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Editorial on the Research Topic 


The mechanism of trace elements on regulating immunity in prevention and control of human and animal diseases


Nickel is a hard, malleable, silver-white transition metal that is widely used in metallurgical processes such as alloy manufacturing, nickel cadmium battery manufacturing, and food industries (1). Nickel can be enriched in humans and animals through the food chain and direct contact, and when it accumulates to a certain level in the body without proper treatment, it can be harmful to living organisms as a toxic metal ion (2–4). Human exposure to excessive nickel can cause toxic side effects such as allergies, cardiovascular disease, kidney disease, pulmonary fibrosis, and cancers (5). It has been shown that nickel nanoparticles can cause reproductive toxicity in mice (6). Melatonin (MT) is an indole hormone secreted primarily by the pineal gland in mammals and humans (7). It is used for the treatment of hypertension, hyperlipidemia, myocardial injury, and myocardial ischemia reperfusion injury (8). Previous experiments by Cai et al. showed that MT ameliorates trimethyltin chloride-induced cardiotoxicity through the nuclear xenobiotic metabolism and Keap1-Nrf2/ARE axis-mediated pyroptosis.

Selenium is an essential trace element for the human body, which exists in selenoproteins in the form of selenocysteine ​​and selenomethionine, and exerts its biological functions through 25 selenoproteins. Selenoprotein M (SelM) is one of the executive factors of selenium in vivo and may be involved in antioxidant, neuroprotection and the regulation of intracellular calcium (9). Existing studies have shown that the overexpression of human SelM in rats increases the activity of antioxidant enzymes such as glutathione peroxidase (GPX) and superoxide dismutase (SOD) (10). In addition, SelM has a neuroprotective function in the regulation of cytosolic calcium, which plays an important role in the pathogenesis of neurodegenerative diseases (11). Of note, previous studies have shown that SelM-/- mice are observed to be obese and leptin-resistant (12, 13). Our previous research showed that in a high-fat diet (HFD) induced non-alcoholic fatty liver disease (NAFLD) model, there is a significant downregulation of SelM expression. Notably, SelM contains a redox-active CXXU motif that has been shown to bind Zn2+ and Cu+, thereby acting as a metal regulator (14, 15). Thioredoxin/glutathione reductase (TXNRD3) is a selenoprotein composed of thioredoxin reductase and glutaredoxin domains. It has been shown that TXNRD3 plays an important role in male reproduction by supporting redox homeostasis during spermatogenesis (16). To investigate the role of SelM and Txnrd3 in nickel poisoning, we established a nickel exposure model by 21 days of NiCl2 gavage in wild-type C57BL/6N (WT) mice, SelM-/- C57BL/6N (SelM-/-) mice, and Txnrd3-/- C57BL/6N (Txnrd3-/-) mice.

NiCl2 damages the immune system, including the spleen and primary splenic lymphocytes. The splenic white and red pulp of SelM -/- mice has shown greater destruction than WT mice after nickel exposure. Ma et al. also demonstrated that oxidative stress, inflammation, and apoptosis occurred in the spleen of mice during this period. In our ongoing study of the toxicity of NiCl2 on primary splenic lymphocytes, we found that cells undergo oxidative stress-induced inflammation and necroptosis with increasing concentrations of NiCl2. When N-Acetyl-L-cysteine (NAC) alleviated oxidative stress, the inflammation and necroptosis were also reduced in the primary splenic lymphocytes (nonpublic data).

We then investigated the circulatory system by examining the heart. In Txnrd3-/- mice, we found that compared with wild-type mice, reduced Txnrd3 expression promoted nickel-induced mitochondrial apoptosis and an oxidative stress-induced inflammatory response, which exacerbated cardiac injury. Specific manifestations include increased messenger mRNA levels of mitochondrial apoptosis (caspase-3, caspase-9, cytochrome c, p53, and BAX), autophagy (LC3, ATG 1, ATG 7, and Beclin-1), and inflammation (TNF-α, COX 2, IL-1, IL-2, IL-6, and IL-7), but decreased levels of bcl-2, p62, and mTOR (Liu Yue et al.). We also discovered that NiCl2 caused changes in the microstructure and ultrastructure of the hearts of WT and SelM-/- mice, which were caused by oxidative stress, endoplasmic reticulum (ER) stress, and apoptosis, as evidenced by a decrease in the MDA content and T-AOC activity. At the same time, ER stress-related genes (ATF4, IRE-1, JNK, and CHOP) and apoptosis-related genes (Bax, Caspase-3, Caspase-9, Caspase-12, and bcl-2) changed their mRNA and protein expression. It is worth noting that SelM-/- mice were more severely injured (nonpublic data).

Regarding the metabolic system, we observed changes in the liver and kidneys. In the liver, liver fibrosis was more severe, and organelle damage was more pronounced in Txnrd3-/- mice compared to wild-type mice after nickel exposure. In this process, activation of the IRE1/Nuclear factor kappa B/NLRP3 16 axis leads to liver pyroptosis, while upregulation of PERK/TGF-β17 promotes the liver fibrosis process. Moreover, Txnrd3 knockdown has been found to exacerbate liver injury during nickel exposure (Liu Qi et al.). Our current findings suggest that SelM-/- mice experience more severe ferroptosis caused by lipid peroxidation in the liver (nonpublic). We also confirmed that Txnrd3 knockdown can aggravate the oxidative stress and mitochondrial apoptosis caused by the increase of reactive oxygen species in the kidney caused by NiCl2 (nonpublic).

We also investigated the NiCl2 toxicology in nervous system. Neuronal brain atrophy and other neurotoxic features in brain tissue were observed in WT mice, and Qiao’s study also proposed that nickel induces oxidative stress damage and autophagy in the mouse brain through the inhibition of the PI3K/AKT/mTOR pathway.

In addition, for the respiratory system, we focused on the changes in the lung tissue after NiCl2 exposure. In the lung tissue of SelM-/-mice and WT mice, light microscopy revealed inflammatory cell infiltration, alveolar collapse, and alveolar wall thickening, while electron microscopy of the lung tissue showed a large accumulation of fibroblasts, the proliferation of collagen fibers, and dense collagen deposition. Lung fibrosis was more severe in SelM-/- mice than that in WT mice. We suggest that SelM knockdown leads to epithelial mesenchymal transition through the activation of the oxidative stress-mediated TGF-β1/Smad signaling pathway and promotes lung fibrosis development (nonpublic data). In the lung tissue of Txnrd3-/-, pathological results showed that after exposure to nickel, the lung tissue was significantly damaged and infiltrated with inflammatory cells. Inflammatory cells and protein fragments were found in the bronchioles of Txnrd3-/- mice. Ultrastructural examination showed that mitochondria in the Txnrd3-/- mice were abnormal, and pulmonary capillary endothelial cells were dense and short. qPCR and WB results suggested that NiCl2 activated the TNF-α/NF-κB pathway by increasing the expression of HO-1, IL-1β, iNOS, and COX2 and inducing the inflammatory response (nonpublic data).

We added melatonin to the above model for intervention and found that it could significantly alleviate the damage caused by Ni poisoning in WT and knockout mice. However, in the tissues and organs of the gene knockout mice, the antagonism of melatonin on Ni was not as obvious as that of the wild-type mice, and a certain degree of damage still existed, indicating that SelM and Txnrd3 play an important role in the process of multiple tissues and organs damage caused by exposure to Ni.

All our data suggest that SelM and Txnrd3 play an important role in nickel toxicity. MT showed a protective effect in WT mice after NiCl2 exposure, but this effect was markedly attenuated in knockout mice. During this process, biological processes such as oxidative stress, inflammation, apoptosis, and ER stress occur. Next, we will examine the specific biological effects of SelM and Txnrd3.
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Schisandrin B (Sch B) is well-known for its antitumor effect; however, its underlying mechanism remains confusing. Our study aimed to investigate the role of selenoproteins in Sch B-induced autophagy and Th1/Th2 imbalance in Hepa1-6 cells. Hepa1-6 cells were chosen to explore the antitumor mechanism and were treated with 0, 25, 50, and 100 μM of Sch B for 24 h, respectively. We detected the inhibition rate of proliferation, transmission electron microscopy (TEM), monodansylcadaverine (MDC) staining, reactive oxygen species (ROS) level and oxidative stress-related indicators, autophagy-related genes, related Th1/Th2 cytokines, and selenoprotein mRNA expression. Moreover, the heat map, principal component analysis (PCA), and correlation analysis were used for further bioinformatics analysis. The results revealed that Sch B exhibited well-inhibited effects on Hepa1-6 cells. Subsequently, under Sch B treatment, typical autophagy characteristics were increasingly apparent, and the level of punctate MDC staining enhanced and regulated the autophagy-related genes. Overall, Sch B induced autophagy in Hepa1-6 cells. In addition, Sch B-promoted ROS accumulation eventually triggered autophagy initiation. Results of Th1 and Th2 cytokine mRNA expression indicated that Th1/Th2 immune imbalance was observed by Sch B treatment in Hepa1-6 cells. Intriguingly, Sch B downregulated the majority of selenoprotein expression. Also, the heat map results observed significant variation of autophagy-related genes, related Th1/Th2 cytokines, and selenoprotein expression in response to Sch B treatment. PCA outcome suggested the key role of Txnrd1, Txnrd3, Selp, GPX2, Dio3, and Selr with its potential interactions in ROS-mediated autophagy and Th1/Th2 imbalance of Hepa1-6 cells. In conclusion, Sch B induced ROS-mediated autophagy and Th1/Th2 imbalance in Hepa1-6 cells. More importantly, the majority of selenoproteins were intimately involved in the process of autophagy and Th1/Th2 imbalance, Txnrd3, Selp, GPX2, Dio3, and Selr had considerable impacts on the process.
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Introduction

Tumor treatment and uncovering antineoplastic drug mechanisms have attracted intense research efforts. Extensive research has established that natural products extracted and isolated from plants combined with anticancer active substances can help reduce the dosage of anticancer agents and the occurrence of side effects, so these natural active ingredients can be used as cofactors for anticancer treatment (1). Schisandrin B (Sch B), extracted from the traditional Chinese medicinal herb Schisandra chinensis Baill., is one of the most active monomers of lignans (2). Existing research recognized the critical role of Sch B in anti-tumor, antioxidant and hepatoprotective effects (3, 4). The antitumor activity of Sch B included promoting apoptosis, inhibiting proliferation, and impairing tumor angiogenesis in various cancer cells (5). There has been little analysis, and systematic understanding of how Sch B exerts its anticancer action is still lacking.

Autophagy is an evolutionarily conserved mechanism for cellular self-digestion that can be involved in maintaining the stability of the internal environment and cellular viability (6). Autophagy is closely linked to tumor suppression and tumor survival. Under normal physiological conditions, autophagy facilitates cells to maintain a self-stable state (7). In case of stress, it can prevent the accumulation of toxic or oncogenic damaged proteins and organelles and inhibits cellular carcinogenesis. Whereas, once tumors are formed, autophagy provides richer nutrients for cancer cells and promotes tumor growth (8). Therefore, autophagy suppresses tumor initiation yet enhances tumor progression (9). Autophagy can be activated under multiple states of stress such as oxidative stress, growth factor deficiency, microbial infection, organelle damage, protein misfolding or aggregation, and DNA damage (10). High levels of reactive oxygen species (ROS) have been detected in the promotion and progression of multiple tumors (11); meanwhile, ROS accumulation is indispensable for the initiation of autophagy (12). Therefore, the mechanisms by which drugs exert anticancer effects by activating oxidative stress and thus inducing autophagy are of notable attention. The ginsenoside Rb1 metabolite K induced both autophagy and apoptosis in HCT-116 cells by producing ROS and activating the c-Jun N-terminal kinase (JNK) pathway (13). Saxifragifolin D increased the expression of LC3-II, Beclin-1 proteins in MCF-7 and MDA-MB-231 cells, and induced apoptosis and autophagy in breast cancer cells through the ROS-mediated endoplasmic reticulum (ER) stress pathway, therefore inhibiting cancer cell proliferation (14). The induction of ROS and activation of nuclear factor (NF)-κB by gemcitabine (GEM) are required for the effect of antiproliferative synergism in pancreatic cancer cells (15). There is mounting evidence that Th1/Th2 imbalance leads to cancer progression due to their essential role in immunomodulatory function (16, 17). Th1 and Th2 are two subgroups of CD4+ T cells with diverse cytokine production and regulating multiple mechanisms of action in tumor immunity (18, 19). Studies have shown that most tumor tissues are in a state of Th2 cytokine dominance, which is one of the mechanisms of tumor immune escape (20). Compared to healthy subjects, most melanoma patients revealed visibly lower expressions of interleukin (IL)-2 and interferon (IFN)-γ and elevated pathological levels of IL-4, IL-6, and IL-10 demonstrated that the disease was related to Th1/Th2 imbalance (21). Therefore, transferring the Th1/Th2 balance to Th1 to provide a novel protocol for tumor immunotherapy has become a current research hot spot. Saikosaponin A enhanced antitumor immunity by shifting the Th1/Th2 balance toward Th1 and significantly inhibited breast cancer tumor growth and tumor cell proliferation (22). The study aimed to investigate the impact of fire needle stimulation at Sihua acupoints combined with chemotherapy on Th1/Th2 imbalance in non-small cell lung cancer (NSCLC). The results indicated that the expressions of IL-2 and IFN-γ were elevated and of IL-4 and IL-10 were reduced in the treatment group, which illustrated that it can enhance the function of Th1 cells and decrease the function of Th2 cells, altering the imbalance of Th1 and Th2 (23).

Selenoproteins, the catalytic activity center is selenocysteine (Sec), are the main carriers of selenium for physiological functions (24). Sec is mainly located in the redox catalytic site and has a higher redox potential (25). Selenoproteins exist primarily in the form of redox enzymes and carry out very diverse functions such as regulation of cellular oxidative stress, immune function, ER stress, and autophagy, which are integrally related to the development of diverse tumors (26, 27). As mentioned, autophagy is activated under oxidative stress situations. Hence, extensive research suggested selenoproteins as potential molecular targets for anticancer agents that induce oxidative stress, autophagy, and immunity (28–30). Overexpression of Selh in HT22 cells reversed glutamate-induced increase in ROS production and autophagy imbalance (31). The inhibition effect of cyanidin on renal cell carcinoma was correlated with downregulation of early growth response gene 1 (EGR1) and Selw expression, while modulating the expression of autophagy-related proteins P62 and ATG4 (32). Txndr suppression increased the expression of IL-1β, IL-6, IL-8, and IL-10, which indicated autophagy occurred with a strong immune response in Txn-deficient cardiomyocytes (33).

This study set out to assess the effect of selenoproteins on Sch B inhibiting Hepa1-6 cell proliferation through increasing ROS production and subsequent activation of autophagy and shifting Th1/Th2 balance then regulating immunity. We cultured Hepa1-6 cells with 0-, 25-, 50-, and 100-μM Sch B treatment and then detected the proliferation, autophagy, Th1/Th2 imbalance, and oxidative stress levels in Hepa1-6 cells. Accordingly, to reveal the specific role of selenoproteins in regulating autophagy, oxidative stress, and Th1/Th2 imbalance, we examined the mRNA levels of 25 selenoproteins and performed bioinformatic analysis.



Materials and Methods


Cell Culture

Murine hepatocarcinoma cell line Hepa1-6 was gifted by Jiangxi TCM Cancer Center Laboratory. Cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin and maintained at 37°C in a 5% CO2 incubator. Hepa1-6 cells incubated with culture medium were added with 25-, 50-, and 100-μM concentrations of Sch B dissolved in dimethyl sulfoxide (DMSO) for 24 h. The same volume of DMSO was substituted as a control.



Cell Proliferation Assay

The Cell Counting Kit-8 assay (Sant Biotechnology, Shanghai, China) was used to monitor cell proliferation. Here, 5 × 103 cells/well were seeded into 96-well plates and cultivated with Sch B treatment at 0-, 25-, 50-, and 100-μM concentrations for 24 h. Then, 10-μl CCK8 solution was transferred into each well for 2 h, and the absorbance was measured at 450 nm.



Sections for Electron Microscopy

Hepa1-6 cells were treated with 0-, 25-, 50-, 100-μM concentrations of Sch B dissolved in DMSO for 24 h. The cells were collected into a tube and centrifuged at 250×g for 10 min, then the supernatant was discarded. Cell samples were fixed overnight in 2.5% glutaraldehyde at 4°C, rinsed 3 times with 0.1 M phosphate buffer, and then fixed with osmic acid for 1 h at 4°C. Immediately afterward, they were dehydrated with 50%, 70%, 90%, and 100% ethanol and 100% acetone, respectively, rinsed 3 times with 0.1 M phosphate-buffered saline (pH 7.2), and then fixed with 1% osmic acid for 1 h at 4°C. Afterward, samples were dehydrated with 50%, 70%, 90%, and 100% ethanol and 100% acetone, respectively. Next, the samples were macerated, embedded, aggregated, and then sectioned approximately 50–60 nm with an ultramicrotome. The microphotographs were taken with a transmission electron microscope (GEM-1200ES, Japan).



Monodansylcadaverine Staining

Monodansylcadaverine (MDC) is a fluorescent chrome that is commonly used to detect specific marker stains for autophagosome formation. The analysis of autophagy was undergone by MDC (Solarbio, Beijing, China). Hepa1-6 cells were treated with 0-, 25-, 50-, 100-μM concentrations of Sch B dissolved in DMSO for 24 h in 12-well plates. Cells were incubated with 0.05 mM MDC in PBS at room temperature away from light for 30 min. The fluorescent images were obtained with a fluorescence microscope with 355-nm excitation filter and 512-nm barrier filter (Leica, Wetzlar, Germany), and cell number was counted to normalize the measurement.



Detection of Intracellular Reactive Oxygen Species and Oxidative Stress-Related Indicators

Measurement of intracellular ROS used the ROS detection kit (Beyotime, Shanghai, China). After 24-h incubation with 0-, 25-, 50-, 100-μM concentrations of Sch B, cells were incubated with 10 μM 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) for 30 min at 37°C. Then, cells were washed with serum-free medium 3 times and measured by fluorescence microscopy (Leica, Wetzlar, Germany). Oxidative stress-related factors superoxide dismutase (SOD), malondialdehyde (MDA), glutathione (GSH), and glutathione peroxidase (GSH-px) were explored according to the protocols of the corresponding kit (Nanjing Jiancheng Bioengineering Institute, China). The absorbance was estimated at 550, 532, 405, and 412 nm, respectively.



Determination of the mRNA Expression of Autophagy-Related Genes, Related Th1/Th2 Cytokines, and Selenoproteins

Total RNA was extracted from cultured cells by using TRIzol reagent (Invitrogen, Shanghai, China). cDNA was synthesized from 5 mg of the total RNA using oligo dT primers and Superscript II reverse transcriptase according to the manufacturer’s instructions (Promega, Beijing, China). Autophagy-related genes (LC3, P62, Beclin1, mTOR, ATG1, ATG4, ATG5, ATG7, ATG10, ATG12), related Th1/Th2 cytokines (IL-2, TNF-α, IFN-γ, IL-12, IL-4, IL-5, IL-6, IL-10), and selenoprotein primers (GPX1, GPX2, GPX3, GPX4, GPX6, Txnrd1, Txnrd2, Txnrd3, Dio1, Dio2, Dio3, Sep15, Selh, Selt, Selw, SPS2, Selm, Selp, Selv, Selo, Selr, Sels, Seli, Selk) were designed by Primer Premier Software (PREMIER Biosoft International, USA) and are listed in Table 1. qRT-PCR was performed to detect the target genes by using Fast Universal SYBR Green Master Mix (Roche, Basel, Switzerland) on the Light Cycler® 480 System (Roche, Basel, Switzerland). Reactions were performed in a 10-μl reaction mixture containing 5 μl of 2× SYBR Green I PCR Master Mix (Roche, Basel, Switzerland), 1 μl of cDNA, 0.2 μl of each primer (10 μM), 0.2 μl of 50× ROX reference Dye II, and 3.4 μl of PCR-grade water. The reaction mixture was then subjected to a thermal profile of denaturation as follows: 1 cycle at 95°C for 30 s and 40 cycles at 95°C for 15 s and 60°C for 30 s. mRNA expression was normalized to β-actin and calculated using the 2-ΔΔCT method.


Table 1 | The primers used in the present study.





Statistical Analyses

The heat map was generated by https://hiplot.com.cn/basic/heatmap and ranked genes by the degree of expression levels of autophagy-related genes, related Th1/Th2 cytokines, and selenoproteins. SPSS 13.0 program (SPSS, Chicago, IL, USA) was used to execute principal component analysis (PCA), and correlation analysis was performed by Pearson’s correlation coefficient analysis. All data were statistically analyzed by one-way ANOVA, showed a normal distribution, and passed equal variance testing using GraphPad Prism version 8.0 software and SPSS 13.0. The experimental data are expressed as the mean ± SD, and the differences were considered to be significant if P < 0.05; * means significantly different (P < 0.05) from the control group.




Results


Effect of Schisandrin B on the Proliferation of Hepa1-6 Cells

CCK8 proliferation assay aimed to examine the impact on proliferation rates with increased Sch B concentration in Hepa1-6 cells. As can be seen from Figure 1, the marked increase in cell inhibition rate was accompanied by increased Sch B treatment.




Figure 1 | Sch B inhibits proliferation in Hepa1-6 cells. Proliferation curve of Hepa1-6 cells treated with Sch B.





Effect of Schisandrin B on Autophagy of Hepa1-6 Cells

Hepa1-6 cells were subjected to transmission electron microscopy (TEM) to reveal Sch B‐induced ultracellular structure. The control group exhibited normal cell morphology (Figure 2A). Here, 25-μM Sch B treatment caused cell shrinkage, nuclear condensation, and mitochondrial swelling, and a few autophagosomes were observed (Figure 2B). With growing Sch B treatment, typical autophagy characteristics were increasingly apparent, with an elevated number of the autolysosomes and autophagic vacuolization observed in the Hepa1-6 cells (Figures 2C, D).




Figure 2 | Transmission electron microscope images of Hepa1-6 cells treated with 0 (A), 25-μM (B), 50-μM (C), and 100-μM (D) Sch (B) The yellow arrows are pointing to the mitochondrial swelling, mitochondrial ridge breakage. An enlarged portion of the spectrogram (red box) is shown on the right showing vacuolar and cytoplasmic localized membrane-bound autophagosome.



The fluorescent dye MDC was used to monitor autophagic vacuoles in Hepa1-6 cells. Normal cells show yellow-green fluorescence; moreover, one hallmark of autophagy is the formation of vacuoles that stain with MDC, resulting in a punctate green fluorescence. As noticed in Figures 3A, B, the fluorescence intensity of MDC staining in Hepa1-6 cells was relatively exiguous and weak in the control group. In addition, the level of punctate MDC staining enhanced and outnumbered in a dose-dependent manner with increasing Sch B treatment.




Figure 3 | Effects of Sch B on autophagy in Hepa1-6 cells. (A) MDC staining was performed in Hepa1-6 cells with Sch B treatment at 0-, 25-, 50-, and 100-μM concentrations. Hepa1-6 cells were visualized using fluorescence microscopy. (B) The quantitative analysis of MDC staining. (C) Autophagy-related gene mRNA levels in Hepa1-6 cells with 0-, 25-, 50-, and 100-μM Sch B treatment. ∗ shows a significant difference from the corresponding control (P < 0.05). n = 3.



In order to further prove that Sch B induces autophagy of Hepa1-6 cells, we investigated the mRNA expression of autophagy-related genes. qRT-PCR analysis indicated, accompanying increased Sch B concentration, increased levels of LC3, Beclin1, ATG1, ATG4, ATG5, ATG7, ATG10, and ATG12, also, low-level expressions of P62 and mammalian target of rapamycin (mTOR) (Figure 3C).



Effect of Schisandrin B on Oxidative Stress of Hepa1-6 Cells

The production of ROS, the content of MDA, GSH and the activity of GSH-Px, SOD set out to determine whether Sch B induced oxidative stress in Hepa1-6 cells. Figure 4A illustrated that the increase in Sch B concentration was related to the ROS activities significantly increased. It can be seen from the data in Figure 4B that as the concentration of Sch B rises, there was an observed increase in the levels of MDA and a decline in the content of GSH and the activity of SOD and GSH-Px compared to those of the control group in Hepa1-6 cells.




