hydrogen peroxide. This was evidenced by lower mitochondrial ROS content and higher JC-1 red to green fluorescence ratios in cells treated with hydrogen peroxide and U. prolifera extract, which suggested lower mitochondrial stress.

AMP-activated protein kinase (AMPK), a cellular sensor of redox balance, is involved in the regulation of cellular antioxidant response. It has been suggested that AMPK is an upstream regulator of Nrf2 and its activation causes nuclear accumulation of Nrf2 (25). However, our results suggested that inhibition of AMPK did not affect nuclear Nrf2 expression, although the effects of U. prolifera extract on oxidative stress was partially affected. Based on these results, we suggest that U. prolifera extract may exert direct influence on the Nrf2 pathway or has activated other upstream regulators of Nrf2. The Nrf2/Keap1 pathway is considered the cell’s most important antioxidant system (26). The initial effect of ROS on the Nrf2/Keap1 pathway is to promote the dissociation of Nrf2 from the Nrf2/Keap1 complex, which then translocates into the nucleus to promote the expression of its downstream antioxidant enzyme genes. However, continuously increased ROS further exerts accumulative effects that lead to the degradation of nuclear Nrf2, switching off the target gene expression activation. Hydrogen peroxide was hypothesized to influence the formation of the Nrf2/Keap1 complex and translocation of Nrf2 by promoting the production of ROS (18, 27). We observed the accumulative negative effects of hydrogen peroxide in the intestine of weaned piglets. Importantly, U. prolifera extract protected the intestinal porcine epithelial cells from a dysfunctional Nrf2/Keap1 signaling pathway. We suggest that U. prolifera extract exerted these protective effects via the elimination of ROS overproduction.

In conclusion, our results suggested that U. prolifera extract alleviated oxidative stress and improved mitochondrial function in the small intestine of weaned piglets challenged with hydrogen peroxide. Moreover, the Nrf2 signaling pathway played a critical role in mediating these effects. Our results provide potential applications of U. prolifera in animal feed and for medical purposes. These alternative uses indicate effective methods to bring the environmental damage under control and to profit from green tide events.
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