Figure 4 | Effects of Sch B on oxidative stress in Hepa1-6 cells. (A) ROS generation was performed by immunofluorescence with 0-, 25-, 50-, and 100-μM Sch B treatment in Hepa1-6 cells. Hepa1-6 cells were visualized using fluorescence microscopy. (B) Oxidative stress markers of the SOD, MDA, GSH, and GSH-Px contents were measured in Hepa1-6 cells with 0-, 25-, 50-, and 100-μM Sch B treatment. ∗ shows a significant difference from the corresponding control (P < 0.05). n = 3.





Effect of Schisandrin B on Th1/Th2 Imbalance of Hepa1-6 Cells

In order to explore the effect of Sch B in regulating Th1/Th2 imbalance in Hepa1-6 cells, the mRNA expressions of related Th1/Th2 cytokines were detected. Th1 cytokine contains IL-2, TNF-α, IFN-γ, and IL-12. Th2 cytokine includes IL-4, IL-5, IL-6, and IL-10. As revealed in Figure 5, Sch B supplement enhanced the expression of IL-2, TNF-α, IFN-γ, and IL-12 and strikingly decreased the expression of IL-4, IL-5, IL-6, and IL-10 (P < 0.05). The results indicated the activation of Th1 and the inhibition of Th2 response with Sch B treatment in Hepa1-6 cells. After Sch B treatment, the abnormal expression of cytokines indicated the imbalance of Th1/Th2 occurring in Hepa1-6 cells.




Figure 5 | Effects of Sch B on Th1/Th2 imbalance in Hepa1-6 cells. Related Th1/Th2 cytokine mRNA levels with 0-, 25-, 50-, and 100-μM Sch B treatment in Hepa1-6 cells. ∗ shows a significant difference from the corresponding control (P < 0.05). n = 3.





Effect of Schisandrin B on the Expression of Selenoprotein mRNA Levels of Hepa1-6 Cells

We measured the mRNA expression of 25 selenoproteins in Hepa1-6 cells to explore the particular involvement of selenoproteins in Sch B producing oxidative stress hence initiating autophagy and Th1/Th2 imbalance. Figure 6 presented the results obtained from the expression of 25 selenoproteins on treatment of Sch B at 0, 25, 50, and 100 µM, respectively. Txnrd1, Txnrd2, Txnrd3, GPX1, GPX2, Dio1, Dio2, Dio3, GPX6, Selt, Selm, Selp, Selv, Selo, Sels, Selk expression statistically increased with growing Sch B concentration. There is no distinct trend variation of the expression of GPX3, GPX4, Selh, Seli, Seln, Selw, SPS2, and Sep15.




Figure 6 | Effects of Sch B on the expression of selenoprotein mRNA levels in Hepa1-6 cells. The 25 selenoprotein mRNA levels with 0-, 25-, 50-, and 100-μM Sch B treatment in Hepa1-6 cells. ∗ shows a significant difference from the corresponding control (P < 0.05). n = 3.





Heat Map Analysis

The results of the heat map analysis were set out in Figure 7; selenoproteins, autophagy-related genes, and related Th1/Th2 cytokine expression were shown by blue to red (low to high) coloration within the heat map with the concentration of Sch B (below the heat map) correlating with mRNA expressions. The heat map colored in blue designates the 18 genes, encompassing Txnrd1, Txnrd2, Txnrd3, GPX1, GPX2, Dio1, Dio2, Dio3, GPX6, Selt, Selm, Selp, Selv, Selo, Sels, Selk, P62, mTOR, IL-4, IL-5, IL-6, IL-10, had negative levels of correlation between increasing Sch B treatment in Hepa1-6 cells. LC3, Beclin1, ATG1, ATG4, ATG5, ATG7, ATG10, ATG12, TNF-α, IFN-γ, IL-2, IL-12, colored in red, had positive level of Sch B growing treatment.




Figure 7 | Heat map of autophagy-related genes, related Th1/Th2 cytokines, and selenoprotein mRNA expressions with 25-, 50-, and 100-μM Sch B treatment in Hepa1-6 cells. Rows represent the probe sets. Related genes expressions are shown using the indicated pseudo color scale from blue (0) to red (3.5) relative to values. Red squares represent increased significantly (P < 0.05); blue squares represent decreased significantly (P < 0.05). Data are presented as mean ± SD.





Principal Component Analysis and Correlation Analysis

For further factor analysis to explore the particular role of selenoproteins in Sch B inducing autophagy and inflammation in Hepa1-6 cells, the mRNA expression of 25 selenoproteins and autophagy-related genes and related Th1/Th2 cytokines was subjected to PCA (Figure 8A) and correlation analysis (Figure 8B and Supplementary Table 2). PCA revealed 2 major principal components, explaining 85.929% and 10.450% of the variation, respectively. Txnrd1, Txnrd3, Selp, IL-5, GPX2, Dio3, mTOR, and Selr were highly positively correlated with PC1. ATG1, Beclin1, TNF-α, ATG5, ATG12, and IFN-γ were highly negatively correlated with PC1. In addition, the correlation analysis exhibited high correlation among selenoproteins with autophagy-related genes and related Th1/Th2 cytokines. Most selenoproteins have a highly positive correlation with P62, mTOR, IL-4, IL-5, IL-6, and IL-10 and a negative correlation with LC3, Beclin1, ATG1, ATG4, ATG5, ATG7, ATG12, TNF-α, IFN-γ, IL-2, and IL-12.




Figure 8 | Principal component analysis (PCA) and correlation analysis of autophagy-related genes, related Th1/Th2 cytokines, and selenoprotein mRNA expressions with 0-, 25-, 50-, and 100-μM Sch B treatment in Hepa1-6 cells.






Discussion

Prior studies have noted that numerous traditional Chinese medicine and related active compounds have been reported to have potent anticancer properties (34). Sch B is the major anticancer monomer of lignans from the traditional Chinese medicinal herb S. chinensis Baill (35). Sch B has been confirmed to inhibit the proliferation of glioma, gastric cancer, and prostate cancer cells via induction of apoptosis and autophagy, promotion of antioxidant enzyme release, and inhibition of metastasis and invasion (36). While, some research has been carried out on Sch B, the mechanism by which the antineoplastic effect of Sch B on liver cancer has not been established explicitly. Hence, our data verified that Sch B exerted excellent inhibitory effects against Hepa1-6 cells; also, the suppression was dose-dependent (Figure 1). Consequently, to further investigate the mechanism by which Sch B inhibits the proliferation of Hepa1-6 cells, we explored whether Sch B induced oxidative stress that triggered autophagy and the specific role of selenoprotein and its possible biological mechanism.

The induction of autophagy in tumor cells leads to autophagic cell death, suggesting the possibility of utilizing autophagy activation for cancer therapy and providing a fundamentally new direction for the prevention and treatment of tumors (10). In the present study, to investigate whether Sch B induced autophagy in Hepa1-6 cells, three different methods were applied to explore autophagic flux. Firstly, TEM was used to intuitively diagnose morphological hallmarks of autophagy. Autophagosomes are double-membrane-bound vesicles characteristic of autophagy (37). As the concentration of Sch B increases, the typical autophagic ultrastructures were increasingly obvious, the number of autophagosomes was markedly increased in the TEM images (Figure 2). Secondly, MDC, an elective marker for autophagosome formation, was used to quantify the induction of autophagy. Normal cells were uniformly stained yellow-green, and autophagosomes were stained with densely packed green granules of varying sizes (38). As illustrated in Figures 3A, B, the control group showed weak fluorescence. The increased MDC positive staining strongly suggested that Sch B treatment induced vesicle acidification and rapidly increased the number of autophagosomes, thus enhancing the punctuate MDC staining. The analysis by ImageJ of fluorescence intensity revealed that the autophagy ratio was increased in a dose-dependent manner. Thirdly, we assessed the expression of autophagy-related mRNA expression (Figure 3C). LC3 is the most widely used marker of autophagy, which is involved in the formation of autophagosomes (39). Beclin-1 plays an essential function in early autophagosome formation by recruiting other autophagy-related proteins through a complex of Beclin-1 and Vps34 (10). P62, a hallmark protein of the autophagic flux downstream, attaches LC3 and ubiquitinated substrates and is degraded when autophagosome and autolysosome fuse (10). mTOR can block autophagy by inhibiting the ATG1 complex that is involved in the initiation of the autophagy activity (40). Afterward, the ATG-related protein further constructs autophagosomes. The ATG5-ATG12 covalent protein complex and the ATG8 coupling are crucial components of the autophagosome membrane (41). ATG4 mediates the initial lipidation of LC3 and the cleavage of LC3 from the autophagosome membrane during the later stages of autophagy (42). In this study, Sch B induced remarkable upregulation of LC3, Beclin1, ATG1, ATG4, ATG5, ATG7, and ATG12 and degradation of P62 and mTOR. These results corroborate the findings of previous work that growing concentration of Sch B induced autophagy; meanwhile, autophagy is one of the causes for the decrease in cell viability induced by Sch B in Hepa1-6 cells.

Evidence of former studies instructed that ROS participated in the regulation of autophagy, which are the switches of cell survival and death (43, 44). Oxidative stress-inducing drugs have preferential anticancer effects, involving the regulation of autophagy. Trichosanthin (TCS) significantly inhibited the growth of human gastric cancer MKN-45 cells by mediating ROS production and NF-κB/p53 pathway (45). Curcumin induced ROS accumulation in cervical cancer cells, thereby inducing apoptosis, autophagy, and cellular senescence, accompanied by upregulation of p53 and p21 proteins (46). These previous results confirmed the association between oxidative stress and autophagy. Therefore, here we further investigated whether Sch B overproduced ROS that could be responsible for the initiation of autophagy in Hepa1-6 cells. The production of ROS, the content of MDA and GSH, and the activity of GSH-Px and SOD were examined after treatment with Sch B in Hepa1-6 cells. SOD and GSH-px are both major antioxidant enzymes with efficient ROS-scavenging ability (47). Quantification of MDA is an indicator of lipid peroxidation and ROS-induced damage. GSH is the primary ROS scavenger, and its depletion is considered to contribute to ROS accumulation. In this essay, we investigated that increasing of Sch B concentration promoted ROS accumulation (Figure 4A), suppressed SOD activities, elevated the content of MDA, and reduced the activities of GSH and GSH-px (Figure 4B). Results demonstrated that increased ROS accumulation induced autophagy and may inhibit Hepa1-6 cell proliferation with increasing of Sch B concentration.

The development and spread of cancer were often accompanied by Th1/Th2 imbalance occurring (48). Th2 drift occurs in a variety of tumors, including non-small cell lung cancer, rectal cancer, ovarian cancer, choriocarcinoma, and melanoma, and it becomes more pronounced as the malignancy of the tumor increases (49). Th1 cells produce IL-2, TNF-α, and IFN-γ and mediate and participate in cellular immunity and local inflammatory responses. Th2 cells produce IL-4, IL-5, IL-6, and IL-10, mediate humoral immunity, and are closely associated with the development of hypersensitivity reactions (50). IL-4 and IFN-γ mediate macrophage activation and inhibit IL-1 and TNF-α production. IL-10 suppresses Th1 cell proliferation and cytokine production such as IFN and IL-2 and blocks the induction activity of IL-12. IL-10 has growth factor-like effects on tumor cells, and IFN has obvious cytotoxic effects. IL-5 synergizes with IL-2 and IL-4 to stimulate B-cell growth and differentiation (51). This study revealed that Sch B upregulated the expression of IL-2, TNF-α, IFN-γ, and IL-12 and reduced the expression of IL-4, IL-5, IL-6, and IL-10, which evidenced that Sch B triggered Th1/Th2 imbalance and shifted Th1/Th2 balance toward Th1 (Figure 5).

Selenoproteins were known for their antioxidant roles as ROS scavengers (52). Selenoprotein deficiencies led to excess cellular ROS and reduced antioxidant defense ability, thereby triggering autophagy. Selenoprotein U (Selu) deletion induced autophagy by inhibiting the phosphatidylinositol 3-kinase (PI3K)-Akt-mTOR signaling pathway in rooster Sertoli cells (29). Gpx3 suppression markedly increased ROS levels and promoted autophagy by downregulation of mTOR and increasing the expression of ATG7, ATG10, and ATG12 (53). The supplement of Se could alleviate the imbalance of Th1/Th2 caused by Pb. Meanwhile, the cytokines including IL-1β, IL-2, IL-8, IL-10, and IFN-γ had a positive correlation with selenoproteins containing Sepx1, Selo, Selu, Sepp, Sep15, Selw, and Selk. The results indicated that the altered expressions of selenoproteins influenced cytokines related to Th1/Th2 imbalance (54). In chicken dendritic cells, alterations of some selenoprotein expression were correlated with variations of Th1- and Th2-type cytokines such as IL-12, IFN-γ, and IL-10, thus inducing Th1/Th2 imbalance (55). Accordingly, to explore the specialized role of selenoproteins in ROS-mediated autophagy and Th1/Th2 imbalance in Hepa1-6 cells with growing Sch B treatment, we investigated the mRNA expression of 25 selenoproteins. Based on the results of Figure 6, downregulation of the majority of selenoprotein expressions encompassed Txnrd1, Txnrd2, Txnrd3, GPX1, GPX2, Dio1, Dio2, Dio3, GPX6, Selt, Selm, Selp, Selv, Selo, Sels, and Selk. For in-depth analysis, heat map with clustering analysis of the differentially expressed genes was adopted to assess the expression of 25 selenoproteins with 0-, 25-, 50-, 100-μM Sch B in Hepa1-6 cells. Figure 7 displayed the heat map results; significant suppression of a spectrum of selenoprotein expression in response to Sch B treatment was observed. Gpx family has prominent antioxidant effects, and its reduced activity resulted in a weakened ROS-scavenging capacity of cells, thus affecting the entire growth phase of cells (56). Txnrd family exerted an irreplaceable antioxidant role, in addition, bound to many proteins and involved in regulating cell growth such as inhibiting apoptosis and autophagy (57, 58). Sels, a widely expressed transmembrane protein located in the ER, is critical for ER stress by eliminating misfolding proteins and regulating oxidative stress, apoptosis, and autophagy (59). Together, the former researchers were in agreement with our findings that the majority of selenoprotein expression downregulation arguably is one of the factors most responsible for ROS-mediated autophagy and Th1/Th2 imbalance with Sch B treatment in Hepa1-6 cells. In addition, to identify the principal selenoproteins of Sch B that induced ROS-mediated autophagy and Th1/Th2 imbalance in Hepa1-6 cells, we performed PCA. Txnrd1, Txnrd3, Selp, IL-5, GPX2, Dio3, and Selr were highly positively correlated with PC1 (Figure 8A). Meanwhile, correlation analysis (Figure 8B) indicated that autophagy-related genes and related Th1/Th2 cytokines exhibited remarkable correlation with the expression of the majority of selenoproteins including Txnrd1, Txnrd2, Txnrd3, GPX1, GPX2, GPX3, GPX4, GPX6, Dio1, Dio2, Dio3, Selt, Selm, Selp, Selh, Selv, Selo, Selr, and Sels. The results demonstrated that selenoproteins had essential effects in the regulation of autophagy as well as Th1/Th2 imbalance by Sch B treatment in Hepa1-6 cells. The outcome suggested the key role of these selenoproteins with their potential interactors in ROS-mediated autophagy and Th1/Th2 imbalance of Hepa1-6 cells. Subsequently, we will undertake further in-depth study to investigate the specific mechanism of these selenoproteins in the inhibitory effect of Sch B in Hepa1-6 cells.



Conclusion

In summary, we found that Sch B treatment triggered the accumulation of ROS and induced the occurrence of cell autophagy, as well as causing Th1/Th2 imbalance and resulting in inhibiting proliferation of Hepa1-6 cells. Meanwhile, selenoproteins exerted irreplaceable roles in regulating autophagy and Th1/Th2 imbalance in Hepa1-6 cells, and Txnrd1, Txnrd3, Selp, GPX2, Dio3, and Selr had considerable impacts on the process. More importantly, these findings may help us discover selenoproteins with the specific role involved in Sch B’s remarkable antitumor activity and cell death mechanisms, which would be further exploited as a novel small-molecule candidate drug to improve the Sch B antitumor effect.
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Colorectal cancer (CRC) is currently the third most common cancer with a high mortality rate. The underlying molecular mechanism of CRC, especially advanced CRC, remains poorly understood, resulting in few available therapeutic plans. To expand our knowledge of the molecular characteristics of advanced CRC and explore possible new therapeutic strategies, we herein conducted integrated proteomics and metabolomics analyses of 40 serum samples collected from 20 advanced CRC patients before and after treatment. The mass spectrometry-based proteomics analysis was performed under data-independent acquisition (DIA), and the metabolomics analysis was performed by ultra-performance liquid chromatography coupled with time-of-flight tandem mass spectrometry (UPLC-TOF-MS/MS). Trace elements including Mg, Zn, and Fe were measured by inductively coupled plasma spectrometry (ICP-MS) analysis. Four of the 20 patients had progressive disease (PD) after treatment, and clinical test results indicated that they all had impaired liver functions. In the proteomics analysis, 64 proteins were discovered to be significantly altered after treatment. These proteins were enriched in cancer-related pathways and pathways participating immune responses, such as MAPK signaling pathway and complement/coagulation cascades. In the metabolomics analysis, 128 metabolites were found to be significantly changed after treatment, and most of them are enriched in pathways associated with lipid metabolism. The cholesterol metabolism pathway was significantly enriched in both the proteomics and metabolomics pathway enrichment analyses. The concentrations of Mg in the serums of CRC patients were significantly lower than those in healthy individuals, which returned to the normal range after treatment. Correlation analysis linked key lipids, proteins, and Mg as immune modulators in the development of advanced CRC. The results of this study not only extended our knowledge on the molecular basis of advanced CRC but also provided potential novel therapeutic targets for CRC treatment.
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Introduction

Colorectal cancer (CRC) is the third most common malignancy and remains the second most deadly cancer all around the world (1, 2). In 2020, there were estimated 1.93 million CRC cases and 0.93 million CRC deaths globally. It is predicted that the global CRC incidence is to be increased to 3.2 million cases in 2040. Among new CRC diagnoses, 20% developed metastasis already, while another 25% with localized tumor would develop metastasis later. The delayed diagnosis leads to the high mortality rate of CRC patients, posing a growing public health challenge. Although genetic factors including germline MLH1 and APC mutations play etiologic roles in CRC development, over half of all cases and deaths are greatly affected by non-genetic risk factors such as cigarette smoking, low physical activity, low nutrition diet, high alcohol consumption, obesity, inflammatory bowel disease, and dysregulated gut microbiota (3).

Trace elements have been reported to be significantly correlated with the mortalities of various cancers including breast, ovary, bladder, lung, and pancreas cancer (4). For example, Lin et al. reported that mercury exposure was a risk factor for CRC; high levels of Hg and Pb may contribute to the occurrence and development of gastrointestinal cancer (5). The main functions of trace elements in human are as enzyme components or catalysts in biochemical reactions, and imbalanced trace elements may induce cell damages, DNA injuries, and overactivation of certain signaling pathways in tumor growth (6). For instance, zinc (Zn) is an essential nutritional element which functions in antitumor immunity through its involvement in cell immunity of T-lymphocytes (7). Magnesium (Mg) is a necessary element and required as a cofactor in over 600 enzymes, controlling cellular homeostasis and metabolic pathways. Low serum Mg concentrations among women were identified to be associated with higher CRC risk in the Atherosclerosis Risk in Communities (ARIC) Study (8). Iron (Fe) is one of the most important and abundant trace elements. A tight association between excess iron and increased cancer risk has been demonstrated in epidemiological studies (9).

Recent advances in “omics” studies including genomics, proteomics, metabolomics, and proteogenomic have greatly expanded our understanding of cancer biomarkers and drivers of tumorigenesis (10–12). Key genes, proteins, metabolites, and their signaling pathways in cancer cells are usually probed for potential therapeutic targets. Proteomics provides high-throughput and simultaneous determination of thousands of proteins in biological samples, and it has been applied in a lot of large-scale clinical studies on various types of diseases including coronavirus disease (COVID-19), cardiovascular diseases, and cancers (13). Corey et al. recently reported an aptamer-based proteomics study of fibrosis and detected 4,783 proteins, of which 16 proteins differed significantly between the disease and control cohorts (14). Further analysis identified the ADAMTSL2 protein and eight other proteins that are closely related to advanced fibrosis in adults with non-alcoholic fatty liver disease (NAFLD). Apart from proteomics, metabolomics is another powerful large-scale study approach that semiquantitatively measures all small-molecule compounds in biological samples. In cancer studies, metabolomics is often used for assessing disease prognosis, prediction, and responses to specific therapies (15). In 2021, Yu et al. conducted an untargeted UHPLC-Q-TOF/MS metabolomic analysis on 123 human serum samples from patients with chronic gastritis or gastric cancer (16). Three metabolites, linoleamide, N-hydroxy arachidonoyl amine, and hexadecasphinganine, were determined to be potential diagnostic biomarkers, indicating that disturbed lipid metabolism may be connected to the development of chronic gastritis or gastric cancer. When compared to single “-omic” analysis, integrative analyses of proteomics and metabolomics would likely gain deeper understanding of the molecular changes in diseases and discover biomarkers for diagnosis and therapy. We previously conducted a combined DIA-based proteomics and UPLC-TOF-MS/MS metabolomics study of cutaneous squamous cell carcinoma tissue samples. Significant protein and metabolite differences between tumor and non-cancerous tissues were uncovered, which are enriched in pathways related to DNA damage responses, apoptosis, autophagy, platelet activation, and protein digestion and absorption (10). The same integrative proteomics and metabolomics approach was also applied to characterize the serum samples of 20 advanced CRC patients at stage III or IV (11). The results extended our understanding on the physiopathology of CRC and revealed novel potential CRC serum biomarkers.

In the present study, proteomics and proteomics analyses were conducted on 40 serum samples from 20 CRC patients before and after treatment. Trace elements in these serum samples were also determined. Correlation analyses among proteins, metabolites, and trace elements in CRC serum samples before and after treatment were performed in order to identify critical regulators (trace elements, proteins, and metabolites) and related pathways that may function as important pathogenic factors in CRC and may be used as new therapeutic targets.



Materials and Methods


Subjects

Twenty CRC patients in Jiangxi Cancer Hospital from January 2019 to December 2019 were included in this retrospective study (Rao et al., 2021). All of these 20 patients (N1–N20) were diagnosed with stage III or IV CRC according to the 7th edition of the American Joint Committee on Cancer (AJCC). Therapeutic plans for the 20 patients included cetuximab plus CAPIRI administration, cetuximab plus FOLFOX6 administration, CAPOX administration, bevacizumab plus CAPOX administration, and CAPIRI administration (Supplementary Table S1). Meanwhile, the Yiqi Sanjie formula was also administered in the treatment according to the crux of the traditional Chinese Medicine (TCM). About 5 ml of serum from each CRC patient before and after treatment was collected and immediately stored at -80°C until analysis. A group of 20 healthy individuals were also recruited as the controls, whose age and gender were matched to the CRC patient group.



Proteomic Analysis

The high-throughput DIA-based proteomics analysis was performed as in the previous report (11). Two microliters of each serum sample was firstly diluted with lysis buffer containing 8 M urea (Sigma, MO, USA), 100 mM Tris–HCl (pH 8.5, Sigma, MO, USA), 1 mM PMSF, and 1 mM EDTA, and then centrifuged at 15,000g for 15 min at 4°C. The extracted proteins in the supernatant were quantified using a BCA protein assay kit (Bi Yuntian, Shanghai, China). The extracted proteins were reduced and digested with trypsin using the filter-aided sample preparation (FASP) method (Promega, Madison, WI). A NanoDrop 2000 instrument (Thermo Scientific, Waltham, MA, USA) was used for determination of the concentrations of digested peptides by measuring absorbance at 280 nm. Three micrograms of trypsin-digested peptides containing iRT peptides (Biognosys, Schlieren, Switzerland) was analyzed in the DDA analysis mode on a Fusion Lumos Orbitrap mass spectrometer (Thermo Fisher Scientific) connected to an EASY-nLC 1000 system (Thermo Fisher Scientific). The LC gradient elution program and MS data acquisition settings were reported previously (11). Meanwhile, the DIA analysis was done the same with DDA. A resolution of 60,000 over an m/z range of 350 to 1,500 was set in the full scan, followed by a resolution of 30,000 in DIA scans. Collision energy, AGC target, maximal injection time, and 45 variable DIA windows were all the same as in the previous report (11). The identification and quantification of proteins were conducted using Spectronaut Pulsar X 12.0 (Biognosys). All results were strictly filtered with a Q value cutoff of 0.01, and p values were calculated according to the kernel density estimator.



Metabolomics Analysis

Metabolites in serum samples were extracted with 120 μl of 50% methanol buffer. Ten microliters of each extraction was mixed to prepare five pooled quality control (QC) samples. All tested samples were injected in a random order. A Triple TOF 5600 Plus mass spectrometer coupled to a UPLC system (Sciex, Cheshire, UK) was used in the metabolomics study. The column for the reversed-phase separation and the gradient elution program were the same as in our previous study (11). The injection volume was 4 µl while the UPLC flow rate was 0.4 ml/min. The Q-TOF mass spectrometer was operated in alternate positive and negative ion modes. The XCMS software was employed for metabolite identification and quantification. Online databases such as Kyoto Encyclopedia of Genes and Genomes (KEGG) and Human Metabolome Database (HMDB) were used for annotation of the identified metabolites. An in-house MS2 spectrum library of metabolites was also used in the identification of metabolites (11).



Trace Element Analysis

Mg, Fe, and Zn were measured using an iCAP Qc ICP-MS system (Thermo Scientific, Bremen, Germany). The serum samples were washed thoroughly, soaked in HNO3 (Merck, Darmstadt, Germany), and rinsed several times with 18 Ω deionized water (Millipore, Bedford, MA, USA). Afterward, serum samples were wet digested and analyzed according to the procedures described before (17). Statistical analysis (Student’s t-test) was performed using SPSS 17.0 software, while a p value ≤ 0.05 indicated significant difference.



Data Analysis

The proteomics and metabolomics data normalization and analyses were conducted as in a previous report (11). Briefly, all data were normalized by setting the median of each protein (or metabolite) to 1.00, while the missing values (if any) were filled with the minimum value. Significantly changed proteins were determined by a paired non-parametric Wilcoxon test with p-value ≤ 0.05. OmicsBean (http://www.omicsbean.com), a multi-omics data analysis tool, was employed for Gene Ontology (GO) and KEGG pathway enrichment analyses. Principal component analysis (PCA) and partial least square discriminant analysis (PLS-DA) were performed using the SIMCA-P software (v13.0, Umetrics, Malmö, Sweden). PLS-DA is a suitable approach for compositional data that consist of more metabolites (in hundreds) than biological samples (only tens) and serves as one of the most effective strategies for metabolic data analysis. Besides, independent t-tests were performed for determining significantly changed metabolites. Potential biomarkers from the differentially expressed proteins were evaluated by receiver operating characteristic (ROC) analysis via the MetaboAnalyst web server (http://www.metaboanalyst.ca). R statistical software was used for the correlation analysis. The corresponding p-values were determined according to the cor.test function, while p values were adjusted in order to control FDR (false discovery rate).




Results


The Pathologic and Clinical Data

The clinical information of the 20 recruited patients was listed in Table 1. All patients were diagnosed with CRC at stage III or IV. CEA and CA 19-9 levels of the patients were measured. As shown in Supplementary Table S1, four patients, namely, N4, N9, N10, and N17, had progressive disease (PD) after treatment, while the rest 16 patients remained with stable disease (SD) after treatment. Biochemical examinations were performed on the 20 patients (Supplementary Table S2). Increased levels of gamma glutamyl transpeptidase (γ GTP) and alanine aminotransferase (ALT) in patients N4 and N10 after treatment indicated that they had damaged liver functions (Figures 1A, B). The concentration of total bile acid in patient N9 was increased to the critical threshold after treatment, and the concentration of total bile acid in patient N17 was also increased nearly four times after treatment (Figure 1C). The APOB levels in all patients were significantly decreased after treatment (Figure 1D and Supplementary Table S3). The concentrations of high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), triglyceride (TG), and total cholesterol (T-CHO) were not changed.


Table 1 | The details of significant correlations related to proteins or Mg.






Figure 1 | Biochemical examinations and lipid measurements of CRC patients before and after treatment including ALT (A), γ GTP (B), total bile acid (C), and APOB (D). The upper limit of normal level for each item was labeled by a green line.





Serum Protein Changes in Patients With Advanced CRC After Treatment

In total, 551 proteins were identified in the proteomics analysis, among which 64 proteins were altered after treatment (p value < 0.05) (Supplementary Table S4). Of the 64 proteins, the levels of 35 proteins including PFN1, CD99, TAGLN2, and KIF21A were increased, and the levels of the other 29 proteins were decreased (0.23 to 0.96 folds) after treatment.

GO enrichment analysis of these 64 significantly changed proteins found that 1,133 biological process (BP) terms, 69 molecular function (MF) terms, and 116 cellular component (CP) terms were significantly (p values < 0.05) enriched (Supplementary Tables S5–S7). The top 10 enriched terms for each GO category are shown in Supplementary Figure S1. The majorly enriched BP terms were connected to importing into cells, membrane invagination, phagocytosis, engulfment, and adaptive immune response. Immunoglobulin receptor binding, antigen binding, and protein binding were in the top 10 enriched MF terms. The mostly enriched CP terms contained dendritic tree, extracellular space, extracellular region part, extracellular region, and immunoglobulin complex. A pathway enrichment analysis of the significantly changed proteins generated 18 pathways in five functional groups: environmental information processing, organismal systems, cellular processes, human diseases, and other/unknown (Figure 2). The largest group, Human Diseases, included Staphylococcus aureus infection, arrhythmogenic right ventricular cardiomyopathy (ARVC), malaria, dilated cardiomyopathy (DCM), viral myocarditis, hypertrophic cardiomyopathy (HCM), and proteoglycans in cancer. The “other/unknown” group contained cholesterol metabolism and fluid shear stress and atherosclerosis pathways. The “cellular processes” group had three enriched pathways, namely, focal adhesion, oocyte meiosis, and phagosome. The enriched pathways in the “environmental information processing” group contained pathways related to cancer development such as hippo signaling pathway, cell adhesion molecules (CAMs), and MAPK signaling pathway. The “organismal systems” group contained three pathways in immune or endocrine system: leukocyte transendothelial migration, complement and coagulation cascades, and oxytocin signaling pathway.




Figure 2 | Pathway enrichment analysis of 64 significantly changed proteins in 20 CRC patients after treatment.





Serum Metabolite Changes in Patients With Advanced CRC After Treatment

A total of 567 metabolites were identified in the positive-ion mode, and 431 metabolites were detected in the negative-ion mode. The supervised statistical method PLS-DA was performed on the metabolomics data, and a clear separation between the before and after treatment groups was revealed (Figure 3). One hundred twenty-eight metabolites were determined to be significantly changed (0.33- to 2.34-fold) after treatment (Supplementary Table S8). Pathway enrichment analysis of these 128 metabolites revealed 20 significantly enriched pathways (p < 0.05, Supplementary Table S9). Among the top 10 significantly enriched pathways (Figure 4), four were related to lipid metabolism such as glycerophospholipid metabolism, cholesterol metabolism, choline metabolism in cancer, and fat digestion and absorption. The cholesterol metabolism pathway was also found to be enriched in the proteomics data analysis, including two proteins (APOB and LRP1) and two metabolites (glycocholate and triacylglycerol). Notably, the change of triacylglycerol determined by metabolomic analysis was constant with that in five items of serum lipid examined by kits, although the latter of which was not significant (p > 0.05). The level of APOB protein was identified to be significantly decreased by both proteomics analysis and serum lipid test.




Figure 3 | PLS-DA analysis of the metabolic data detected in the positive and negative modes, respectively. (A) Plot of the scores from the PLS-DA of metabolic data for CRC patients before and after treatment in the positive negative mode. (B) Loading plot from the PLS-DA analysis of metabolic data for CRC patients before and after treatment in the positive–negative mode. (C) Plot of the scores from the PLS-DA of metabolic data for CRC patients before and after treatment in the positive–negative mode. (D) Loading plot from the PLS-DA analysis of metabolic data for CRC patients before and after treatment in the positive negative mode. The circle dots represent the test serum samples, and metabolites are shown as triangles. Metabolites labeled with the red triangle played important roles for the separation.






Figure 4 | The top 10 significantly enriched pathways in metabolomic analysis.





ICP-MS Trace Element Analysis

To investigate the roles of trace elements in CRC, the levels of Mg, Fe, and Zn were determined by ICP-MS in the healthy group (the controls), the group before treatment, and the group after treatment. As shown in Figure 5, the concentrations of Mg and Zn in the CRC patients were both significantly lower (p < 0.001) than those in the controls. There was no significant change in the Fe concentrations between CRC patients and the controls. After treatment, the levels of Mg and Zn in the CRC patients were increased (p < 0.01 and p = 0.38, respectively). Especially, the Mg concentrations returned to normal levels (p = 0.68) after treatment, while the contents of Zn were still at a significantly lower levels (p < 0.001). These results indicated that Mg and Zn may play important roles in the progression and prognosis of CRC.




Figure 5 | The changes of Mg (A), Fe (B), and Zn (C) in ICP-MS analysis among the three groups (*p < 0.05, **p < 0.01, and ***p < 0.001; n = 20 per group): the healthy group (Normal), the group before treatment (Before), and the group after treatment (After).





Correlation Analysis Among Mg, Proteins, and Metabolites

Pearson pairwise correlation analysis was performed among 64 proteins, 128 metabolites, and Mg (Figure 6). A total of 18,528 correlations were discovered, ranging from -0.7646 for KRT81 and 1-methyladenosine to 0.9896 for (+)-setoclavine and biliverdin. Among the 18,528 correlations, 412 had FDR ≤ 0.05 and r2 ≥ 0.49. Only 7 of the 412 correlations were negative correlations, while the rest 405 were positive correlations. Most of the 412 correlations were between metabolites. There were 106 metabolites that were closely associated with each other (359 correlations) or with certain proteins (32 correlations). There were 20 significant correlations (FDR ≤ 0.05 and r2 ≥ 0.49) among 24 proteins, and the correlations between TAGLN2 and PFN1, TAGLN2 and SFTPB, and TAGLN2 and IGHV2-5 were all higher than 0.85 (Table 1). Mg was found to be only positively correlated with 4′-hydroxy-3′,5,6,7,8-pentamethoxyflavone (r = 0.7760).




Figure 6 | The heat map generated from the results of correlation analysis. The p and r values of the correlations are shown in distinct colors. X- and Y-axes were divided into proteins/metabolites/Mg.






Discussion

The incidence of CRC has dramatically increased in the recent decades, highlighting the significance of understanding its etiology and having effective therapeutic strategies. In the present study, 20 advanced CRC patients at stage III or IV were enrolled to investigate the molecular alterations after treatment. Serum samples were collected and studied by ICP-MS trace element, proteomics, and metabolomics analyses. Most of these advanced CRC patients (80%) had SD after combined traditional Chinese medicine and Western medicine treatment. Hence, the current study aimed to reveal molecular changes of proteins and metabolites after CRC treatment. Serum is one of the most widely used specimens for proteomics and metabolomics investigations, as well as for trace metal research (18). Two high-throughput and non-targeted technologies, DIA-MS and UPLC/Q-TOF-MS/MS, were employed in the proteomics and metabolomics studies. A total of 551 proteins and 719 metabolites were detected, generating large datasets for revealing molecular changes in relation to CRC therapy in a systematic manner.

Increasing evidence has associated impaired liver function to CRC (19). In advanced CRC, liver is the primary metastatic site. Moreover, Mikolasevic et al. (2017) showed a positive correlation between NAFLD and CRC and thus suggested that NAFLD may be a predictor for the development of CRC. In the present study, we found that CRC patients with worsening conditions had impaired liver functions including increased levels of transaminase and total bile acid (20). In the 64 proteins that were significantly changed after treatment, some are associated with liver functions. For example, AOPB and IGF-1 are biomarkers reflecting the grade of liver fibrosis in hepatic patients and their levels were both significantly decreased after treatment. Serum IGF-1 has been reported to be an early indicator of CRC (21, 22). ROC analysis using IGF-1 had a very high AUC value (AUC = 1) to distinguish PD and SD patients, so IGF-1 might be a potential new target in CRC therapy. Moreover, a number of immunity-related proteins such as CR2, CD99, CSF1R, and IGHV2-5 were found to be significantly changed after treatment, and these proteins are involved in adaptive immune response, complement activation, immunoglobulin receptor binding, and antigen binding according to their associated GO terms. In addition, other changed proteins including PFN1 and TAGLN2 were reported to be involved in the development of CRC via influencing the immune system (23, 24). TAGLN2 is an oncogenic factor in various types of cancers and may be employed as a potential therapeutic target for CRC. Ding et al. reported that TAGLN2 could regulate the Notch1 signaling pathway by interacting with CD44 and facilitating the proliferation and migration of CRC cells (24). Pathway enrichment analysis of these 64 significantly changed proteins returned several cancer-related pathways and pathways in immune responses.

The UPLC-TOF-MS/MS metabolomics results revealed 128 significantly altered (p ≤ 0.05) serum metabolites after CRC treatment. Nearly half of these 128 metabolites are lipids and lipid-like metabolites, among which the level of one liver function-related metabolite, triacylglycerol, was significantly increased after treatment. Pathway enrichment analysis of the significantly changed metabolites returned 20 significantly enriched pathways such as glycerophospholipid metabolism, autophagy, and protein digestion/absorption. Two pathways, insulin resistance and primary bile acid biosynthesis, were re-confirmed to be influenced by treatment. One of the 20 enriched pathways, cholesterol metabolism, was also discovered in the proteomics analysis. This pathway contains APOB, LRP1, glycocholate, and triacylglycerol. It seemed that abnormal cholesterol metabolism may contribute to the progression of CRC. Cholesterol-derived metabolites and proteins which regulate cholesterol metabolism play critical roles in sustaining cancer development and suppressing immune responses (25). Preclinical and clinical studies have already demonstrated that manipulating cholesterol metabolism could inhibit tumor growth, reinvigorate antitumor activity, and thus reshape the immunological landscape. ICP-MS trace element analysis has indicated that Mg and Zn may play key roles in the regulation of CRC development and prognosis (26). Rayssiguier et al. reported that the quantities of Mg and Zn in diet can influence cholesterol metabolism (27). Particularly, Mg plays a significant role in many cellular metabolic reactions, and decreasing of Mg may function as a novel predictive factor of efficacy and outcome of advanced CRC treatment (26). It should be pointed out that some CRC patients in this study were treated with epidermal-growth-factor receptor (EGFR)-targeting antibody Cetuximab, which inhibits cancer proliferation and decreases Mg level as well (28). Lichun et al. reported the positive correlation between the loss of Mg and liver damage and concluded that the serum magnesium concentrations were correlated with certain TCM patterns of symptoms in the process of hepatitis (29). The TCM Yiqi Sanjie formula used for CRC treatment in this study probably plays a significant role in affecting magnesium homeostasis also, since some components of the formula such as Dangshen, Astragalus, and Lobelia contain magnesium.

Correlation analysis has been proved to be useful for the discovery of putative key regulatory elements in network regulation (11). There were 412 significant correlations among the significantly changed 64 proteins, 128 metabolites, and Mg. About 98% of the 412 correlations were positive, and most correlations were found between metabolites. Lipids and lipid-like molecules dominated the correlations, indicating their conserved roles in CRC progression and treatment. Meanwhile, several important proteins including KIF21A, TAGLN2, PFN1, and SFTPB were positively correlated with each other (30, 31). For example, the expression level of KIF21A was significantly related to the clinical prognosis outcome of pancreatic ductal adenocarcinoma (PDAC) patients; patients with increased levels of KIF21A had shorter overall survival (OS) time. The SFTPB gene was reported to be a diagnosis marker of mediastinal lung cancer (32). The correlations between every two of KIF21A, TAGLN2, PFN1, and SFTPB were all higher than 0.8, indicating that they play important roles in therapeutic responses of advance CRC. Additionally, there was only one significant correlation involving Mg, which was the positive correlation between Mg and 4′-hydroxy-3′,5,6,7,8-pentamethoxyflavone. Another name for 4′-hydroxy-3′,5,6,7,8-pentamethoxyflavone is 4′-demethylnobiletin (4DN), which is a major metabolite of nobiletin, an immune modulator displaying potential anticancer effects (33). Wu et al. found that 4DN could induce G0/G1 cell-cycle arrest and apoptosis and thus inhibit human colon cancer cell growth (34).



Conclusions

Altogether, this study investigated the serum molecular changes after treatment of advanced CRC by proteomics, metabolomics, and trace element ICP-MS analysis. The results from the correlation and pathway enrichment analysis revealed important regulatory elements and pathways involved in responses to the treatment of advanced CRC. This work presents new insights into the underlying mechanisms and potential new therapeutic targets for advanced CRC. Nevertheless, these findings need to be further validated due to the limited number of samples used in the current study.
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Endotoxins are toxic substances that widely exist in the environment and can enter the intestine with food and other substances. Intestinal epithelial cells are protected by a mucus layer that contains MUC2 as its main structural component. However, a detailed understanding of the mechanisms involved in the function of the mucus barrier in endotoxin penetration is lacking. Here, we established the most suitable proportion of Caco-2/HT-29 co-culture cells as a powerful tool to evaluate the intestinal mucus layer. Our findings significantly advance current knowledge as focal adhesion and ECM-receptor interaction were identified as the two most significantly implicated pathways in MUC2 small interfering RNA (siRNA)-transfected Caco-2/HT-29 co-culture cells after 24 h of LPS stimulation. When the mucus layer was not intact, LPS was found to damage the tight junctions of Caco-2/HT29 co-cultured cells. Furthermore, LPS was demonstrated to inhibit the integrin-mediated focal adhesion structure and damage the matrix network structure of the extracellular and actin microfilament skeletons. Ultimately, LPS inhibited the interactive communication between the extracellular matrix and the cytoskeleton for 24 h in the siMUC2 group compared with the LPS(+) and LPS(-) groups. Overall, we recognized the potential of MUC2 as a tool for barrier function in several intestinal bacterial diseases.




Keywords: lipopolysaccharide (LPS), Caco2/HT-29 cells, mucins, focal adhesion pathway, ECM receptor interaction pathway



Introduction

Bacterial endotoxins are toxic substances found on the cell walls of gram-negative bacteria. Lipopolysaccharide (LPS) is the main toxic substance of endotoxins, which are released by the death and rupture of gram-negative bacteria (1, 2). As endotoxins are more stable, they are widely distributed in a variety of environments. The human gastrointestinal tract has a large and complex array of commensal and harmful gram-negative bacteria that cannot damage the intestinal lumen when the intestinal mucosal barrier is intact (3, 4). However, when the intestinal mucosal immune barrier is damaged, many endotoxins translocate to the blood, causing endotoxemia. Ensuring the integrity of the intestinal mucosal barrier is thus key to preventing endotoxin translocation. The intestinal mucus layer shields host epithelial cells of the gastrointestinal tract from both normal microbiota and enteric pathogens (5–7). The main component of the intestinal mucus layer is MUC2 (mucin-2), which is produced by goblet cells and forms a highly organized glycoprotein network (8). The density of the mucus layer rapidly expands and attaches to the epithelial layer. Owing to the mucus layer, lumen bacteria, which are isolated from epithelial cells, cannot reach the surface of epithelial cells (9–11). Previous studies revealed that endotoxins do not damage intestinal epithelial cells in the presence of the mucus layer (12, 13). We hypothesized that the lack of the mucus layer is caused by the translocation of endotoxins to intestinal epithelial cells. However, the structures and functions of epithelial cells that are first damaged by endotoxins in the absence of the mucus layer are unclear. Here, a model of Caco-2 and HT-29 co-culture cells was established on 2D Transwell inserts to mechanistically investigate the endotoxin on the intestinal mucus layer based on intestinal barrier function. Further, the proliferation, structure, function, and mechanism of Caco-2/HT-29 cell co-culture after LPS treatment was evaluated using siRNA transfection analysis, RNA-seq, qPCR, ELISA, and immunofluorescence analysis. The differences in resource utilization reflect the regulatory mechanism of the endotoxin effect on the intestinal mucous barrier, providing insights into intestinal mucosal immune barrier function.



Material and Methods


Cell Culture and Cell Co-Culture

Caco-2 (BNCC Bio-350769, China) and HT-29 (BNCC Bio-350769, China) cells were seeded at density of of 1×105 cells/cm2. Cells were grown in tissue culture flasks at 37°C, 5% CO2, and 90% relative humidity. All cell lines were cultured in DMEM-H medium (containing glutamine and sodium pyruvate) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Caco-2 and HT-29 cells were counted using a blood cell counter, mixed evenly in different proportions (Caco-2:HT-29 = 3:1 and 9:1), and seeded into the apical chambers of 24-well Transwell inserts (Corning, USA) at a final density of 1×105 cells/cm2 in each insert. Cells were cultured in the same atmosphere described above, and allowed to grow for 15 days. The medium (500 μL in the upper compartment and 1500 μL in the lower compartment) was refreshed every other day. All samples were tested in six times repeat in this study (14, 15).



Cell Viability Assay

The Cell Counting Kit-8 was used to quantify cell viability according to the manufacturer’s instructions. Briefly, 1 mL of a 3:1 (Caco-2: HT-29) cell suspension was seeded into 24-well plates at a density of 1×105 cells/cm2 for 7 days. LPS was dissolved in DMEM-H and prepared in solutions of different concentrations (0, 100, 200, 400, and 800 µg/mL). LPS medium with different concentrations was added to a 24-well plate with 1 mL added to each well. Each dose group was assigned 24 wells. Six parallel wells for each dose group were exposed to LPS for 12 h, 24 h, 36 h, and 48 h. Blank wells were also established (no cells, only medium). The 24-well plates were removed at specific time points, the original culture medium. Thereafter, 100 µL of diluted CCK-8 reagent was added. After 1 h of incubation, the OD value of each well at a wavelength of 450 nm was measured using an automatic microplate reader (BioTek, USA); the measurement was repeated three times to calculate cell viability. Cell viability (%) =(OD value of experimental group OD value of blank group)/(OD value of control group OD value of blank group)×100.



Alcian Blue/Periodic Acid-Schiff Stain

Acidic mucin and mucopolysaccharide produced by HT-29 cells in the control and LPS groups (400 µg/mL at 12 h, 24 h, 36 h, 48 h) were determined by Alcian blue and periodic acid-Schiff (PAS) staining. For Alcian staining, the cells were fixed with 4% paraformaldehyde for 30 min, soaked in Alcian acidification solution for 3 min, stained with Alcian staining solution for 30 min, and washed with running water. For PAS staining, the cells were fixed with PAS fixative (75% ethanol solution) for 10 min, oxidized in 1.0% periodic acid solution for 5 min in the dark, and then stained with Schiff’s reagent for 1 h at 37°C. After the addition of Schiff’s reagent, the samples were washed three times with sulfite solution for 1 min each. Nuclei were then stained with hematoxylin for 1 min, and the cells were imaged using an inverted microscope (Nikon, Japan).



Immunofluorescence Analysis

The intercellular junctions of the LPS(-) and LPS(+) groups (400 µg/mL at 12 h, 24 h, 36 h, 48 h) were observed by immunofluorescence. The cells were seeded on glass coverslips, fixed for 30 min at 4°C with 4% paraformaldehyde, washed with PBS (three washes of 5 min each), permeabilized with 0.1% Triton-X-100 for 30 min at room temperature (RT), and rinsed with PBS at RT. To evaluate intercellular adhesion, cells were pre-incubated for 1 h with normal goat serum (5%, diluted in PBS) at RT to saturate non-specific binding sites. Incubation with the primary antibody, occludin (4°C overnight), and the secondary antibody, goat anti-rabbit IgG 488 (4 h at RT) was subsequently performed. Nuclei were stained with 10 g/mL DAPI for 5 min at RT. For each antibody, a technical negative control was used by replacing the primary antibody with PBS.



ELISA

A total of 50 μL of the diluted standard was added to the standard wells and 40 μL of the diluent was added to each of the sample wells. Thereafter, 10 μL of the sample was mixed via gentle shaking, and 50 μL of the biotin antigen working solution was added. The plate membrane was covered, sealed, and then incubated for 1 h in a 37°C incubator. The sealing membrane was carefully removed, and the liquid was discarded. After the plate membrane was spin dried, each well was filled with washing solution, which was allowed to stand for 30 s. The solution was then discarded, and the process was repeated 5 times. Thereafter, the membrane was pat dried. A total of 50 μL of chromogen reagent A was added to the membrane, followed by 50 μL of chromogenic reagent B. After gentle mixing, the color was allowed to develop at 37°C for 15 min in the dark. Fifty μL of stop solution was then added to each well to stop the reaction, and the absorbance of each well was measured sequentially with a microplate reader at a wavelength of 450 nm.



Small Interfering RNA Transfection

To prepare DNA-Hieff TransTM Liposome Nucleic Acid Transfection Reagent Complex, serum-free DMEM-H medium was mixed with MUC2 siRNA or negative control siRNA to a final concentration of 50 nM. Serum-free DMEM-H medium was also mixed with liposomal transfection reagent (liposomal transfection reagent: siRNA =3:1) and incubated for 3 min at RT. The diluted DNA and liposomal transfection reagent were gently mixed and incubated at RT for 20 min to form the DNA-liposome complex.

For cell transfection, 3:1 Caco-2 and HT-29 cells were seeded in 6-well plates at a seeding density of 1×105 cells/cm2 before transfection. Thereafter, the co-cultured cells were transfected at a density of 90%-95% using antibiotic-free media plates. The DNA-Hieff Trans™ complex was added to each well of the cell culture plate, followed by incomplete DMEM-H medium to a total volume of 2 mL. The culture plate was then gently shaken and mixed. After 6 h of culture at 37°C in a 5% CO2 incubator, the growth medium was replaced. Further, after 48 h of culture, RNA was extracted, and the expression of the MUC2 gene in the transfection group and the LPS(-) group was detected by fluorescence quantitative PCR. FAM-negative control siRNA cells were transfected for 48 h and the transfection efficiency was evaluated under a fluorescence microscope.For challenged cells after transfection (LPS(+)+siRNA group), the transfection was performed for 48h according to the above steps. After 48h, the culture medium was discarded, washed with PBS twice, and 1.5mL medium containing 400 µg/mL LPS was added to continue culture for 24h in the incubator. For challenged cells after transfection (LPS(+)+siRNA group), the transfection was performed for 48h according to the above steps. After 48h, the culture medium was discarded, washed with PBS twice, and 1.5mL medium containing 400 µg/mL LPS was added to continue culture for 24h in the incubator.

MUC2 siRNA primer sequence F: 5`-GGAACAUGCAGAAGAUCAATT-3`

R: 5`-UUGAUCUUCUGCAUGUUCCTT-3`

FAM negative control sequence F: 5`-UUCUCCGAACGUGUCACGUTT-3`

R: 5`-ACGUGACACGUUCGGAGAATT-3`



RNA-seq

The following three groups were established: LPS(-), LPS(+) (LPS 400 µg/mL, 24 h), and LPS(+)+siMUC2 (exposed to 400 µg/mL LPS for 24 h after transfection for 48 h). Total RNA was extracted from the three groups of cell samples, and the concentration, purity, and integrity of RNA were determined. mRNA was isolated from the total RNA, and double-stranded cDNA was synthesized. The adapter products were ligated, purified, and fragmented, and the final library was obtained using the Illumina TruSeq RNA Sample Prep Kit. High-throughput sequencing was then performed using the Illumina HiSeq 2500 system. The raw data were compared with the human genome, and differentially expressed genes were selected according to the criteria of |log2FC| ≥ 1 and p-value <0.05.

Occludin (OCLN), Claudin (CLDN1), JAMA, Desmosome, E-cadherin, and Zona occludens (ZO1) were selected as genes of tight-junction components. In addition, FN1, ITGAV, ITGB3, COL6A2, HSPG2, LAMC1, LAMA5, LAMB2, CD44, DAG1, and SRC genes in the ECM receptor interaction pathway, and ITGB4, RhoA, ROCK1, ROCK2, ACTB-G1, ARHGAP5, ITGA2, and AGRN in the focal adhesion pathway were selected. GAPDH was used as a housekeeping control.



Real-Time PCR

RNA extraction and RT-PCR were performed according to previously published studies. Total RNA was extracted from the samples according to the instructions of the RNA extraction kit. Thereafter, the concentration, purity, and integrity of RNA were determined. The 5 All-In-one RT MasterMix kit (including additional gDNA removal steps) was used to reverse transcribe the RNA into cDNA according to the manufacturer’s instructions. Diluted cDNA was used as template DNA to assess gene expression levels. According to the human gene sequence, primers were designed using NCBI. The synthesized primers were then used for PCR amplification of the sample target fragment. RT-PCR was performed with an UltraSYBR Mixture on a fluorescence quantitative gene amplifier with three replicates per sample. GAPDH was used as a housekeeping gene to standardize the expression levels of the target genes. The relative expression levels of the target genes were calculated using the 2-ΔΔCT method. All genes mRNA expression of LPS(-) group are “1” by analyse in the test.


 





Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7, and the data are expressed as mean ± SD. Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS, USA) software, and a two-pair test followed by Student’s t-test was performed to determine statistical significance between means. * Statistical difference between co-culture Caco2/HT-29 cells in the LPS(+) and LPS(+)+siMUC2 groups for the same factors (P < 0.05).




Results


Determination of the Optimal Mucus Layer of the Caco-2/HT-29 Co-Culture Model in Transwell

HT-29 cells are often used as a goblet cell model in vitro, and can produce mucin secretions, forming an extracellular mucus layer. Herein, the combination of Caco-2 and HT-29 co-culture cells in the transwell compartment was selected to ensure that the established intestinal epithelial model had a mucus layer; this was determined by measuring epithelial monolayer integrity and mucus production (Figure 1A). In other studies, Caco-2:HT-29 ratios of 9:1 and 3:1 showed similar results; the TEER values also reached 400 Ω×cm2 at the end of the 15-day differentiation process (14). Therefore, at the end of 15 days of differentiation, the optimal Caco-2: HT-29 ratios were 3:1 and 9:1, respectively. ALPi is a marker of Caco-2 cell differentiation, MUC5AC is a marker of HT-29 cell differentiation, and MUC2 is the main component that forms the mucus layer skeleton. Here, MUC2 and MUC5AC mRNA expression in Caco-2/HT-29 (3:1) co-culture markedly increased relative to that in the Caco-2/HT-29 (9:1) co-culture at the end of the 15-day differentiation process (Figures 1B, C). These combined data indicate that the Caco-2:HT-29 ratio of 3:1 led to the best mucus barrier at the end of the 15-day differentiation in the Transwell compartment.




Figure 1 | Establishment of the Caco2/HT-29 cell co-culture model. (A), Transwell of the Caco-2/HT-29 co-culture cell model; (B), MUC2, MUC5AC, and ALPi mRNA expression of the Caco-2/HT-29 co-culture cell at two cell seeding ratios (N=6); (C), Image of the Caco-2/HT-29 co-culture cell at two cell seeding ratios (×200).* Statistical difference between co-culture Caco2/HT-29 cells (3:1) compare to co-culture Caco2/HT-29 cells (9:1) for the same factor (P<0.05).





PAS/Alcian Blue Staining and Immunofluorescence Analysis of Mucus Secretion and Occludin Expression in Caco-2/HT-29 Co-Culture Cell

To confirm the effect of the best time and dose of LPS on the mucus barrier function, we used 100, 200, 400, 800, and 1000 µg/mL LPS to stimulate Caco-2/HT-29 (3:1) co-culture cells at 12, 24, 36, and 48 h, respectively, after 15 days of Caco-2/HT-29 (3:1) co-culture differentiation. Cell viability was found to be highest after 24 h of LPS stimulation; thereafter, cell viability began to decline. Stimulation of Caco-2/HT29 (3:1) co-culture cells with 800 and 1000 µg/mL LPS caused cell death at 48 h. Therefore, 400 µg/mL LPS was selected to stimulatCaco-2/HT-29 (3:1) co-culture cells in the next test (Figure 2A). Based on PAS and Alcian Blue staining, mucin secretion by Caco-2/HT-29 cell was significantly increased at 24 h compared with 36 h and 48 h in the LPS(-) group. Further, the LPS(+) group displayed remarkable increases in mucin secretion compared with LPS(-) group after LPS stimulation for 12, 24, 36, and 48 h (Figures 2B, C). Using immunofluorescence, we evaluated the expression of occludin transmembrane proteins in Caco-2/HT-29 (3:1) co-cultured cells at different time points to assess the presence of tight junctions (Figure 2D). Caco-2/HT-29 cells in the LPS(-) group had good cell membrane connectivity at 24, 36, and 48 h. In contrast, the connection of the cell membrane for LPS stimulation was damaged in the LPS(+) group at 24, 36, and 48 h. Taken together, these results indicate that mucin secretion and occludin expression in Caco-2/HT29 (3:1) co-culture cells markedly increased in the LPS(-) and LPS(+) groups after 24 h of LPS stimulation.




Figure 2 | Mucus expression in the co-culture model at a 3:1 ratio of Caco-2/HT-29 cells. (A), Viability of the Caco-2/HT-29 co-culture cell (3:1) was determined using CCK-8 after stimulation with 100, 200, 400, 800, and 1000 µg/mL LPS for 12 h, 24 h, 36 h, and 48 h (N=6); (B), Alcian Blue staining of Caco-2 and HT-29 co-culture cell stimulated with LPS for 12 h, 24 h, 36 h, and 48 h. Blue areas indicate mucus deposition (Nikon Plan 10× objective lens); (C), Periodic Acid-Schiff staining (PAS) on Caco-2/HT-29 co-culture cell stimulated with LPS for 12 h, 24 h, 36 h, and 48 h. Fuchsia areas indicate mucus deposition (Nikon Plan 10× objective lens); (D), Occludin expression of Caco-2/HT-29 co-culture cell was analyzed by immunofluorescence. The green color represents the occludin expression of Caco-2 and HT-29 co-culture cells; blue color indicates the nucleus of Caco-2/HT-29 co-culture cell (×100).





RNA Interference for MUC2 Gene Silencing in Caco-2/HT-29 (3:1) Co-Culture Cell

To understand the function of the mucus layer, we used RNA interference (RNAi) to silence the MUC2 gene (the main component of the mucus layer) in Caco-2/HT-29 (3:1) co-cultured cells. First, we evaluated MUC2 mRNA and protein expression using qPCR and ELISA, respectively. After 15 days of Caco-2/HT-29 (3:1) co-culture differentiation, cells were stimulated with LPS(LPS+) or 0.0 1M PBS (LPS-) at 24, 36, 48, and 60 h. The expression levels of MUC2 mRNA and protein in the LPS(+) and LPS(-) groups were higher at 24 h than at other time points. Therefore, Caco-2/HT-29 (3:1) co-culture cells were transfected with siRNA MUC2 constructs using Lipofectamine ™ 2000 before stimulation with LPS for 24 h (Figures 3A, B). MUC2 mRNA expression was significantly decreased after transfection with MUC2 siRNA. A green fluorescent negative control was used to determine the transfection efficiency (Figures 3C, D). These combined results indicate the significant increase in MUC2 mRNA expression after transfection with siRNA and LPS stimulation for 24 h. All co-cultured cells were divided into three groups, namely LPS (-), LPS (+), and siMUC2 +LPS(+) in the following test.




Figure 3 | The time and dose screen of small RNA interference. (A), MUC2 mRNA expression in Caco-2/HT-29 co-culture cells after LPS stimulation for 12 h, 24 h, 36 h, 48 h, and 60 h; The highest level of MUC2 mRNA expression in Caco-2/HT-29 co-culture cells is observed at 24 h after LPS stimulation (N=6); (B), MUC2 protein content in the supernatant of Caco-2/HT-29 co-culture cells after LPS stimulation for 24 h, 36 h, 48 h, and 60 h (N=6); the highest level of MUC2 protein content in Caco-2/HT-29 co-culture cells is observed at 24 h after LPS stimulation; * Statistical difference between co-culture Caco2/HT-29 cells in the LPS(+) compare to LPS(-) groups for the same time (P<0.05); (C), After LPS stimulation for 24 h, the Caco-2/HT-29 co-culture cells were transfected with 50 nM MUC2 siRNA or 50 nM negative control siRNA (siNC) using Liposomal Transfection Reagent. The MUC2 mRNA expression of MUC2 siRNA group was significantly decreased compare with that of the MUC2(LPS+) and MUC2(LPS-) groups (N=6); ** Statistical difference between co-culture Caco2/HT-29 cells in the MUC2 siRNA-primer compare to LPS(+) and LPS(-) groups (P <0.01); (D), Small interfering RNA transfection rate, the green point indicates positive signal of MUC2 small interfering RNA transfection.





Analysis of the Different Genes and KEGG Enrichment Pathways for the LPS (-), LPS (+), and siMUC2 +LPS(+) Groups by RNA-seq

To provide insights into how the regulatory mechanism of LPS affects the mucus layer, the different genes and KEGG enrichment pathways in the LPS (-), LPS (+), and siMUC2 +LPS(+) groups were analyzed using RNA-seq techniques. A total of 1,161 upregulated genes and 1,379 differentially expressed genes were found in the LPS (+) and siMUC2 +LPS(+) groups. Further, 1,417 and 1,904 genes were upregulated and downregulated, respectively, in the LPS (-) vs. siMUC2 +LPS(+) group, and 71 different genes were upregulated and 82 genes were downregulated in the LPS (-) vs. LPS(+) group (Figure 4A). A total of 1,953 differentially expressed genes were found between the LPS (-) vs siMUC2+LPS group and LPS (+) vs siMUC2 +LPS group (Figure 4B). The first 20 signaling pathways were measured by KEGG enrichment analysis between the LPS (-) vs. siMUC2+LPS(+) group and LPS (+) vs. siMUC2+LPS group (Figure 4C). The cell extracellular matrix (ECM) receptor interaction and focal adhesion signaling pathways were used to further study the mechanism of mucus layer function.




Figure 4 | RNA-seq of the LPS(+) group, LPS(-) group, and siMUC2+LPS(+) group. (A), the number of different genes in the LPS(+) vs siMUC2+LPS(+) group, LPS(-) vs siMUC2+LPS(+) group, and LPS(-) vs LPS(+) group; red color indicated upregulated gene and blue color indicates downregulated gene (N=6); (B), Venn analysis of different gene clusters in the LPS(+) vs siMUC2+LPS(+) group, LPS(-) vs siMUC2+LPS(+) group, and LPS(-) vs LPS(+) group; Three genes were found between the LPS(+) vs siMUC2+LPS(+) group, LPS(-) vs siMUC2+LPS(+) group, and LPS(-) vs LPS(+) group; 43 genes were found between the LPS(-) vs siMUC2+LPS(+) group and LPS(-) vs LPS(+) group; 22 genes were found between the LPS(-) vs LPS(+) group and LPS(+) vs siMUC2+LPS(+) group; and 1,953 genes were found between the LPS(+) vs siMUC2+LPS(+) group and LPS(-) vs siMUC2+LPS(+) group (N=6); (C), KEGG enrichment analysis of the LPS(+) vs siMUC2+LPS(+) group (right column) and LPS(-) vs siMUC2+LPS(+) group (left column); the first 20 signaling pathways with differentially expressed genes are listed in the figure.





Expression of Different Genes in ECM-Receptor Interaction and the Focal Adhesion Signal Pathway and Intercellular Linker

To understand the different genes involved in ECM-receptor interactions and the focal adhesion pathway, we measured the mRNA expression of these factors in the LPS (+) and siMUC2+LPS(+) groups using qPCR. After 15 days of Caco-2/HT-29 (3:1) co-culture differentiation, the cells were stimulated with LPS for 24 h, and total RNA was extracted from cells in the LPS (+) and siMUC2+LPS(+) groups. The mRNA expression levels of Claudin-1, ZO-1, JAMA, Desmosome, Occludin, and E-cadherin were significantly increased in the LPS (+) group compared with the siMUC2 +LPS group (P<0.05). Further, the mRNA expression levels of FN1, ITGAV, COL6A2, LAMC1, LAMA5, LAMB2, AGRN, ROCK1, ITGB2, ITGB4, ACTB-P1, CD44, ARHGAP5, HSPG2, DAG1, and SRC were significantly increased in the LPS (+) group, compared with siMUC2 +LPS(+) group (P<0.05). There was no difference in the mRNA expression of ITGB3, ROCK2, and RhoA between the LPS (+) group and siMUC2 +LPS(+) group (P>0.05) (Figure 5).




Figure 5 | The expression of different genes in the LPS(+), LPS(+)+siMUC2, and LPS(-) groups.Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS, USA) software, and a two-pair test followed by Student’s t-test was performed to determine statistical significance between means (N=6). The relative expression levels of the target genes were calculated using the 2-ΔΔCT method. The factors mRNA expression of LPS(-) group are “1” (gray line).* Statistical difference between co-culture Caco2/HT-29 cells in the LPS(+) and LPS(+)+siMUC2 groups for the same factors (P<0.05). ** Statistical difference between co-culture Caco2/HT-29 cells in the LPS(+) and LPS(+)+siMUC2 groups for the same factors (P <0.01).






Discussion

The combination of Caco2/HT-29 cells is an already-described in vitro epithelial barrier model in the real environment of the human intestine, and has been proposed as a predictive tool to evaluate the permeability of endotoxins (16–18). In this study, we employed the co-culture model and identified that 3:1 (Caco-2:HT-29) was the optimal ratio for cell seeding compared to 9:1 (Caco-2:HT-29) after 15 days of Caco-2/HT-29 co-culture. The use of a wide set of gene markers (MUC5AC and ALPi) was also found to be appropriate for evaluating the integrity of the co-culture cell model. The mRNA expression of MUC2 corresponded to the in vivo human colonic epithelium after 15 days of Caco-2/HT-29 co-culture. Herein, 400 µg/mL LPS was selected to stimulate co-cultured cells for 12 h, 24 h, 36 h, and 48 h.

To choose a time that will ensure that Caco-2 and HT-29 cells have a well-established mucus shed, Alcian Blue and PAS staining was performed on the co-cultured cells. Mucin secretion was identified to be the highest in the LPS(+) and LPS(-) group after 24 h. Further, confocal microscopy was verified as a powerful tool for visualizing the tight junctions of cells in these barriers. After 15 days of Caco-2/HT-29 co-culture, the tight junction function of co-culture cells in the LPS(-) group was found to be better after 24 h of PBS stimulation; however, the tight junction function of co-culture cells in the LPS(+) group was damaged by LPS stimulation for 24 h. Additionally, the mRNA and protein expression levels of MUC2 were the highest following LPS stimulation for 24 h relative to the other times investigated. Taken together, after 15 days of Caco-2/HT-29 co-culture, the highest value of MUC2 secretion was obtained 24 h after LPS stimulation.

Based on the above results, we opted to silence the MUC2 gene in the co-culture cells via small interfering RNA transfection for LPS stimulation at 24 h after 15 days of Caco-2/HT-29 co-culture. MUC2 mRNA expression was significantly inhibited. Therefore, the co-cultured cells were divided into three groups (LPS(+), LPS(-), and LPS(+)+siMUC2 groups) for the subsequent experiment. The usefulness of RNA-seq to demonstrate the effect of LPS on the mucus layer in an in vitro intestinal model was evaluated. A total of 1,161 upregulated genes and 1,379 downregulated genes were found in the LPS(+) vs. LPS(+)+siMUC2 group; 1,417 upregulated genes and 1,904 downregulated genes were found in the LPS(-) vs. LPS(+)+siMUC2 group; and 71 upregulated genes and 82 downregulated genes were found in the LPS(+) vs. LPS(-) group. LPS stimulation for 24 h led to very few differential genes that had an impact on the integrity of the mucus barrier of Caco-2/HT-29 co-culture cells. Further, LPS did not disrupt the mucus barrier to penetrate the epithelial cells. Nonetheless, significant changes in a large number of genes were found in the LPS(-) and LPS(+) groups when the MUC2 gene was silenced by LPS stimulation for 24 h. The intestinal mucus layer may primarily act as a barrier that protects epithelial cells from LPS stimulation (19–22).

From top to bottom, the complete intestinal mucosal barrier is composed of the mucus layer, epithelial cell layer, and muscle layer (23–25). Further, the mucins of the mucus layer are fused with water and digestive juice in the intestinal tract, which together form the first barrier of intestinal mucosa against pathogenic microbial and toxic substances (26). Both the junctional network and the mucous layer protect the integrity of the intestinal epithelium (27). The intestinal mucus layer is a mechanical barrier comprising intestinal epithelial cells and various intercellular connections (28). Intestinal epithelial integrity is dependent on the organization of cell-cell adhesion and cell matrix adhesion complexes, including occluding junctions, anchoring junctions, and communication junctions (29). The most important way of occluding junctions is tight junctions (TJs), which include claudins and occludins, which interact with each other on their extracellular sides to promote junction assembly (30). In this study, the mRNA expression levels of claudins, JAMA, E-cadherin, and occludin were significantly increased in the LPS(+) group compared to the LPS(+) +siMUC2 group. E-cadherin is the most essential cadherin present on the epithelial surface and is responsible for the formation of adhesion junctions. E-cadherin hinges on the neighboring cell through another E-cadherin. via Based on our results, LPS disrupts the tight junctions and penetration barriers in epithelial cells after MUC2 gene silencing in co-culture cells (Figure 6A).




Figure 6 | Image of ECM receptor interaction and the focal adhesion signaling pathway. (A), Structure of the mucus layer, cell-cell adhesion, and cell-matrix adhesion of intestinal epithelial cells; (B), Interaction mechanism of the difference factor for ECM receptor interaction and the focal adhesion signaling pathway.



LPS acts on the anchoring junction, which mainly connects with intermediate fibers such as desmosomes and hemidesmosomes, through tight junctions (31–33). Further, the anchoring junction connected with actin fibers mainly includes focal adhesion and adhesion belts.In this study, desmosome mRNA expression was significantly higher in the LPS(+) group than in the LPS(+) +siMUC2 group. Using the differential gene lists, focal adhesion and ECM-receptor interaction were identified as the two most significantly implicated pathways by KEGG analysis. Cell-ECM interactions are crucial for cell survival and normal cellular functions, such as cell adhesion, spreading, and migration, and regulate the establishment and maintenance of development and homeostasis (34). ECM is a complex network structure composed of cell synthesis and biomacromolecules on the cell surface or between cells. As the ECM-receptor interactions play a critical role in focal adhesion, genes related to ECM-mediated focal adhesion are of particular interest as potential transcriptomic markers of the intestinal mucus layer (35). In addition to controlling cell movement and migration, focal adhesions physically adhere to the external environment by attaching themselves to the ECM (36). In our study, gene expression related to ECM-mediated focal adhesion was mixed, and adhesion glycoproteins (THBS1), fibronectin (FN1), and other ECM molecules can directly and indirectly bind to cell surface receptors. The ECM, through cell surface receptors, transmits extracellular to intracellular signals, which together affect cell function. Integrins are the main receptors for ECM proteins. Integrins (ITGAV, ITGB3,4 and ITGA2) of cell surface receptors are used as “bridges” to connect ECM, and the intracellular cytoskeleton formed an organic body, mediating intracellular signal transduction (37). In our experiment, the expression levels of THBS, IBSP, and FN1 were downregulated in the LPS(+)+siMUC2 group compared to the LPS(+) group. they are high affinity ligand for ITGB4, ITGAV, ITGA2 of cell membrane, were found to be downregulated in the co-culture cell. Integrins can activate SRC kinase; however, SRC expression in the LPS(+)+siMUC2 group was downregulated compared with that in the LPS(+)group, and was inhibited downstream of the ECM-mediated focal adhesion pathway. SRC is specifically phosphorylated and inhibited by ARHGAP5 and RhoA expression (38). Coiled-coil-forming protein kinase (ROCK1,2) downstream of RhoA is well known for its inability to regulate the stability of filamentous actin (ACTB-G1) in the LPS(+) +siMUC2 group compared to the LPS(+) group (Figure 6B). Actin provides mechanical support to cells and a transport pathway through the cytoplasm to assist with the rapid assembly and disassembly of the signal transduction actin network, enabling cell migration. Cells connect the ECM network to the intracellular actin microfilament skeleton through integrin-mediated focal adhesion structures (39). The extracellular mechanical force activates SRC kinase through focal adhesions and promotes further maturation of the focal adhesion structure. Further, the intracellular mechanical force generated by actin contraction is transmitted to the focal adhesion through adaptor proteins. Actin contraction drives the movement of integrins along the microfilament cytoskeleton, from focal adhesions at the cell edge to fibrillar adhesions in the middle of the cell body (40). According to our results, when only the ECM integrin-mediated focal adhesion-action is connected, integrins play a role in signal transduction. When the connection between the adaptor protein and actin is disrupted, integrin slides on the surface of the cell membrane without signal transmission.

This study also sought to elucidate the usefulness of KEGG to demonstrate the impact of LAMB2, COL6A2, and FN1 downregulation on ECM binding to CD44 of proteoglycan receptor on the cell membrane. The downregulation of CD44 in the LPS(+)+siMUC2 group was found to inhibit the proteoglycan of the cell membrane. The ECM membrane receptor, CD44, can integrate ECM signals and regulate cell adhesion, migration, and proliferation (31). LAMB2 and AGRN bind to DAG1 and promote glycoprotein secretion by the cell membrane (40). However, when the MUC2 gene was silenced in the co-culture cells, the decrease in glycoprotein secretion of the ECM due to LAMB2, AGRN, and DAG1 mRNA expression was reduced (Figure 6B). Transmembrane-linked glycoproteins of mesenchymal cells, which are linked to attachment proteins in the intracellular portion, interact with transmembrane-linked glycoproteins of adjacent cells or the ECM in the extracellular portion (41). Cell surface glycoproteins are membrane surface glycoproteins that mediate adhesion between cells, and between cells and the ECM (39). These glycoproteins influence the spatial organization and function of the transmembrane receptors. A small amount of glycoproteins and proteoglycan inhibited the adhesion of integrins and altered the integrin state by applying tension to matrix-bound integrins, independent of actomyosin contractility (41).



Conclusion

In summary, in addition to the data that enabled the establishment of the proposed Caco-2/HT-29 model, we defend its use as a powerful tool for evaluating the intestinal mucus barrier. LPS (400 µg/mL) was found to disrupt the regulatory mechanism of the ECM-mediated focal adhesion signaling pathway under MUC2 gene silencing in co-cultured cells after 24 h of LPS stimulation. When the mucus layer is not intact, LPS first damages the tight junctions of epithelial cells, regulates the integrin of cell surface receptors through the ECM transmitted to downstream signals, and inhibits the integrin-mediated focal adhesion structure, further damaging the ECM network structure and intracellular actin microfilament skeleton. Ultimately, LPS inhibits the interaction between the ECM and cytoskeleton. By combining these data, the protective function of the mucus barrier is expected to be well characterized in the future.
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M1-polarized macrophages can improve the body’s immune function. This study aimed to explore the mechanism of Platycodon grandiflorus polysaccharide (PGPSt) degrading SOCS1/2 protein through autophagy and promoting M1 polarization in 3D4/21 cells. Immunoprecipitation, confocal laser scanning microscopy, flow cytometry, and intracellular co-localization were used to detect the expression of related phenotypic proteins and cytokines in M1-polarized cells. The results showed that PGPSt significantly promoted the mRNA expression of IL-6, IL-12, and TNF-α and enhanced the protein expression of IL-6, IL-12, TNF-α, IL-1β, iNOS, CD80, and CD86, indicating that PGPSt promoted M1 polarization in 3D4/21 cells. Next, the effect of the PGPSt autophagy degradation of SOCS1/2 on the M1 polarization of 3D4/21 cells was detected. The results showed that PGPSt significantly downregulated the expression level of SOCS1/2 protein, but had no obvious effect on the mRNA expression level of SOCS1/2, indicating that PGPSt degraded SOCS1/2 protein by activating the lysosome system. Further research found that under the action of 3-MA and BafA1, PGPSt upregulated LC3B II and downregulated SOCS1/2 protein expression, which increased the possibility of LC3B, the key component of autophagy, bridging this connection and degrading SOCS1/2. The interaction between SOCS1/2 and LC3 was identified by indirect immunofluorescence and Co-IP. The results showed that the co-localization percentage of the two proteins increased significantly after PGPSt treatment, and LC3 interacted with SOCS1 and SOCS2. This provides a theoretical basis for the application of PGPSt in the treatment or improvement of diseases related to macrophage polarization by regulating the autophagy level.
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Introduction

A tremendous amount of scientific work has confirmed the medicinal values of traditional Chinese medicine (TCM). One of the representative TCMs is Platycodon grandiflorus, which has been used to treat viral diseases for several centuries in China. P. grandiflorus (the rhizome of P. grandiflorus) are well-known, commonly used TCM preparations. According to anecdotal evidence passed down for over 2,000 years by the practitioners of the TCM system, P. grandiflorus can promote health and homeostasis. In recent decades, the investigations of P. grandiflorus have focused on its biological activities, including its anti-tumor, hepatoprotective, immunoregulatory, and antioxidant effects. These studies have resulted in the isolation of saponins, flavonoids, anthocyanins, phenolics, and polysaccharides, among other compounds, from the plant (1). Polysaccharide is the main immunologically active substance in PG, which has an obvious immunomodulatory effect. It is the material basis for “strengthening and restoring effects” and enhancing immune function. In order to explore the immune mechanism of the P. grandiflorus polysaccharide (PGPSt), our research group has identified the polysaccharide structure of PGPSt and evaluated its immune regulation activities on 3D4/21 cells, chicken peritoneal macrophages, and lymphocytes. Studies have found that PGPSt can enhance the phagocytosis and proliferation activity of chicken peritoneal macrophages, induce the expression of costimulatory molecules (CD80 and CD86), promote the secretion of cytokines and the release of NO, and induce macrophage polarization to the M1 type (2). In addition, PGPSt can promote lymphocyte proliferation, increase the ratio of CD4 +/CD8 + subsets, and promote cells to enter the DNA synthesis phase (3). PG, a polysaccharide isolated from P. grandiflorum, could induce macrophage activation through the TLR4/NF-κB signaling pathway and activate MAPK and AP-1, which suggested that PG induces nitric oxide (NO) production and the mRNA expression of iNOS in RAW 264.7 cells (4). Yeo Dae Yoon et al. demonstrated that a polysaccharide isolated from P. grandiflorums electively activates B cells and macrophages but not T cells (5).

Macrophages have long been considered to be important immune effector cells. Macrophage polarization refers to an estimate of macrophage activation at a given point in space and time. Polarization is not fixed, as macrophages are sufficiently plastic to integrate multiple signals, such as those from microbes, damaged tissues, and the normal tissue environment. Macrophages can acquire distinct morphological and functional properties in different microenvironments. Different inflammatory stimuli can temporarily induce distinct subsets of macrophages with polarized inflammatory phenotypes. The M1 phenotype is characterized by a high capacity to present antigen, high levels of inflammatory cytokine (TNF-α, IL-6) secretion and increased levels of NO production, an enhanced capacity to kill intracellular pathogens and tumor cells, and the promotion of polarized h1 immune responses (6). Polarized macrophages can further affect the local immune response, and coordinate with various factors to regulate pathogenic microbial infection and tumor immunity, and participate in immune regulation (7). It has been reported that the polarization of macrophages toward the M1 type is very important for effective antiviral immune response. In acute and chronic HIV infection, M1 macrophages in parenchymal tissue play an important role in the early antiviral immune response and subsequent recovery response (8). In addition, some scholars have found that polarized M1 porcine alveolar macrophages (PAMs) have a significant inhibitory effect on the replication and proliferation of PRRSV (9).

Autophagy can activate innate immune cells, and the substrate of autophagy can be presented as an antigen to adaptive immune cells to start adaptive immune response. In recent years, studies on a variety of chronic inflammatory disease models have shown that autophagy may participate in the regulation of macrophage polarization. It has been reported that autophagy occurs in many physiological and pathological situations and is a key component of development and differentiation (10). Some studies suggest that autophagy plays a vital role in viral infection and immunosuppression (11, 12).

Autophagy has recently been considered important in macrophage polarization. Autophagy may be involved in the regulation of macrophage polarization by regulating inflammatory response, reactive oxygen species (ROS), and apoptosis (13). Baicalin promotes the transformation of tumor-associated macrophages (TAMs) from M2- to M1-like phenotypes through the autophagy degradation of TRAF2 to exert anti-tumor effects (14). USP19 inhibits inflammation and promotes M2-like macrophage polarization by regulating NLRP3 function through autophagy (15). The inhibition of USP14 can promote the autophagy of M1-like macrophages and alleviate sepsis caused by CLP (16). It has been found that the IFN-γ/JAK-STAT1 pathway is a key component of the macrophage M1 polarization regulator. The SOCS protein family is a very important regulator of macrophage polarization (17). The expression of STAT, a key protein in the polarization pathway, is affected by the cytokine signal transduction inhibitor SOCS protein (18). For M1 macrophages, SOCS1 protein reduces the secretion of some pro-inflammatory mediators in M1 macrophages (19). After SOCS1 protein expression was downregulated, the proportion of M1 type cells increased significantly, while the proportion of M2 cells did not change significantly. SOCS2 protein knockout macrophages highly express M1 markers (20). In addition, studies have shown that SOCS2 protein can interact with LC3 protein and promote the differentiation of astrocytes through the autophagy degradation of SOCS2 protein (21). These results provide a partial basis for the autophagy degradation of SOCS protein.

In this study, co-immunoprecipitation, laser confocal, flow cytometry, and intracellular co-localization techniques were used to detect the changes in the expression of related phenotypic proteins and cytokines in M1-polarized cells and to determine the degree of polarization of 3D4/21 cells induced by PGPSt. The effect of PGPSt-induced autophagy degradation of SOCS1/2 on M1 polarization in 3D4/21 cells was studied to clarify the relationship between autophagy and polarization. The co-localization of SOCS1/2 with autophagosomes and autolysosomes was observed. The interaction between SOCS1/2 and LC3 was identified by Co-IP to verify that SOCS1/2 autophagy degradation was mediated by LC3 protein. The purpose of this study was to explore the mechanism of PGPSt inducing the autophagy degradation of SOCS1/2 protein and promoting the M1 polarization of 3D4/21 cells and to provide a theoretical basis for the application of PGPSt in the prevention and treatment of viral infection diseases.



Materials and Methods


Reagents and Antibodies

Total PGPSt was prepared in our laboratory, and the polysaccharide content of PGPSt was 76.76%. The information on the extraction methods and structure identification of the polysaccharide has been determined in our previous study (2).

Recombinant porcine interferon-gamma (IFN-𝛾) (985-PI-050) was purchased from R&D Systems (Minneapolis, MN, USA). Lipopolysaccharide (LPS) (L8880) was purchased from Solarbio (Beijing, China). MG-132, chloroquine (CQ), 3-methyladenine (3-MA), and bafilomycin A1 (Baf A1) were delivered by Med Chem Express (Shanghai, China). The Hoechst 33342 kit (C1026) and Nitric Oxide Synthase (iNOS) Assay kit (S0025) were provided by Beyotime Institute of Biotechnology (Haimen, China). The modified RPMI-1640 medium was purchased from Gibco (Shanghai, China). Penicillin-Streptomycin Amphotericin B (03-033-1B/C) and Certified FBS (04-001-1ACS) were purchased from Biological Industries (Kibbutz Beit Haemek, Israel).

Anti-LC3B (ab229327) and SOCS1 (ab9870) were purchased from Abcam (Shanghai, China). Anti-SOCS2 (#2779) and anti-LC3B (#83506) were obtained from Cell Signaling Technology (Shanghai, China). Anti-SOCS3 (14025-1-AP), anti-CD80 (66406-1-lg), anti-α-tubulin (66031-1-lg), anti-SQSTM1/p62 (18420-1-AP), anti-GAPDH (60004-1-lg), HRP-conjugated Affinipure Rabbit Anti-Goat IgG (H+L) (SA00001-4), HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+L) (SA00001-1), HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H+L) (SA00001-2), and CoraLite488-conjugated Affinipure Goat Anti-Mouse IgG (H+L) (SA00013-1) were purchased from Proteintech (Wuhan, China). Cy3-conjugated Goat Anti-rabbit IgG (H+L) (GB21303) was purchased from Servicebio (Wuhan, China). Anti-CD86 (abs120515) was purchased from Absin (Shanghai, China). IFkine™ Red Donkey Anti-Goat IgG (A24431) and IFkine™ Green Donkey Anti-Rabbit IgG (A24221) was provided by Abbkine (Shanghai, China).



Cell Culture

Porcine alveolar macrophage cell line 3D4/21 cells were obtained from iCell Bioscience (Shanghai, China) and cultured in the modified RPMI-1640 medium adjusted to contain with 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium pyruvate supplemented with 0.1 mM nonessential amino acids, 10% fetal bovine serum, and 1% Penicillin-Streptomycin Amphotericin B at 37°C in 5% CO2 atmosphere.



Experimental Treatments

To obtain differentiated macrophages, 3D4/21 cells were stimulated with LPS (150 ng/ml) and IFN-γ (50 g/ml), to promote M1 polarization when grown to 70%–80% confluence in six-well plates; the dosage refers to the study of Wang et al. (22). Then, PGPSt (100 μg/ml) was added to the tested wells; the dosage refers to our previous study (23). To inhibit autophagy, cells were pretreated for 8 h with 3-MA (100 μM) and BafA1 (60 nM), respectively, before PGPSt. After different treatments, cells or supernatants were harvested for analyses. In order to study the degradation pathway of SOCS protein, MG-132 (100 nM) and CQ (20 μM) were respectively used in the experiment.



ELISA Analysis

At indicated time points, the concentration of IL-6, IL-12, TNF-α, and IL-1β in supernatants were measured by ELISA according to manufacturer’s instruction (Porcine IL-6 ELISA Kit, Porcine IL-12 ELISA Kit, Porcine TNF-α ELISA Kit, Porcine IL-1β ELISA Kit, Shanghai, China).



Real-Time Fluorescence Quantitative Polymerase Chain Reaction

Total RNA was extracted using the RNAiso Plus reagent(Takara, Dalian, China), and then genomic DNA Contaminated gDNA was removed as follows: 2 μL (1 μg) total RNA, 1 μL gDNA Eraser, 2 μL 5× gDNA Eraser Buffer, 5 μL RNase free water were mixed in PCR tube, the reaction was incubated at 42°C for 2 min. Afterwards, 1 μL PrimeScript RT Enzyme Mix I, 1 μL RT Primer Mix, 4 μL 5× PrimeScript Buffer 2, 4 μL RNase free water were added to the tube. The mixture was incubated at 37°C for 15 min, 85°C for 5 s. The cDNA was stored at −20°C for later use. was removed and reverse-transcribed in a BIO-RAD Mastercycler (BIO-RAD, California, USA), using a PrimeScript™ RT reagent Kit (Takara, Dalian, China) with gDNA Eraser according to the manufacturers’ instructions. PCR was performed in triplicate in a LightCycler®96 system(Roche Diagnostics GmbH, Mannheim, Germany). The sequences of the specific primers are shown in Table 1 and were purchased from Takara. After using the threshold cycle value to normalize the expression changes of the gene of interest to the housekeeping gene GAPDH, the folding changes are calculated.


Table 1 | Primer sequences for real-time PCR analysis.





Protein Isolation and Western Blotting

After different treatments, cells were lysed with the RIPA buffer containing a protease inhibitor cocktail for protein analysis. Then, protein concentration was measured by the BCA Protein Assay Kit (CWBIO, Beijing, China). Equal amounts of protein samples were size-separated by 12% SDS-PAGE and blotted onto the polyvinylidene fluoride membrane. After blocking, membranes were exposed to antibodies that recognized P62/SQSTM1, LC3B, SOCS1, SOCS2, SOCS3, CD80, and CD86 at 4°Covernight. Then, the membranes were incubated with the corresponding horseradish peroxidase (HRP)–conjugated IgG secondary antibody at room temperature for 1 h. The reactive bands were visualized using the enhanced chemiluminescence detection system and analyzed with Image J software. The relative protein expression levels were normalized to GAPDH or α-tubulin.



Confocal Microscopy Analysis

The iNOS protein expression levels of the 3D4/21 cells were evaluated by confocal immunofluorescence microscopy according to the iNOS manufacturer’s instruction. In order to observe the morphology of macrophages under different treatment conditions, indirect immunofluorescence was performed using the anti-GAPDH antibody. To elucidate the cytosolic localization of SOCS1 and LC3B, SOCS2, and LC3B, indirect immunofluorescence was performed using the anti-SOCS1 antibody, anti-SOCS2 antibody, and anti-LC3B antibody. Briefly, the 3D4/21 cells were incubated with antibodies overnight at 4°C and then with the corresponding fluorescent dye–conjugated secondary antibodies for 1 h. After washing with PBS, the cells were permeabilized with Hoechst 33342 for 10 min and examined with a Leica TCS SPE confocal microscope (Heidelberg, Baden-Württemberg, Germany).



Co-Immunoprecipitation

Cell samples were lysed and centrifuged. The supernatant was added to 100 μl of Protein A+G agarose beads and rotated at 4°C for 1 h to remove non-specific binding proteins for further use. The LC3B antibody and corresponding amount of normal IgG were diluted according to the instructions, and 100 μl of Protein A+G agarose beads were added, respectively, rotated for 2 h at 4°C, and then centrifuged for 5 min at 1,000 g and 4°C. The prepared supernatant was added to Protein A+G agarose beads conjugated with antibody or normal IgG, and rotated overnight at 4°C, to bind the protein to the antibody. After removing the supernatant, the supernatant was washed with PBS four times, 1 ml each time. The eluted protein was added to 100 µL 1× loading buffer, boiled for 5 min, and centrifuged for 5 min at 1,000 g, and the supernatant was taken for Western blot detection.



Statistical Analysis

All data were obtained from three repeated experiments and expressed as mean ± standard deviation (SD). All statistical calculations were performed using SPSS 24.0 software (IBM, Armonk, NY, USA). Differences between groups were analyzed using one-way analysis of variance (ANOVA). The levels of significance were as follows: P< 0.05 is signified by *; P< 0.01 is signified by **.




Results and Discussion


Morphological Changes of M1 Polarization in 3D4/21 Cells

After stimulation with LPS/IFN-γ for 24 h, the morphology of 3D4/21 cells changed. Compared with the control group (M0), the nucleus of 3D4/21 cells became larger after polarization, the nucleus became irregular, the cell outline became rounded, and the tubulin became disorderly (Figure 1).




Figure 1 | Analysis of 3D4/21-cell morphology under different activation methods. (A) Morphology of (M0) 3D4/21 cells incubated in RPMI-1640 for 24 h. (B) The morphology of (M1) 3D4/21 cells treated with IFN-γ/LPS was examined by confocal microscopy. M0-type 3D4/21 cells were a non-polarized control group.



Macrophages are stimulated by different environmental factors to differentiate into different phenotypes that can adapt to the internal environment. Macrophages stimulated by IFN-γ and LPS polarize toward the classically activated M1 phenotype macrophages and can trigger an inflammatory response and kill pathogens in the cell (24). Most viruses with monocyte tropism, such as human immunodeficiency virus (HIV), respiratory syncytial virus (RSV), and severe acute respiratory syndrome virus (SARS), may affect macrophages after infection and in turn cause immune suppression of the host, which reduces the body’s immune system’s ability to recognize and eliminate the virus, leading to serious secondary infections (25–27). Tumor-secreted Pros1 inhibits macrophage M1 polarization to reduce antitumor immune response (7, 7). It is imperative to activate macrophages to polarize M1 in diseases such as viral infections, immunosuppression, and tumors. In this study, an in vitro M1 polarization model of 3D4/21 cells was established.

In recent years, with the deepening understanding of the function of macrophages, some studies have begun to explore their immune activity from the effect of polysaccharides on the polarization of macrophages.



Changes in the Expression of M1 Genes in Stimulated 3D4/21 Cells

In order to confirm the effectiveness of the selected treatment for inducing M1 polarization, qRT-PCR was used to detect the expression of important M1 biomarkers. It is noteworthy that the expression of IL-6, IL-12, and TNF-α in the LPS/IFN-γ treatment group was significantly higher than that in the control group. The mRNA expression of PGPSt was significantly higher than that in LPS/IFN-γ treatment group (Figures 2A–C). As shown in Figures 2D, E, LPS/IFN-γ can also enhance the mRNA expression level of SOCS1/2, but PGPSt seems to have no effect. These results indicated that LPS/IFN-γ induced the macrophage transformation into the M1 phenotype, in accordance with the ones found in the roots of Actinidia eriantha (28).




Figure 2 | qRT-PCR analysis to determine 3D4/21 cell polarization. After treatment with various reagents, the mRNA levels of M1-type 3D4/21 cells were monitored by qRT-PCR. After incubation for 24 h, these images showed the expression of polarization markers in M1-type 3D4/21 cells, such as (A) IL-6, (B) IL-12, and (C) TNF-α. The expression of regulatory factors (D) SOCS1 and (E) SOCS2 in the polarization pathway of M1-type 3D4/21 cells. Means ± SD are indicated (n = 3). * indicates P < 0.05; ** indicates P < 0.01.



Inducible nitric oxide synthase (iNOS) is an important factor expressed by M1 macrophages, which catalyzes the production of nitric oxide (NO) from the L-arginine substrate. IL-6, IL-12, TNF-α, IL-1β, and iNOS are the markers of M1 macrophages (1). Therefore, the expression levels of these cytokines can be used to evaluate the activation of macrophages. As shown in Figures 3A–D, L, compared with the control group, the LPS/IFN-γ treatment group significantly increased the expression levels of IL-6, IL-12, TNF-α, IL-1β, and iNOS. Importantly, the expression of these markers in the PGPSt group was significantly increased compared to the LPS/IFN-γ treatment group alone, which confirmed that PGPSt could promote the production of IL-6, IL-12, TNF-α, IL-1β, and iNOS. An interesting phenomenon was discovered here, that is, PGPSt could downregulate the protein level rather than the mRNA level of polarization pathway inhibitor SOCS1/2. This indicates that PGPSt induces the degradation of SOCS1/2 proteins.




Figure 3 | Expression changes of M1 marker protein in 3D4/21 cells treated with LPS/IFN-γ or PGPSt for 24 h. (A–D) The expression of M1 marker proteins in different activated 3D4/21 cells was analyzed by the ELISA kit. (E–H) 24 h after stimulation, Western blot analysis of M1 marker protein expression in 3D4/21 cells; (I–K) Western blot analysis of protein expression regulated by the polarization pathway in 3D4/21 cells. (L) Approximately 24 h after stimulation, the proportion of cells expressing iNOS (the marker of M1-type 3D4/21 cells) was monitored by a laser confocal microscope. Means ± SD are indicated (n = 3). * indicates P < 0.05; ** indicates P < 0.01.



CD80 and CD86 are expressed in activated B and T lymphocytes, macrophages, peripheral blood mononuclear cells, and dendritic cells, which are essential membrane antigens for macrophage activation. In addition, CD80 is the most robust phenotypic marker for human MΦ (IFN-γ) (29). In Figures 3E, G, H, the expression levels of CD80 and CD86 in the PGPSt group were significantly higher than those in other groups. Furthermore, the expression of SOCS3, which inhibited M2 polarization, was increased by PGPSt (Figures 3E, F). These results further proved that PGPSt could promote LPS/IFN-γ-induced macrophage transformation to the M1 phenotype.

SOCS family is a negative regulator associated with CNS immune inflammatory response. For M1 macrophages, SOCS1 protein attenuates the secretion of certain proinflammatory mediators in M1 macrophages (19). After the downregulation of SOCS1 protein expression, the proportion of M1-type cells increased significantly, while the proportion of M2-type cells did not change significantly; SOCS2 protein knockout macrophages highly expressed M1-type markers (20). SOCS1/2 is likely to become a rational target for therapeutic regimens against various immune diseases that occur on the basis of the overshooting of the immune system, such as immunodeficiency and immunosuppressive diseases. An interesting phenomenon can be observed here; LPS/IFN-γ could increase the expression level of SOCS1/2 protein. However, PGPSt reduced the protein level of SOCS1/2 (Figures 3I–K). The inhibitor of cytokine signaling (SOCS) proteins act as feedback inhibitors in the JAK/STAT signaling pathway, which can terminate innate and adaptive immune responses (18). The results indicated that PGPSt promoted LPS/IFN-γ-induced M1 polarization by reducing the inhibitory protein SOCS1/2 in the JAK/STAT signal transduction pathway of M1 polarization.



SOCS1/2 Was Degraded Through the Lysosomal Pathway

To explore the degradation pathway of SOCS1/2, the classical proteasome pathway inhibitor MG-132 and lysosome inhibitor CQ were used. As shown in Figures 4A–C, PGPSt decreased the expression level of SOCS1/2 proteins. When treated with MG-132, PGPSt can still reduce the expression of SOCS1/2. Conversely, CQ prevented the effect of PGPSt on SOCS1/2. These results indicated that PGPSt could degrade SOCS1/2 proteins by activating the lysosomal pathway. Studies have shown that SOCS2 protein can interact with LC3 protein to degrade SOCS2 protein through autophagy to promote the differentiation of astrocytes (21). Therefore, we speculate that the reduction of SOCS1/2 protein is related to autophagy.




Figure 4 | Effects of MG-132 and CQ on SOCS1 and SOCS2 expression in M1-type 3D4/21 cells. (A–C) Western blot analysis of the expression of SOCS1 and SOCS2 proteins in M1-type 3D4/21 cell polarization pathway regulators. Means ± SD are indicated (n = 3). * indicates P < 0.05.





Regulation of Autophagy by PGPSt Affected the Expression of SOCS1/2

The above experimental results mentioned that PGPSt degraded SOCS1/2 proteins by activating the lysosomal pathway, which indicates that autophagy might be involved in this process. It can be seen from Figures 5A–C that PGPSt significantly increased the content of intracellular LC3B II and decreased the content of P62. With the effect of the autophagy inhibitor 3-MA, PGPSt promoted the significant reduction of LC3B II and blocked the downregulation of SOCS1/2 protein by PGPSt. In addition, with the effect of BafA1, PGPSt promoted the accumulation of LC3B II and P62, and the autophagy flow was blocked. The SOCS1/2 protein is no longer downregulated by PGPSt (Figures 5D, E). It can be reasonably assumed that the loss of SOCS1 and SOCS2 on macrophages was due to the enhanced autophagy induced by PGPSt. The results showed that under the condition of smooth autophagy, PGPSt upregulated LC3B II and downregulated SOCS1/2 protein expression, which increased the possibility of LC3B, the key component of autophagy, bridging this connection and degrading SOCS1/2.




Figure 5 | Effect of PGPSt on SOCS1/2 expression through autophagy regulation. (A) Western blot analysis of LC3, P62, and SOCS1/2 in 3D4/21 cells in the presence or absence of 3-MA or bafilomycin A1; (B) Western blot analysis of LC3II/GAPDH expression; (C) Western blot analysis of P62/GAPDH expression; (D) Western blot analysis of SOCS1/GAPDH expression; (E) Western blot analysis of SOCS2/GAPDH expression. Means ± SD are indicated (n = 3). * indicates P < 0.05; ** indicates P < 0.01.



The previous observations raise fundamental questions: what is the relationship between autophagic machinery and SOCS1/2 degradation? If a relationship exists, what is the functional role of this interaction? The questions indicate a new research field for further investigation of these processes.



Interaction Between LC3B and SOCS1, LC3B and SOCS2

The above results indicated that PGPSt downregulated SOCS1/2 and increased the possibility that LC3B, the key component of autophagy, might bridge this connection and degrade SOCS1/2. To verify this possibility, the interaction between LC3 and SOCS1/2 was investigated by indirect immunofluorescence and co-immunoprecipitation experiments.

Compared with the control group, the co-localization percentage of the two proteins increased significantly after adding PGPSt (Figures 6A, B). The resolution limit of optical microscope means that the physical size and position of small objects in a two-dimensional space or even three-dimensional space are uncertain. The relationship between the two proteins cannot be proved by a single immunofluorescence test. Therefore, the two proteins were detected by immunoprecipitation.




Figure 6 | The confocal and co-IP confirmed the co-localization between LC3 and SOCS1, LC3, and SOCS2 in 3D4/21 cells. (A) Co-location of SOCS1 and LC3. (B) Co-location of SOCS2 and LC3. (C) Protein interactions between SOCS1 and LC3, SOCS2, and LC3.



NAs shown in Figure 6C, the results showed that LC3, SOCS1, and SOCS2 could be normally detected in the input group, indicating that the expression of three proteins in the cell lysate was normal. The LC3 antibody beads IP complex can detect LC3 expression, while IgG antibody beads IP complex cannot detect LC3 expression, indicating that the LC3 antibody can specifically bind to LC3 protein. The expressions of SOCS1 and SOCS2 could be detected in the LC3 antibody bead IP complex, while the expressions of SOCS1 and SOCS2 were not detected in the IgG bead IP complex, indicating that LC3 might interact with SOCS1 and SOCS2. These data suggest that PGPSt regulated SOCS1/2 protein through the interaction between LC3B and SOCS1/2 protein and that PGPSt was mediated by autophagy in macrophage polarization to M1.

Autophagy participates in the pathophysiological process of many diseases. Through the study of chronic inflammatory disease models, the effect of autophagy on the polarization of macrophages has gradually been confirmed, but under different disease states, the effect of autophagy on the polarization of macrophages is different. Impaired macrophage autophagy promotes proinflammatory macrophage polarization (30). Autophagy promotes M2 macrophage through upregulating ID3 (31). Increased autophagy induces macrophage polarization into M1 with an elevated CD11c population and the gene expressions of proinflammatory cytokines to impair cutaneous wound healing (13).

In view of the important role of macrophages in a variety of diseases and the influence of autophagy on the polarization of macrophages, the research and development of Chinese medicine ingredients to regulate autophagy activity and thereby change the functional state of macrophages is expected to provide new strategies and new ideas for the treatment of related diseases.

In summary, PGPSt promotes the M1 polarization of 3D4/21 cells and enhances the immunoregulatory activity by increasing the autophagy level. As a macromolecular active substance, PGPSt has a complex structure that plays a huge role in immune regulation. Most of the polysaccharides with prominent biological activity are linked by (1→3) glycosidic bonds, with the main chain structure of β (1→3)-D-glucan, which is consistent with the main chain structure of PGPSt (32, 33). The active polysaccharides have a certain molecular weight range. The molecular weight of subpolysaccharides is too large, which is not conducive to their biological activity across the cell membrane into the organism, while the molecular weight is too low, and there is no activity (34). The number-average molecular weight of PGPSt is 1.72 × 103–1.66 × 105 Da, the weight-average molecular weight is 2.05 × 103-2.67 × 105 Da, and the distribution width is 1.19–1.60, indicating that the molecular weight distribution is relatively narrow and the biological activity is better. Polysaccharides are composed of a variety of monosaccharides with more branched chains. Lo et al. (35) studied lentinan (LNT) and found that xylose, mannose, galactose, and their molar ratios are closely related to the biological activity of LNT. Although glucose is an important part of polysaccharides, it has little effect on the biological activity of polysaccharides. PGPSt contains more mannose and xylose, which is consistent with many studies.




Conclusion

PGPSt promotes the M1 polarization of porcine alveolar macrophages by degrading SOCS1/2 proteins through autophagy and improves the immune function of macrophages.
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Selenium (Se) is a micronutrient that plays a predominant role in various physiological processes in humans and animals. Long-term lack of Se will lead to many metabolic diseases. Studies have found that chronic Se deficiency can cause chronic diarrhea. The gut flora is closely related to the health of the body. Changes in environmental factors can cause changes in the intestinal flora. Our study found that Se deficiency can disrupt intestinal flora. Through 16s high-throughput sequencing analysis of small intestinal contents of mice, we found that compared with CSe group, the abundance of Lactobacillus, Bifidobacterium, and Ileibacterium in the low selenium group was significantly increased, while Romboutsia abundance was significantly decreased. Histological analysis showed that compared with CSe group, the small intestine tissues of the LSe group had obvious pathological changes. We examined mRNA expression levels in the small intestine associated with inflammation, autophagy, endoplasmic reticulum stress, apoptosis, tight junctions, and smooth muscle contraction. The mRNA levels of NF-κB, IκB, p38, IL-1β, TNF-α, Beclin, ATG7, ATG5, LC3α, BaK, Pum, Caspase-3, RIP1, RIPK3, PERK, IRE1, elF2α, GRP78, CHOP2, ZO-1, ZO-2, Occludin, E-cadherin, CaM, MLC, MLCK, Rho, and RhoA in the LSe group were significantly increased. The mRNA levels of IL-10, p62 BcL-2 and BcL-w were significantly decreased in the LSe group compared with the CSe group. These results suggest that changes in the abundance of Lactobacillus, bifidobacterium, ileum, and Romboutsia may be associated with cellular inflammation, autophagy, endoplasmic reticulum stress, apoptosis, tight junction, and abnormal smooth muscle contraction. Intestinal flora may play an important role in chronic diarrhea caused by selenium deficiency.
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1 Introduction

Selenium (Se) is a micronutrient that plays a vital role in various physiological processes in humans and animals. Lots of previous research have confirmed the biological effects of Se. Se has antioxidant properties, anti-cancer, enhances immunity, and other efficacy (1–3). Humans and animals need to continuously obtain nutrients from the external world to maintain normal physiological processes. Se is one of them. The body must maintain a balanced Se concentration (4). Long-term Se deficiency can lead to many diseases, such as cancer, liver disease, cardiovascular disease, pancreatic disease, cataracts, diabetes, and other diseases (5–13). Some studies have found that many animals with selenium deficiency develop diarrhea symptoms (14–16). Previous studies have shown that environmental factors can cause changes in the intestinal flora in the body (17–19). Does Se deficiency cause changes in intestinal flora? Is it because of this change that diarrhea develops? What is the mechanism?

The various bacteria that live in the gut are called the gut microbiome, and there are about 10 trillion of them. It contains 100 to 1000 bacterial species and 50 phyla. The gut microbiota is called the second gene (20). With the continuous progress of genome sequencing, culture omics, and other technologies, people are increasingly exploring the structure and function of intestinal flora (21). The regular operation of the intestinal tract must keep the dynamic and relative proportional balance among various microorganisms in the intestinal tract (22). According to their different roles in the gut, they are classified as beneficial, opportunistic, and pathogenic bacteria (23). Intestinal flora is a symbiotic relationship with human beings and plays a very important role in human life and health (24). They play an important role in the immune system, metabolic system, nervous system, and so on (25–27). When the composition of the gut microbiome changes, its function may change, which in turn affects the health of animals. This condition, called intestinal microbiome disorder, can cause diseases of the digestive, nervous, respiratory, and vascular systems (28–31). In recent years, intestinal flora has become a new hot research field. The interaction between intestinal flora and Se in food mainly focuses on the composition of symbiotic flora, the regulation of the metabolic process, and the function of the intestinal mucosal barrier (32, 33). Exploring the relationship between intestinal flora and dietary selenium can provide a theoretical basis for the treatment of intestinal diseases.

Diarrhea is associated with intestinal inflammation, disruption of the intestinal mucosal barrier, and abnormal contraction of the intestinal smooth muscle (34–37). Previous studies have found that bacterial enteritis is associated with disruption of intestinal barrier function (38). Intestinal inflammatory diseases are characterized by intestinal inflammation and the damage of the intestinal mucosa to varying degrees. Widespread epithelial cell death is one of them (39, 40). The release of inflammatory factors can induce apoptosis, necrosis, and autophagy of intestinal tissue cells. Under the action of various stimulating factors, such as infection and oxidative stress, the endoplasmic reticulum will become dysfunctional, leading to endoplasmic reticulum stresses (ERS) (41). Studies have shown that the intestinal biodiversity of ulcerative colitis (UC) and Crohn’s disease patients decreased, and the dominant flora and opportunistic pathogens changed (42, 43). Abnormal contraction of intestinal smooth muscle can cause diarrhea with intestinal motility disorder (44).

An intact intestinal mucosal barrier is essential for maintaining the host’s physiological barrier and innate immune function (45). It plays an important role in the epithelial transport of nutrients and metabolites and in the defense of penetrating microbiota (46). Intestinal barrier function depends primarily on the integrity of the epithelium and adjacent cell-to-cell connections (47). These connections are primary adhesion and tight adhesion complexes (48). A tight junction is usually between two adjacent cells at the top of the epithelium, where the plasma membrane is almost fused and tightly joined. Tight junctions, located at the top of intestinal epithelial cells, are the most important type of junctions between cells (49). When tight junctions are lost, intercellular permeability increases significantly, resulting in disruption of the intestinal epithelial barrier (50). ZO-1, ZO-2, and Occludin are classic tight junction proteins and can be used as common indicators to observe tight junction damage (51).

Smooth muscle contractions occur in two main ways. The calcium-dependent pathway mainly involves Ca2+ binding to calmodulin (CaM) to form a Ca2+-CaM complex (52). It can activate myosin light chain kinase (MLCK) in the cytoplasm. The non-calcium-dependent pathway is associated with RhoA/Rho kinase (ROCK) signaling pathway (53). The key signaling molecules of the RhoA/ROCK pathway include RhoA, myosin light chain kinase (MLCK), and myosin light chain (MLC) (54). Many studies have confirmed that gut microbiota is closely related to gastrointestinal dynamics, and a healthy gut microecology helps promote intestinal motility (55). The imbalance of intestinal flora may be the key factor in intestinal barrier dysfunction and intestinal motility dysfunction.

In this study, we sequenced the intestinal microflora of the mouse model. This study investigated the effect of selenium deficiency on intestinal epithelial cell tight junction, intestinal inflammation, and intestinal smooth muscle contraction due to changes in the intestinal flora. It provides theoretical guidance for the follow-up research.



2 Materials and Methods


2.1 Animals and Group

Female c57 mice aged 4-5 weeks (n = 40,18g body weight) were selected. These mice were divided randomly into two groups and 20 mice in each group. The environmental parameters such as temperature, relative humidity, wind speed, and the illumination of each group were controlled and kept consistent. Low selenium group (LG): 20 mice were fed with Se-deficient mouse diet (Se content: 0.01mg Se/kg). Normal Se group (NG): 20 mice were fed with normal Se content mouse diet (Se content: 0.15mg Se/kg). Rat food is customized for selenium deficiency rat food and normal rat food from Trophic Animal Feed High-tech Company, China. The mice were free to eat and drink. The mice died of cervical dislocation after being fed at room temperature for 50 days and were quickly sampled and stored in a -80°C refrigerator. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Jilin University.



2.2 Histopathology Staining

Small intestinal tissue was fixed in 4% paraformaldehyde and paraffin-embedded overnight. The small intestine sections were cut into two μm thick and soaked overnight in ZGSJ (Masson A). The small intestine sections were stained with Weigert’s hematoxylin (Masson A and Masson B in equal amounts) for 1 minute, differentiated by 1% acid ethanol, Then it was stained in scarlet magenta solution (Masson D) for 6 min, differentiated in phospho-molybdenum-phosphotungstate solution (Masson E) for 1 min, and transferred directly (without rinsing) to aniline blue solution (Masson F) for 2-30s. Then, rinse briefly in distilled water for 2-5 minutes. Finally, dehydration through anhydrous ethanol, xylene transparent, and neutral sealant. The sections were scanned by Pannoramic 250 slide scanner (3D HISTECH). Micrographs were analyzed by the blind method. Collagen volume fraction (CVF) was observed by image analysis system software (HALO, Indica Labs, American). Technical support was provided by Servicebio, Inc. (Wuhan, China).



2.3 Evaluation of the Degree of Apoptosis in Late Apoptotic Cells

Chromosomal DNA double-strand or single-strand breaks produce sticky 3’-OH ends. Under the catalysis of deoxyribonucleotide terminal transferase (DTT), dUTP with fluorescein molecule is labeled to the 3’end of DNA. Observe the stained apoptotic cells through a fluorescence microscope. Dewax the paraffin sections to water, break the membranes, incubate the Tunel reaction solution, microwave repair, incubate the primary antibody overnight at 4°C, add the secondary antibody, DAPI staining the nucleus, anti-fluorescence quenching and mounting, microscopic examination and taking pictures, and observe the results.



2.4 Real-Time PCR

Total RNA was extracted from frozen intestinal tissue. The concentration and purity of RNA solution were determined by UV spectrophotometry at 260nm and 280nm. Targeting specific primers were synthesized by reverse transcription design of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) based on known sequences. The ABI PRISM7700 processing system was used for real-time quantitative PCR. For each gene to be measured, the cDNA template and sample cDNA of the expressed gene is selected for PCR reaction. There are 40 cycles, such as 94°C for 30 seconds, 94°C for 5 seconds, and 60°C for 30 seconds. Each experiment was repeated three times, and each sample was repeated three times. GAPDH was used as an endogenous internal standard control. The primers were purchased from Sangon Biotech, Shanghai. Primer sequences are shown in Table 1.


Table 1 | Primer sequence list.





2.5 Intestinal Flora Assay

In this study, genomic DNA was extracted from intestinal contents by CTAB or SDS. After that, agarose gel electrophoresis was used to detect the purity and concentration of DNA. An appropriate amount of DNA was taken into the centrifuge tube and diluted to 1ng/μ L with sterile water. Using diluted genomic DNA as a template, specific primers with barcodes were used according to the 16S V3-V4 region of the sequencing area. New England Biolabs Phusion® High Fidelity PCR Master Mix with GC Buffer and High Fidelity enzyme for PCR amplification efficiency and accuracy. PCR products were detected by electrophoresis with 2% agarose gel. The qualified PCR products were purified by magnetic beads, quantified by enzyme standard, and mixed in equal quantities according to the concentration of PCR products. After full mixing, PCR products were detected by 2% agarose gel electrophoresis, and the target bands were recovered using gel recovery kits provided by Qiagen. TruSeq® DNA PCR-free Sample Preparation Kit was used for library construction. The constructed library was quantified by Qubit and Q-PCR. After the library was qualified, NovaSeq6000 was used for machine sequencing. Each sample data was separated from the off-machine data according to the Barcode sequence and PCR primer sequence. Qiime software (Version 1.9.1) was used to calculate and analyze the data. This experiment was commissioned by Novogene Tianjin Company.



2.6 Statistical Analysis

SPSS 22.0 statistical software was used for statistical analysis. All data were expressed as ± standard deviation (SD) measurements. The data were compared by the T-test method. The significance of the difference criterion is P<0.05.




3 Result


3.1 Se Deficiency Resulted in Changes in the Composition and Structure of Intestinal Flora in Mice


3.1.1 Species Lightning Strike Curve

The species accumulation curve is used to determine whether the available sample size is sufficient for a high-throughput community analysis of the species. If the upward trend of this curve is always steep, it indicates that the sample size is too small to support the following analysis. As the number of samples increases, the upward trend of the curve is relatively gentle, indicating that the original sample size is large. Therefore, it is necessary to measure the cumulative curve of species before all kinds of analyses of fecal flora. If the cumulative curve always shows an upward trend, it indicates that the sample size is insufficient to support the analysis of species composition structure. On the contrary, if the curve rises gently with the increase of samples, it indicates that the sample size is sufficient to reflect the species composition of the community. It can be seen in Figure 1 that the species accumulation curve of mouse intestinal contents collected in this experiment rises gently, indicating that the collected feces samples are sufficient for species composition analysis in this experiment.




Figure 1 | Species accumulation box plot. The abscissa is the sample size; The y-coordinate is the number of OTU after sampling.






3.2 Analysis of Relative Abundance of Species

Figures 2A, B is a species composition analysis of all samples at the genus level. When analyzed by group, it could be seen that the composition of fecal flora changed significantly after the LSe group. The most abundant strains in the CSe were Dubosiella (25.4976%), Lactobacillus (12.2355%), and Romboutsia (18.7987%) Faecalibaculum (11.1052%). The bacteria with the highest abundance in LSe group were Dubosiella (22.8274%), Lactobacillus (18.7323%), Bifidobacterium (20.2125%) and Ileibacterium (11.0841%). The abundance of Lactobacillus, Bifidobacterium, and Ileibacterium in the LSe group was higher than in the CSe. Romboutsia abundance in the LSe group was significantly lower than that in CSe. Figures 2C, D shows the species composition analysis of all samples at the species level. The abundance of Lactobacillus_johnsonii, Bifidobacterium_pseudolongum, and Ileibacterium_valens in the LSe group was significantly higher than that in the CSe group. The abundance of all other bacteria was lower or none in the CSe group.




Figure 2 | Histogram of relative abundance of species. (A) Histogram of relative abundance of sample species (Top 10, Genus). (B) Histogram of relative abundance of grouped species (Top 10, Genus). (C) Histogram of relative abundance of sample species (Top 35, Species). (D) Histogram of relative abundance of grouped species (Top 35, Species).





3.3 Phylogenetic Tree Analysis of Genus Level Species

The representative sequences of the top100 genera were obtained by multiple sequences alignment to further study the phylogenetic relationships of genus-level species. The resulting display was shown in Figure 3. The phylogenetic tree was constructed by the representative sequences of the horizontal species of the genus. The colors of branches and fan-shaped segments represented the corresponding phylum, and the accumulation histogram outside the fan ring represented the abundance distribution information of the genus in different samples. The relative dominant genus and phylum of LSe could be identified. Firmicutes phylum Ileibacterium is the most obvious bacterium.




Figure 3 | Phylogenetic tree analysis of genus level species.





3.4 Alpha Diversity Index Analysis


3.4.1 Analysis of Differences in Alpha Diversity Index Between Groups

Figure 4 shows the analysis results of Alpha Diversity index. The repeatability among three samples was poor in the LSe group. Chao1 index reflects the presence of low abundance species, and the CSe group is higher than the LSe group. The species richness of the LSe group was lower than that of the CSe group. Simpson index and Shannon index indicated that the diversity and evenness of species distribution of the CSe group were better than that of the LSe group. ACE index and Observed species index reflect the number of randomly selected bacterial community species in the CSe group is more than that in the LSe group. PD index indicated that species in the LSe group had more complex genetic relationships and longer evolutionary distances. Good’s Coverage index reflects the sequencing depth.




Figure 4 | Alpha Diversity index analysis. (A) Chao1 index; (B) Simpson index; (C) Shannon index; (D) Observed species index; (E) ACE index; (F) PD index (G) Good’s Coverage index.





3.4.2 Analysis of species diversity curve

The rarefaction Curve and Rank Abundance curve are usually describing the diversity of samples within groups. In Figures 5A, B). The dilution curve reflects the rationality of the two groups of sequencing data, and indirectly reflects the richness of species in the samples. When the curve tends to be flat, the sequencing data amount is progressive and reasonable, and more data amount will only produce a few new species. The rank Abundance curve in Figures 5C, D can intuitively reflect the Abundance and evenness of species in samples. The greater the span of the curve along the horizontal axis, the higher the species richness. In the vertical direction, the smoothness of the curve reflects the uniformity of species in the sample. Vertically, the smoothness of the curve reflects the uniformity of species in the sample. The flatter the curve, the more evenly distributed the species. In general, the species richness and evenness of the CSe group were better than that of the LSe group.




Figure 5 | Species dilution curve. (A) rarefaction Curve (Simple); (B) Rank Abundance (Simple);(C) rarefaction Curve (Group); (D) Rank Abundance (Group).






3.5 Analysis of Differences in Beta Diversity Index Between Groups


3.5.1 Beta Diversity Analysis

Beta Diversity is a comparative analysis of microbial community composition of different samples. As shown in Figures 6A, B, Unifrac distance is a method to calculate the distance between samples by using the evolutionary information between microbial sequences in each group. Weighted Unifrac distance and Unweighted Unifrac distance were used to measure species diversity differences between the two samples. The results showed that the diversity difference between the CSe group was smaller than that of the LSe group.




Figure 6 | Analysis of differences in Beta diversity index between groups. (A) Beta-weighted-unifrac index; (B) Beta-unweighted-unifrac index; (C) PCA (Principal Component Analysis); (D) PCoA (principal coordinate analysis); (E) NMDS (non-metric multi-dimensional Scaling).





3.5.2 Principal Component Analysis

PCA (Principal Component Analysis) is a method to extract the most important elements and structures in data based on Euclidean Distances. PCA analysis can extract two coordinate axes that reflect the difference between samples to the greatest extent. The differences in multi-dimensional data are reflected in the two-dimensional coordinate graph, and the simple rules under the complex data background are revealed. The more similar the community composition of the samples is, the closer they are to the PCA diagram. As shown in Figure 6C, at the genus level, the community composition of the LSe group samples was more similar.



3.5.3 Principal Coordinate Analysis

To characterize the overall differences in the gut microbiome between groups, we performed a principal coordinate analysis (PCoA) of unweighted UniFrac distances. There were significant differences between the LSe group and CG (Figure 6D). The results also showed that the bacterial community structure in the feces of mice was significantly changed by Se deficiency.



3.5.4 Non-Metric Multi-Dimensional Scaling (NMDS)

NMDS (non-metric multi-dimensional Scaling) is a ranking method suitable for ecological studies. NMDS is a nonlinear model based on bray-Curtis distance, which is reflected in a two-dimensional plane in the form of points according to the species information contained in the sample. It can better reflect the nonlinear structure of ecological data. NMDS analysis can reflect the differences between and within groups of samples. NMDS analysis results based on OTU level are shown in Figure 6E. There are significant differences between the two groups of samples.




3.6 LefSe Analysis of Bacterial Community Structure in Small Intestinal Contents of Mice

LEfSe is used to detect OTUs or bacterial system types (phylum to order level) in different feeding groups. In Figure 7, Actinobacteria and Ileibacterium_valens in the LSe group were significantly higher than those in the CG group, which might be the reason for the change in intestinal mucosal barrier in mice.




Figure 7 | LefSe analysis of bacterial community structure in small intestinal contents of mice.





3.7 Tax4Fun Function Predictive Analysis

Tax4Fun function prediction is used by the nearest neighbor method based on the minimum 16SrRNA sequence similarity. The specific method was to extract the 16S rRNA gene sequence of the whole genome of prokaryotes from the KEGG database and compare it with the SILVA SSU Ref NR database (BLAST bitscore >1500) using the BLASTN algorithm to establish a correlation matrix. The whole-genome functional information of prokaryotes annotated by UProC and PAUDA in the KEGG database was corresponding to the SILVA database to realize the functional annotation of the SILVA database. SILVA database sequence was used as a reference sequence to cluster OTU and obtain functional annotation information. Changes of Intestinal microflora induced by Selenium Deficiency and their relationship with Human Diseases, Environmental Information Processing, Metabolism, Organismal Systems, Cellular Processes Genetic information processing. The result of the annotation is shown in Figure 8.




Figure 8 | Tax4Fun function predictive analysis. According to the functional notes and abundance information of samples in the database, the top 35 functions and their abundance information in each sample were selected to draw a heat map. And cluster from the level of functional difference. The abscissa is the sample name and the ordinate is the feature comment.





3.8 Se Deficiency Caused Apoptosis and Injury of Small Intestine in Mice

Histological analysis was shown in Figures 9A, B. Compared with the CSe group, the LSe group had lower villi height and even fractures. Goblet cells are reduced. The mucosa and muscular arrange the cells lose. TUNEL test results are shown in Figures 9 C, D, and the green fluorescence intensity of the LSe group is significantly higher than that of the CSe group. It suggests that selenium deficiency promotes apoptosis of small intestinal cells.




Figure 9 | Se deficiency caused apoptosis and injury of small intestine in mice. (A, B) Histopathology of small intestine. (A) CSe group; (a) An enlarged image of CSe Group; (B) LSe group; (b) An enlarged image of LSe group; (C, D) TUNEL analysis of small intestinal tissue; (C) CSe group; (D) LSe group.





3.9 Selenium Deficiency Leads to Inflammation, Autophagy, Endoplasmic Reticulum Stress, Apoptosis, Tight Junctions and Smooth Muscle Contraction in Small Intestinal Tissues of Mice

We examined gene levels in the small intestine related to inflammation, autophagy, endoplasmic reticulum stress, apoptosis, tight junctions and smooth muscle contraction. The results were shown in Figure 10. The mRNA levels of NF-κB, IκBα, p38, IL-1β, and TNF-α in the LSe group were significantly increased, while the mRNA levels of IL-10 were significantly decreased. It is evidence of inflammation in the small intestine. The mRNA levels of Beclin, ATG7, ATG5, and LC3α were significantly increased in the LSe group, while the mRNA levels of p62 were slightly decreased compared with the CSe group. It indicates that the cells of the small intestine are autophagy. Compared with CSe, mRNA levels of PERK, IRE1, elF2α, GRP78, and CHOP2 were significantly increased. It indicates endoplasmic reticulum stress in the cells of the small intestine. The mRNA levels of BaK, Pum, Caspase-3, RIP1, and RIPK3 were significantly increased in the LSe group, while the mRNA levels of BcL-2 and BcL-w were significantly decreased in the LSe group compared with the CSe group. It indicates that the cells of the small intestine have undergone apoptosis. The mRNA levels of tight junction proteins such as ZO-1, ZO-2, Occludin, and E-cadherin were significantly increased. It suggests that the tight junctions of the small intestine were broken in the LSe group. The expression of LSe smooth muscle contraction-related genes such as CaM, MLC, MLCK, Rho, and RhoA increased. It indicates abnormal contraction of the small intestine smooth muscle.




Figure 10 | Analysis of mRNA expression level in small intestine tissue. The Ct values measured by PCR were calculated by 2-△△ Ct and then standardized. The abscissa is the sample name and the ordinate is the gene name. p < 0.05.






4 Discussion

Se is a micronutrient. It has biological functions such as anti-oxidation, anti-cancer, and enhancing immunity (2, 3). Se deficiency can cause weakened immunity, muscle atrophy, arrhythmia, and other symptoms. Previous studies have shown that Se regulates gut microbiota. Some studies have also found that chronic Se deficiency can cause chronic diarrhea (56). Our study shows that Se deficiency does cause intestinal inflammation in mice. It confirms this view. What is the cause of Se deficiency leading to diarrhea? Is it related to changes in gut flora?

Intestinal flora has become a new hot research field. The interaction between intestinal flora and Se in food mainly focuses on the composition of symbiotic flora, the regulation of the metabolic process, and the function of the intestinal mucosal barrier. To further evaluate the effects of Se deficiency on intestinal microbiota in mice, we extracted the contents of the small intestine for 16S high-throughput sequencing analysis. The results showed that the intestinal microbiota of the LSe group changed significantly compared with that of CG. The strains with the highest abundance in the CG were Dubosiella, Romboutsia, Lactobacillus, and Faecalibaculum. Dubosiella, Bifidobacterium, Lactobacillus, and Ileibacterium had the highest abundance in the LSe group. The composition of microflora changed obviously. Compared with CG, the abundance of Lactobacillus, Bifidobacterium, and Ileibacterium with LSe significantly increased, while the abundance of Romboutsia significantly decreased or almost disappeared. The abundance changes of Ileibacterium and Romboutsia are the most obvious. The abundance changes of these two bacteria likely cause the abundance changes of Dubosiella and Lactobacillus. But this still needs to be further studied. The result suggests that selenium deficiency can lead to changes in the composition of intestinal flora.

Our study showed significant pathological changes in small intestinal tissues of mice in the LSe group compared with CSe. The studies on gene levels showed that cytokines IL-1β, TNF-α, and IL-6 were significantly elevated. The LSe group also significantly increased the expression of NF-κB and the IκBα gene in the classic inflammatory signaling pathway. This confirmed that selenium deficiency can cause inflammation of the small intestine through intestinal flora.

Autophagy plays an important role in regulating cell death. Beclin is an autophagy-related gene and participates in the formation of autophagosomes (57). ATG5 and ATG7, LC3α play a key role in autophagy elongation (58). p62 is considered one of the markers of autophagy ability (59). The result was found that the mRNA levels of Beclin, ATG5, ATG7, and LC3α in the LSe group were significantly increased, while the mRNA levels of p62 were significantly decreased. It proves that selenium deficiency promotes autophagy through intestinal flora.

ER is one of the most important organelles in the cell, which is mainly involved in protein processing and modification, guiding its correct folding and assembly. ERS may be affected by various stimuli such as infection and oxidative stress. PERK, IRE1, elF2α, GRP78, and CHOP2 are key genes in er stress (60). PCR analysis showed that the mRNA levels of PERK, IRE1, elF2α, GRP78, and CHOP2 were increased in the LSe group. Other studies have shown that dysbiosis can cause er stress. This proves that selenium deficiency promotes endoplasmic reticulum stress through intestinal flora.

TUNEL analysis showed that the apoptosis level of LSe intestinal epithelial cells was increased. BaK induces apoptosis through mitochondrial pathway activation of Caspase-3 (61). p53 can promote cell apoptosis by blocking cell cycle activation of Caspase-3 (62). Pum gene can promote cell apoptosis, BcL-2 and BcL-w have an anti-apoptotic effect (63). RIP1 and RIPK3 play an important role in necrotic apoptosis (64). It was confirmed that the mRNA levels of BaK, Pum, Caspase-3, RIP1, and RIPK3 were significantly increased in the LSe group, while the mRNA levels of BcL-2 and BcL-w were significantly decreased in the LSe group compared with the CSe group. It indicates that the cells of the small intestine have undergone apoptosis. Selenium deficiency induces apoptosis of intestinal epithelial cells through intestinal flora.

Tight junction is an important structure to maintain a balance of intestinal mucosal barrier function. ZO-1, ZO-2, Occludin, and e-cadherin are important components of tight junction. The mRNA levels of tight junction proteins ZO-1, ZO-2, Occludin, and E-cadherin were significantly increased in the LSe group. The result suggests that the tight junctions of the small intestine were broken in the LSe group. It Indicates that selenium deficiency can disrupt the intestinal flora by tightly connecting them.

Abnormal contraction of intestinal smooth muscle can cause diarrhea with intestinal motility disorder. The expression of smooth muscle contractile related genes such as CaM, MLC, MLCK, Rho and RhoA increased. The result confirmed abnormal contraction of small intestinal smooth muscle in the LSe group. Selenium deficiency can cause abnormal contraction of intestinal smooth muscle through the intestinal flora.

In general, the changes in the abundance of Lactobacillus, Bifidobacterium, Ileibacterium and Romboutsia may be related to intestinal tissue cell inflammation, autophagy, endoplasmic reticulum stress, apoptosis, tight junction and abnormal smooth muscle contraction. Romboutsia is a bacterium that needs selenium to thrive properly. But the specific role each of these bacteria plays in selenium deficiency-induced intestinal inflammation is unknown. That remains to be explored.

In conclusion, long-term dietary Se deficiency does lead to changes in the composition of intestinal flora. Se deficiency can cause significant changes in species abundance of Lactobacillus, Bifidobacterium, Ileibacterium and Romboutsia. Species abundance of Lactobacillus, Bifidobacterium and Ileibacterium may be positively correlated with intestinal inflammation. Romboutsia was negatively correlated with intestinal inflammation. Intestinal microflora may play an important role in the response of intestinal tissue cell inflammation, autophagy, endoplasmic reticulum stress, apoptosis, tight junction, and abnormal smooth muscle contraction induced by selenium deficiency.
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Hexavalent chromium [Cr(VI)] is a dangerous heavy metal which can impair the gastrointestinal system in various species; however, the processes behind Cr(VI)-induced intestinal barrier damage are unknown. Forty-eight healthy 1-day-old ducks were stochastically assigned to four groups and fed a basal ration containing various Cr(VI) dosages for 49 days. Results of the study suggested that Cr(VI) exposure could significantly increase the content of Cr(VI) in the jejunum, increase the level of diamine oxidase (DAO) in serum, affect the production performance, cause histological abnormalities (shortening of the intestinal villi, deepening of the crypt depth, reduction and fragmentation of microvilli) and significantly reduced the mRNA levels of intestinal barrier-related genes (ZO-1, occludin, claudin-1, and MUC2) and protein levels of ZO-1, occludin, cand laudin-1, resulting in intestinal barrier damage. Furthermore, Cr(VI) intake could increase the contents of hydrogen peroxide (H2O2) and malondialdehyde (MDA), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-18 (IL-18) but decrease the activities of total superoxide dismutase (T-SOD), catalase (CAT), and glutathione reductase (GR), as well as up-regulate the mRNA levels of TLR4, MyD88, NF-κB, TNFα, IL-6, NLRP3, caspase-1, ASC, IL-1β, and IL-18 and protein levels of TLR4, MyD88, NF-κB, NLRP3, caspase-1, ASC, IL-1β, and IL-18 in the jejunum. In conclusion, Cr(VI) could cause intestinal oxidative damage and inflammation in duck jejunum by activating the NF-κB signaling pathway and the NLRP3 inflammasome.
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Introduction

Chromium (Cr) is a crudely occurring element that can be found in diverse environmental media such as soils, water, air, and sediments (1, 2). It exists in an amount of oxidation states ranging from -2 to +6. Trivalent chromium [Cr(III)] and hexavalent chromium [Cr(VI)] are the most common valence states (3). Cr(III) is a relatively stable essential trace element that plays a critical role in human carbohydrate, lipid, and protein metabolism (4). Unlike Cr(III), Cr(VI) is highly mobile in soil and exceedingly hazardous to living creatures and is designated as a carcinogen by the World Health Organization (WHO) (5). With the widespread use of Cr(VI) in wood preservation, leather tanning, chrome plating, dye production, and alloy manufacturing, large amounts of Cr(VI) are mined/produced globally each year, resulting in environmental pollution (6–8). The total amount of Cr(VI) discharged in soil, water, and air globally per year is estimated to be 896,000, 142,000, and 30,000 metric tons, respectively (9), which is well above the international guideline (50–100 kg/year) (10). Cr(VI) has well-known solubility, mobility, and responsiveness that can easily enter animal and human bodies through the skin, gastrointestinal tract, or respiratory tract, thus leading to Cr(VI) poisoning (11). Previous studies have indicated that Cr(VI) exposure could induce immunotoxicity, dermatotoxicity, genotoxicity, neurotoxicity, and carcinogenicity in different tissues of animals and humans (12, 13).

The intestine not only is responsible for the digestion and absorption of nutrients but also is the largest immune organ that is closely related to the health of animals (14, 15). It plays a crucial role in resisting the invasion of pathogenic bacteria and the entry of xenobiotics (16). Intestinal environment homeostasis is maintained by the epithelial cell integrity, intestinal mucosal immunity, and complex interaction between the intestinal microbiota and nutrients (17, 18). Numerous investigations have shown that heavy metal exposure negatively impacts gut function (19, 20). Zhang et al. demonstrated that lead exposure in carp altered gut microbiota and destroyed intestinal structural integrity by inhibiting the expression of intestinal epithelial tight-junction proteins (21). Zhong et al. demonstrated that arsenic trioxide could cause jejunum inflammation via increasing the production of pro-inflammatory cytokines in ducks (22). Furthermore, Zhou et al. discovered that subchronic mercury exposure led to gut microbiota dysbiosis and metabolic disturbances in chickens (23). These studies illustrated that heavy metal exposure could induce intestinal toxicity by destroying the intestinal barrier in different ways. In recent years, many studies have also shown that long-term exposure to Cr(VI) could cause intestinal damage and adversely affect the intestinal immunity of chickens (24, 25). Nevertheless, the mechanism by which Cr(VI) induced intestinal toxicity remains unknown. Proverbially, oxidative stress is one of the most crucial mechanisms of Cr(VI)-induced tissue injury (26). When Cr(VI) enters the cell, it acts as a strong oxidant and can produce additional reactive oxygen species (ROS) (27). The body’s antioxidants are greatly reduced as ROS continues to accumulate. The cells are then attacked, resulting in cellular injury, which then produces inflammatory cytokines, which activate immune cells, resulting in inflammation that eventually causes tissue damage (28–32). A slew of recent studies has suggested that inflammation is linked to the activation of the NF-κB signaling pathway and the NLRP3 inflammasome (33, 34). However, the activation mechanism of Cr(VI)-induced intestinal inflammation remains uncertain. Therefore, the mechanism of Cr(VI)-induced intestinal barrier damage in ducks via activation of the oxidative stress-mediated NF-κB signaling pathway and the NLRP3 inflammasome needs to be further investigated.

Ducks are more susceptible to Cr(VI) toxicity than other animals due to ingestion of Cr(VI)-contaminated water and soil. Ducks better reflect the toxic effects of Cr(VI). Hence, ducks were used in this study to assist the researchers in better understanding the potential mechanisms of Cr(VI)-induced intestinal barrier damage and lay the groundwork for future research.



Materials and methods


Experiment Animals and Management

The experimental procedures were in favor of the animal ethics committee of Jiangxi Agricultural University (Approval ID: JXAULL-2022003). Ducks were purchased from Nanchang Miaowang Industrial Co., Ltd. (Nanchang, China), and fed with the standard rations as recommended by the National Research Council (NRC), which cited Ren et al. (35). Table 1 displays the basic diet. The experimental animals were housed in a controlled environment with free access to water and a duck basal diet.


Table 1 | The composition and nutritional levels of the basal diet.





Determination of Lethal Dose 50 (LD50)

The source of Cr(VI) was analytical-grade potassium dichromate (K2Cr2O7) (Sigma-Aldrich, St. Louis, CA, USA, 99% purity). For the determination of LD50, 16 healthy Tianfu meat ducks (1 day old) were stochastically assigned to four groups of four ducks each. Different doses of Cr(VI) were administered to these groups that were infected via oral gavage, namely, 0.215, 0.464, 1.0, and 2.15 g/kg body weight. The gavage volume was calculated as 1% of body weight, fasting before gavage lasted 6 h, drinking water was not restricted, and the observation lasted 14 days. According to the Horn Table (the People’s Republic of China’s national standard acute toxicity test), the LD50 of K2Cr2O7 in ducks was 0.464 g/kg, with a 95% confidence limit of 0.298–0.723 g/kg.



Toxicity Trials and Sample Collection

Before the experiment, 48 Tianfu meat ducks (1 day old) were housed in an appropriate environment for 7 days. Then ducks were divided into four groups and given Cr(VI) in doses of 0 (Control), 9.28 (LCr), 46.4 (MCr), and 232 (HCr) mg/kg body weight for 49 days. All ducks were weighed, and blood samples were collected from each duck’s wing vein and separated serum on day 49. The jejuna were removed from each group of 12 ducks promptly after euthanasia. The length and weight of the jejunum tissues were measured. Then, the jejunum was cut into small pieces and rinsed repeatedly with 0.9% NaCl until there was no stool. A part of jejunum specimens was stored at -20°C for determining contents of Cr(VI), and a part of jejunum specimens was fixed in 10% formalin and 2.5% glutaraldehyde for histopathological and ultrastructural observation, and the rest of the jejuna were stored at -80°C for RNA isolation and total protein extraction.



Histopathological Examination

The jejunum tissues were fixed in 10% formalin for 24 h, then dehydrated, embedded, sliced, and stained for microscopy (36). TissueFAXS was applied to measure and analyze villus length and crypt depth (TissueFAXS Plus, Vienna, Austria).

The effect of Cr(VI) on jejunum tissues was studied using periodic acid–Schiff (PAS) staining. PAS staining was performed according to the instructions provided by the manufacturer of the PAS Kit (Cat # G1049, Service, Wuhan, China). TissueFAXS was used to count the number of goblet cells in all of the sections (TissueFAXS Plus, Austria).



Transmission Electron Microscopy

Transmission electron microscopy (TEM) was carried out in accordance with the protocol previously described (37, 38). After collecting jejunum tissues, they were processed and examined using a TEM HT7800 (Hitachi, Tokyo, Japan). The ultrastructural pathological changes in the jejunum were observed and compared to the control group counterparts.



Determination of Cr(VI) Contents in Jejunum Tissues

The jejunum tissues were digested with HNO3 (65%) and H2O2 (30%) before being diluted to 10 ml with deionized water. Following that, the samples were digested and analyzed using a microwave system and inductively coupled plasma mass spectrometry (ICP-MS) (NexION 350, Watertown, MA, USA).



Determination of Diamine Oxidase and Oxidative Stress Index Content

Commercially available diagnostic kits (Jiancheng Biotech, Nanjing, China) were applied to detect the concentrations of diamine oxidase (DAO) in serum. Additionally, H2O2 and MDA concentrations and T-SOD, CAT, and GR activities in jejunum tissues were also detected as previously described (39).



Determination of Inflammation Cytokines

TNF-α, IL-1β, and IL-18 levels were detected in jejunum tissues using a commercial kit (mlbio, Shanghai, China). All operation steps were carried out according to the manual.



Real-Time Quantitative PCR

Total RNA was isolated from jejunum tissues using TRIzol reagent (Takara, Shiga, Japan) and reverse transcribed, as directed by the manufacturer. Then, the reverse transcription product was used for RT-PCR. The gene sequences for duck ZO-1, occludin, claudin-1, MUC2, TLR4, MyD88, NF-κB, TNFα, IL-6, NLRP3, caspase-1, ASC, IL-1β, IL-18, and GAPDH are shown in Table 2. Primers were designed with Primer Express 3.0 software and synthesized by Beijing Qingke Biotechnology Co., Ltd. The experiment was carried out on a CFX384 Touch+CFX PCR instrument (Bio-Rad, Hercules, CA, USA). Pre-denaturation was at 95°C for 30 s, denaturation at 95°C for 5 s, annealing at 60°C for 34 s, 40 cycles. The data were normalized to GAPDH expression and analyzed using the 2-△△CT method.


Table 2 | Premier sequences used for real-time PCR.





Western Blot

Jejunum tissues were homogenized at 4°C in RIPA lysis buffer which contained protease inhibitors (PMSF) (Beyotime, Shanghai, China), and concentrations were determined using a BCA assay (35). Samples were further diluted, and 5× SDS-PAGE loading buffer was added and boiled for 5 min. Equal amounts of protein (10 μg) were loaded onto 12% SDS-polyacrylamide denaturing gels before being transferred to polyvinylidene fluoride (PVDF) membranes. After blocking with tris-buffered saline Tween (TBST) containing 5% non-fat milk powder for 1 h at room temperature, the membrane was incubated overnight with diluted primary antibodies against ZO-1 (1:1,000; ABclonal, Wuhan, China), occludin (1:1,000; Selleck Chemicals, USA), claudin-1 (1:1,000; ABclonal, China), TLR4 (1:500; Proteintech, Wuhan, China), MyD88 (1:500; Wanleibio, Shenyang, China), NF-κB (1:500; Wanleibio, China), NLRP3 (1:1,000; Wanleibio, China), ASC (1:500; Santa Cruz Biotechnology, Dallas, TX, USA), caspase-1 (1:500; Wanleibio, China), IL-1β (1:500; Wanleibio, China), IL-18 (1:1,000; Wanleibio, China), and GAPDH (1:5,000; Proteintech, China). Electrochemiluminescence liquid (ECL) (Tanon, Shanghai, China) was used to detect the signal. ImageJ software was used to assess protein levels. The target protein levels were normalized to GAPDH, and the radioactivity was compared with the control group.



Immunofluorescence Analysis

MUC2 secretion was investigated using immunofluorescence analysis. A previous report provided detailed descriptions of the procedure (40). In brief, the prepared slides were incubated at 4°C for 16 h with the primary antibodies MUC2 (1:200; Service, Wuhan, China). The sections were then incubated for 1 h at 37°C with FITC-conjugated goat anti-rabbit Ig G (1:300; Service, Wuhan, China). Finally, the nucleus was stained for 10 min with DAPI. A fluorescence microscope was used to observe and capture the fluorescence patterns (Nikon, Japan).



Statistical Analysis

The data were presented as the standard error of mean (SEM). Microsoft Excel 2016 and GraphPad Prism 8.0 (GraphPad Inc., La Jolla, CA, USA) was applied for data analysis and graphing. To compare differences with the control group, one-way ANOVA and multiple comparisons were used. The P-values of 0.05, 0.01, 0.005, and 0.001 were regarded as statistically significant.




Results


Cr(VI) Accumulation in the Jejunum and Its Effect on Growth Indexes and Histopathology

As shown in Figure 1A, when compared to the control group, the Cr(VI) content in the jejunum tissues of the HCr group was significantly higher (P < 0.001). To investigate the effects of Cr(VI) exposure on intestinal injury, anatomical pathological and histological changes were identified. The changes in growth indexes are shown in Figures 1B–D, and the body weight in all Cr(VI)-treated groups was observably lower than in the control group (P < 0.005 or P < 0.001). The jejunum weight in all Cr(VI)-treated groups was observably lower compared with the control group (P < 0.05 or P < 0.001). The length of the jejunum in the MCr and HCr groups was noticeably shortened compared with the control group (P < 0.05 or P < 0.001). H&E staining revealed normal morphology, clear borders, and well-arranged epithelial cells in the control group. Nevertheless, the jejunum was injured in the MCr and HCr groups, with the shedding of the apical epithelium of the intestinal villi (green arrows) and destruction of the mucosal layer (blue arrows). In addition, we also observed intestinal villus breakage (red arrows) in the HCr group (Figure 1E). The length of the intestinal villus was significantly shorter in the HCr group compared with the control group (P < 0.005). The crypt depth (black arrows) was deepened (P > 0.05), while the ratio of villus height to crypt depth (VH/CD) in the HCr group was noticeably decreased compared with the control group (P < 0.05) (Figures 1F–H). The experiment data showed that Cr(VI) could lead to jejunum damage, thereby affecting the digestion and absorption of nutrients.




Figure 1 | Cr(VI) exposure induced intestinal damage. (A) Cr(VI) content in jejunum tissues. (B) Body weight. (C) Jejunum weight. (D) The length of jejunum. (E) Histopathological variation in jejunum tissues (scale bar = 200 μm). (F) Length of intestinal villus. (G) Crypt depth. (H) The ratio of villus height to crypt depth (VH/CD). All data were presented as mean ± SEM; n ≥ 3 for each group. The symbol “*” denotes a statistically significant difference from the control group (*P < 0.05, ***P < 0.005 and ****P < 0.001).





The Effects of Cr(VI) Exposure on the Intestinal Barrier Function

To explore whether Cr(VI) exposure could cause intestinal barrier damage, we examined the number of goblet cells (Figure 2A), the ultrastructural pathological changes (Figure 2B), and the mRNA and protein levels of intestinal barrier-related factors (Figures 2C–G). PAS staining showed that goblet cells reduced in a dose-dependent manner with increasing Cr(VI) concentration. TEM results showed that the microvilli of intestinal epithelial cells were shed, the number of microvilli was reduced, and the TJ structure of intestinal epithelial cells was damaged in the MCr and HCr groups. Compared with the control group, the ZO-1, occludin, claudin-1, and MUC2 mRNA levels were observably down-regulated in the HCr group (P < 0.05 or P < 0.01 or P < 0.005). Furthermore, the mRNA levels of occludin and claudin-1 in the LCr and MCr groups were significantly lower than those in the control group (P < 0.05 or P < 0.01) and the mRNA level of MUC2 in the MCr group was significantly lower than those in the control group (P < 0.05). Likewise, ZO-1, occludin, and claudin-1 protein levels were significantly down-regulated in all Cr(VI)-exposed groups compared to the control group (P < 0.01, P < 0.005, or P < 0.001). Meanwhile, MUC2 immunofluorescence results showed that Cr(VI) reduced the MUC2 fluorescence intensity (Figure 2H, J). DAO was also measured as a marker of intestinal epithelial cell maturity, integrity, and function, and the results revealed that DAO levels in serum were observably elevated in all Cr(VI)-exposure groups (P < 0.005 or P < 0.001) compared with the control group (Figure 2I).




Figure 2 | Effects of Cr(VI) exposure on intestinal epithelial barrier function. (A) PAS staining was used to determine the distribution of goblet cells (red arrows) in the intestine (scale bar = 200 μm). (B) Ultrastructure of the jejunum (scale bar = 2 μm). The red and green arrows represent changes in tight connections and microvilli, respectively. TJ stands for tight connection; MV stands for microvilli. (C) mRNA levels of genes related to the intestinal barrier. (D–G) Effects of Cr(VI) exposure on tight-junction protein expression levels in the duck jejunum. (E) ZO-1/GAPDH. (F) Occludin/GAPDH. (G) Claudin-1/GAPDH. (H) ImageJ analysis of MUC2 immunofluorescent staining results. (I) DAO content. (J) Immunofluorescence staining of MUC2 protein expression in jejunum tissue. The symbol “*” denotes a statistically significant difference from the control group (*P < 0.05, **P < 0.01, ***P < 0.005 and ****P < 0.001).





The Effects of Cr(VI) Exposure on Cytokines and Oxidative Stress Indices in the Jejunum

The contents of cytokines in the jejunum are presented in Figures 3A–C. The TNF-α and IL-1β levels in jejunum were dramatically increased dose-dependently (P < 0.01 or P < 0.005 or P < 0.001) in all Cr(VI)-exposure groups in comparison with the control group. The level of IL-18 in the jejunum was observably elevated (P < 0.001) in the MCr and HCr groups compared with the control group. Additionally, oxidative stress indicators were measured in jejunum tissues to assess the extent of oxidative damage to ducks caused by Cr(VI) (Figures 3D–H). In comparison to the control group, H2O2 and MDA concentrations were observably elevated, while T-SOD, CAT, and GR activities were observably decreased (P < 0.01, P < 0.005, or P < 0.001) in the MCr and HCr groups.




Figure 3 | The effects of Cr(VI) on inflammation and oxidative stress in the jejunum. (A) TNF-α concentration. (B) IL-1β concentrations. (C) IL-18 concentrations. (D) H2O2 concentrations. (E) MDA concentrations. (F) T-SOD activity. (G) CAT activity. (H) GR activity. The symbol “*” denotes a statistically significant difference from the control group (*P < 0.05, **P < 0.01, ***P < 0.005 and ****P < 0.001).





The Influence of Cr(VI) on the NF-κB Signaling Pathway in Jejunum Tissues

To determine whether Cr(VI) induced inflammation in jejunum tissues, we measured the mRNA and protein levels of NF-κB signaling pathway-related factors. TLR4, MyD88, NF-κB, TNF-α, and IL-6 mRNA levels were observably up-regulated in the MCr and HCr groups compared to the control group (P < 0.05, P < 0.01, P < 0.005, or P < 0.001), while TNF-α and IL-6 mRNA levels were observably up-regulated (P < 0.05) in the LCr group (Figure 4A). TLR4, MyD88, and NF-κB protein levels were also markedly up-regulated in the MCr and HCr groups compared to the control group (P < 0.05, P < 0.01, P < 0.005, or P < 0.001), and the protein level of MyD88 was markedly up-regulated (P < 0.05) in the LCr group (Figures 4B, C). The heatmap visually depicts the changes in these genes and proteins (Figure 4D). These findings suggested that Cr(VI) exposure activated the NF-κB signaling pathway in the jejunum, which was more pronounced in the HCr group.




Figure 4 | The influence of Cr(VI) on the NF-κB signaling pathway in jejunum tissues. (A) mRNA levels of genes involved in the NF-κB signaling pathway. (B) Quantitative analysis of NF-κB signaling pathway-related protein expression. (C) Western blot reveals that expression levels of NF-κB signaling pathway-related proteins. (D) A heatmap depicts the relationship between NF-κB signaling pathway-related mRNA and protein levels in jejunum tissues. The symbol “*” denotes a statistically significant difference from the control group (*P < 0.05, **P < 0.01, ***P < 0.005 and ****P < 0.001).





The Effects of Cr(VI) Exposure on the Activation of the NLRP3 Inflammasome in Jejunum Tissues

As shown in Figure 5A, NLRP3, caspase-1, ASC, IL-1β, and IL-18 mRNA levels were observably up-regulated in the HCr group compared with the control group (P < 0.05 or P < 0.01) and NLRP3 mRNA level was also observably up-regulated in the MCr group compared with the control group (P < 0.05). Simultaneously, NLRP3, caspase-1, ASC, IL-1β, and IL-18 protein levels were also observably up-regulated in the HCr group compared to the control group (P < 0.05, P < 0.005, or P < 0.001) and ASC, IL-1β, and IL-18 protein levels were observably up-regulated (P < 0.005 or P < 0.001) in the MCr group and IL-1β and IL-18 protein levels were observably up-regulated (P < 0.01 or P < 0.001) in the LCr group (P < 0.005) (Figures 5B, C). A heatmap was created to show the changes in these genes and proteins (Figure 5D). Experimental results indicated that Cr(VI) exposure activated the NLRP3 inflammasome in duck jejunum tissues.




Figure 5 | Effects of Cr(VI) exposure on NLRP3 inflammasome activation in jejunum tissues. (A) Pyroptosis-related gene mRNA levels. (B) Quantitative analysis of pyroptosis-related factor protein levels. (C) Western blot demonstrates pyroptosis-related protein expression. (D) A heatmap depicts the relationship between the expression of pyroptosis-related genes and proteins in jejunum tissues. The symbol “*” denotes a statistically significant difference from the control group (*P < 0.05, **P < 0.01, ***P < 0.005 and ****P < 0.001).






Discussion

Cr(VI) is a naturally occurring heavy metal that can be found in air, water, soil, and food. It is classified as highly toxic because it causes severe symptoms in humans and animals such as diarrhea, ulcers, eye and skin irritations, kidney dysfunction, and lung carcinoma (41, 42). As a result, many scientists have concentrated on the negative effects of Cr(VI) on human and animal health (43). Previous studies have found that long-term exposure to high concentrations of Cr(VI) in mice can lead to gastric mucosal bleeding, ulcers, weight loss, and severe effects on intestinal morphology and function (44, 45). However, its potential impact on the waterfowl intestine is unknown. We used a Cr(VI) poisoning model in this study to investigate the effects of Cr(VI)-induced jejunum damage in ducks and the underlying toxic mechanisms.

Intestines are crucial digestive organs, and damage to them can lead to nutrient absorption problems and an insufficient supply of nutrients to the body (46). In the current study, we noticed that the content of Cr(VI) was dramatically increased in the jejunum tissue. Additionally, the weight and length of the jejunum and the body weight of ducks were significantly decreased with increasing doses of Cr(VI) in the diet, which may be caused by damage to the intestinal epithelium. The epithelium of the small intestine is composed of abundant crypt–villus units. The intestinal villus is the crucial part in the increase in the mucosal surface area and then enhancement in the absorption of nutrients. Crypts are known as the home to a population of energetically reproducing epithelial cells, fueling the active intestinal epithelium. The VH/CD value was believed to be a sensitive indicator of the absorptive capacity of the small intestine (47). Therefore, changes in villus or intestinal gland anatomy have a direct impact on nutrient absorption. Accumulating evidence indicated that heavy metal exposure could cause shortening of intestinal villi, increase in recess depth and VH/CD values, and weight loss (48, 49). Similarly, Cr(VI) exposure resulted in Cr(VI) accumulation, shortening of the height of the jejunum gland, deepening in the crypt depth, and decrease in VH/CD values in the jejunum. These findings confirmed that continuous Cr(VI) accumulation in the jejunum caused significant damage to the intestinal epithelium, which may affect nutrient digestion and absorption in the ducks, resulting in poor growth performance.

Besides ingestion and absorption, the small intestine also has a barrier function that protects the body from hazardous substance such as toxins, pathogens, and foodborne antigens. MUC2 is the main protein component of the intestinal mucous layer that is secreted into the lumen of the large intestine from goblet cells in the epithelial lining. It forms a gel with small amounts of related mucins, forming an insoluble mucus barrier that protects intestinal epithelial cells (50). A previous study showed that by gavage of ducks with 80 mg/kg, goblet cells were significantly reduced, and at the same time, the mRNA and protein levels of MUC2 were also significantly reduced (22). Our results showed that with the increase in Cr(VI) concentration, the number of goblet cells was significantly reduced and the mRNA and protein levels of MUC2 were observably down-regulated. Tight-junction proteins are located between adjacent epithelial cells and play a crucial role in maintaining tight junctions in intestinal epithelial cells to form a physical barrier to enhance the intestinal protective function (51). DAO is a highly active intracellular enzyme in all mammalian intestinal mucosal epithelial cells, and DAO activity in serum can be used to assess the maturity, integrity, and functional status of intestinal epithelial cells (52). Once the barrier function was compromised, intestinal permeability increased, resulting in “leaky gut,” and DAO entered the bloodstream via the damaged mucosa, increasing the DAO levels in serum (53). Cr(VI) has been demonstrated to damage the intestinal epithelial TJ structure and decrease the levels of tight-junction proteins in mice by Zhu et al. (54). In the current study, we observed the effects of Cr(VI) on intestinal epithelial cell microvilli and TJ protein by using TEM and found that Cr(VI) exposure caused intestinal epithelial cell microvilli to fall off, the number of microvilli decreased, and the intestinal epithelial cell TJ structure was damaged. Meanwhile, the tight-junction proteins were detected, and the results indicated that Cr(VI) exposure decreased the mRNA and protein levels of ZO-1, occludin, and claudin-1 in the jejunum. To further verify the damage to the intestinal barrier, the level of DAO in serum was evaluated to check whether Cr(VI) exposure caused the “leaky gut”. Our result showed that Cr(VI) exposure increased the level of DAO in serum. These findings suggested that Cr(VI) exposure caused gut physicochemical barrier damage and increased jejunum permeability, resulting in more severe intestinal barrier destruction in ducks.

Substantial evidence suggests that intestinal epithelial barrier disruption and increased intestinal epithelial permeability increase exposure to bacteria and toxins, resulting in intestinal immune cell hyperstimulation and mucosal inflammation (55, 56). Furthermore, intestinal inflammation can cause intestinal epithelial barrier dysfunction and increased permeability (57). It has been reported that trichlorfon exposure decreased the expression levels of ZO-1, occludin, and claudin-2 in common carp accompanied by significantly increased expression levels of IL-1β and TNF-α (58). Moreover, high levels of TNF-α could disrupt the barrier function of Caco2 cells and increase intestinal permeability (59). IL-1β is a cytokine that has been linked to epithelial barrier dysfunction in the gut and has been shown to suppress the expression of claudin-3 in Caco2 cells (60). In a colitis model, IL-18 is critical in driving the pathological breakdown of intestinal barrier integrity; deletion of IL-18 conferred protection from colitis and mucosal damage in mice (61). In this study, TNF-α, IL-1β, and IL-18 concentrations were elevated with the increasing level of Cr(VI), which represented that Cr(VI) exposure induced inflammation in duck jejunum tissues. Many studies indicated that the production of pro-inflammatory factors is strongly related to oxidative stress (62). Thus, in the current study, we further investigated the redox state of the jejunum by measuring antioxidant enzymes and peroxidation products. T-SOD is a crucial antioxidant enzyme that converts superoxide O2•- into H2O2, protecting the structure and function of cells from oxidative damage, H2O2 is then converted into water and oxygen via CAT catalysis (63, 64). Similarly, GR is important for detoxifying active metabolites and maintaining intracellular redox balance (65). Additionally, the accumulation of peroxidation product H2O2 could cause cell structure damage as well as gene damage and mutation. MDA is a by-product of lipid peroxidation that could promote cross-linking and polymerization of living macromolecules such as proteins and nucleic acids, resulting in cytotoxicity (66). Our results found that excessive dietary Cr(VI) significantly increased the contents of H2O2 and MDA and decreased the activities of SOD, CAT, and GR, which indicated that Cr(VI) exposure could induce oxidative stress in the jejunum of duck. In line with our results, Zhu et al. reported that excessive Cr(VI) could damage the intestine by inducing oxidative stress and inflammation (54).

The NLRP3 inflammasome has been shown to be a novel mechanism for intestinal inflammation, and it can be activated by ROS (67). The activation of the NLRP3 inflammasome triggers a series of immune responses, including the production of proinflammatory cytokines and chemokines and the recruitment of neutrophils and other immune cells, as well as cell death (68). However, activation of the NLRP3 inflammasome requires two steps: initiation and activation. TLRs recruit the signaling regulator MyD88 and a TIR domain-containing adaptor protein-induced interferon (TRIF) in the priming step to connect to signaling factors via NF-κB. This process promotes the transcription of NLRP3, pro-IL-1β, and pro-IL-18, as well as the production of multiple pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α (69). The inflammasome assembly step is triggered by several molecular and cellular events such as K+ efflux, Ca2+ signaling, and ROS generation. Procaspase-1 converts to cleaved-caspase-1 during the assembly of the NLRP3 inflammasome, promoting the cleavage of pro-IL-1β and pro-IL-18 precursors to IL-1β and IL-18 to induce inflammation (70, 71). Zhong et al. demonstrated that ATO exposure impaired intestinal barrier function and caused inflammatory injury in the duck jejunum by activating the LPS/TLR4/NF-κB signaling pathway (22). Similarly, Cr(VI) exposure increased the mRNA levels of TLR4, MyD88, NF-κB, TNF-α, and IL-6, as well as the protein expression levels of TLR4, MyD88, and NF-κB in jejunum tissues. Furthermore, Fan et al. demonstrated that zearalenone could activate the NLRP3 inflammasome via ROS, resulting in severe intestinal inflammation in mice. Our results also showed that Cr(VI) exposure elevated the mRNA and protein levels of NLRP3, ASC, caspase-1, IL-1β, and IL-18 in jejunum tissues. These findings suggested that Cr(VI), as a strong redox heavy metal, was involved in redox behavior and ROS generation, and induced jejunum inflammation by activating the NF-κB signaling pathway and the NLRP3 inflammasome. However, whether Cr(VI) induces intestinal barrier damage through ROS-mediated activation of the NF-κB signaling pathway and the NLRP3 inflammasome needs to be further verified by in vitro experiments.



Conclusions

Overall, our studies revealed the negative impact on bioaccumulation, digestion, intestinal barrier function, antioxidant capacity, and immune response of the ducks following exposure to Cr(VI), further indicating that Cr(VI) induced intestine injury, oxidative stress, and immunotoxicity in ducks. Furthermore, the immunotoxicity of Cr(VI) was associated with the activation of the NF-κB signaling pathway and NLRP3 inflammasome by oxidative stress.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by the animal ethics committee of Jiangxi Agricultural University (Approval ID: JXAULL-2022003).



Author Contributions

GH, HC, and FY contributed to conception and design of the study. CX performed the statistical analysis and wrote the first draft of the manuscript. YL, JS, XY, YZ, and CW provided substantial contribution to experimental operation and data acquisition, wrote sections of the manuscript. FA, CZ, and YZ contributed to the grammatical revision of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This project was supported by the National Natural Science Foundation of China (No. 32060819; Beijing, P. R. China) awarded to GH.



References

1. Zhang, H, Wu, X, Mehmood, K, Chang, Z, Li, K, Jiang, X, et al. Intestinal Epithelial Cell Injury Induced by Copper Containing Nanoparticles in Piglets. Environ Toxicol Pharmacol (2017) 56:151–6. doi: 10.1016/j.etap.2017.09.010

2. Tian, X, Zhang, H, Zhao, Y, Mehmood, K, Wu, X, Chang, Z, et al. Transcriptome Analysis Reveals the Molecular Mechanism of Hepatic Metabolism Disorder Caused by Chromium Poisoning in Chickens. Environ Sci pollut Res Int (2018) 25(16):15411–21. doi: 10.1007/s11356-018-1653-7

3. De Flora, S, D'Agostini, F, Balansky, R, Micale, R, Baluce, B, and Izzotti, A. Lack of Genotoxic Effects in Hematopoietic and Gastrointestinal Cells of Mice Receiving Chromium(VI) With the Drinking Water. Mutat Res (2008) 659(1-2):60–7. doi: 10.1016/j.mrrev.2007.11.005

4. Zhao, Y, Zhang, H, Wu, X, Zhang, T, Shen, K, Li, L, et al. Metabonomic Analysis of the Hepatic Injury Suffer From Hexavalent Chromium Poisoning in Broilers. Environ Sci pollut Res Int (2019) 26(18):18181–90. doi: 10.1007/s11356-019-05075-4

5. Tian, X, Patel, K, Ridpath, JR, Chen, Y, Zhou, YH, Neo, D, et al. Homologous Recombination and Translesion DNA Synthesis Play Critical Roles on Tolerating DNA Damage Caused by Trace Levels of Hexavalent Chromium. PLoS One (2016) 11(12):e167503. doi: 10.1371/journal.pone.0167503

6. Shahid, M, Shamshad, S, Rafiq, M, Khalid, S, Bibi, I, Niazi, NK, et al. Chromium Speciation, Bioavailability, Uptake, Toxicity and Detoxification in Soil-Plant System: A Review. Chemosphere (2017) 178:513–33. doi: 10.1016/j.chemosphere.2017.03.074

7. Singh, P, Itankar, N, and Patil, Y. Biomanagement of Hexavalent Chromium: Current Trends and Promising Perspectives. J Environ Manage (2021) 279:111547. doi: 10.1016/j.jenvman.2020.111547

8. Kong, Z, Wu, Z, Glick, BR, He, S, Huang, C, and Wu, L. Co-Occurrence Patterns of Microbial Communities Affected by Inoculants of Plant Growth-Promoting Bacteria During Phytoremediation of Heavy Metal-Contaminated Soils. Ecotoxicol Environ Saf (2019) 183:109504. doi: 10.1016/j.ecoenv.2019.109504

9. Mohan, D, and Pittman, CJ. Activated Carbons and Low Cost Adsorbents for Remediation of Tri- and Hexavalent Chromium From Water. J Hazard Mater (2006) 137(2):762–811. doi: 10.1016/j.jhazmat.2006.06.060

10. Gil-Cardeza, ML, Ferri, A, Cornejo, P, and Gomez, E. Distribution of Chromium Species in a Cr-Polluted Soil: Presence of Cr(III) in Glomalin Related Protein Fraction. Sci Total Environ (2014) 493:828–33. doi: 10.1016/j.scitotenv.2014.06.080

11. Ukhurebor, KE, Aigbe, UO, Onyancha, RB, Nwankwo, W, Osibote, OA, Paumo, HK, et al. Effect of Hexavalent Chromium on the Environment and Removal Techniques: A Review. J Environ Manage (2021) 280:111809. doi: 10.1016/j.jenvman.2020.111809

12. Banerjee, S, Joshi, N, Mukherjee, R, Singh, PK, Baxi, D, and Ramachandran, AV. Melatonin Protects Against Chromium (VI) Induced Hepatic Oxidative Stress and Toxicity: Duration Dependent Study With Realistic Dosage. Interdiscip Toxicol (2017) 10(1):20–9. doi: 10.1515/intox-2017-0003

13. Hegazy, R, Mansour, D, Salama, A, Hassan, A, and Saleh, D. Exposure to Intranasal Chromium Triggers Dose and Time-Dependent Behavioral and Neurotoxicological Defects in Rats. Ecotoxicol Environ Saf (2021) 216:112220. doi: 10.1016/j.ecoenv.2021.112220

14. Jin, Y, Wu, S, Zeng, Z, and Fu, Z. Effects of Environmental Pollutants on Gut Microbiota. Environ pollut (2017) 222:1–9. doi: 10.1016/j.envpol.2016.11.045

15. Yuan, X, Pan, Z, Jin, C, Ni, Y, Fu, Z, and Jin, Y. Gut Microbiota: An Underestimated and Unintended Recipient for Pesticide-Induced Toxicity. Chemosphere (2019) 227:425–34. doi: 10.1016/j.chemosphere.2019.04.088

16. Farhadi, A, Banan, A, Fields, J, and Keshavarzian, A. Intestinal Barrier: An Interface Between Health and Disease. J Gastroenterol Hepatol (2003) 18(5):479–97. doi: 10.1046/j.1440-1746.2003.03032.x

17. Johansson, ME, Ambort, D, Pelaseyed, T, Schutte, A, Gustafsson, JK, Ermund, A, et al. Composition and Functional Role of the Mucus Layers in the Intestine. Cell Mol Life Sci (2011) 68(22):3635–41. doi: 10.1007/s00018-011-0822-3

18. Sommer, F, Anderson, JM, Bharti, R, Raes, J, and Rosenstiel, P. The Resilience of the Intestinal Microbiota Influences Health and Disease. Nat Rev Microbiol (2017) 15(10):630–8. doi: 10.1038/nrmicro.2017.58

19. Ninkov, M, Popov, AA, Demenesku, J, Mirkov, I, Mileusnic, D, Petrovic, A, et al. Toxicity of Oral Cadmium Intake: Impact on Gut Immunity. Toxicol Lett (2015) 237(2):89–99. doi: 10.1016/j.toxlet.2015.06.002

20. Chen, X, Bi, M, Yang, J, Cai, J, Zhang, H, Zhu, Y, et al. Cadmium Exposure Triggers Oxidative Stress, Necroptosis, Th1/Th2 Imbalance and Promotes Inflammation Through the TNF-Alpha/NF-kappaB Pathway in Swine Small Intestine. J Hazard Mater (2022) 421:126704. doi: 10.1016/j.jhazmat.2021.126704

21. Zhang, Y, Zhang, P, Shang, X, Lu, Y, and Li, Y. Exposure of Lead on Intestinal Structural Integrity and the Diversity of Gut Microbiota of Common Carp. Comp Biochem Physiol C Toxicol Pharmacol (2021) 239:108877. doi: 10.1016/j.cbpc.2020.108877

22. Zhong, G, Wan, F, Lan, J, Jiang, X, Wu, S, Pan, J, et al. Arsenic Exposure Induces Intestinal Barrier Damage and Consequent Activation of Gut-Liver Axis Leading to Inflammation and Pyroptosis of Liver in Ducks. Sci Total Environ (2021) 788:147780. doi: 10.1016/j.scitotenv.2021.147780

23. Zhou, C, Xu, P, Huang, C, Liu, G, Chen, S, Hu, G, et al. Effects of Subchronic Exposure of Mercuric Chloride on Intestinal Histology and Microbiota in the Cecum of Chicken. Ecotoxicol Environ Saf (2020) 188:109920. doi: 10.1016/j.ecoenv.2019.109920

24. Li, A, Ding, J, Shen, T, Han, Z, Zhang, J, Abadeen, ZU, et al. Environmental Hexavalent Chromium Exposure Induces Gut Microbial Dysbiosis in Chickens. Ecotoxicol Environ Saf (2021) 227:112871. doi: 10.1016/j.ecoenv.2021.112871

25. Yu, Z, Xu, SF, Zhao, JL, Zhao, L, Zhang, AZ, and Li, MY. Toxic Effects of Hexavalent Chromium (Cr(6+)) on Bioaccumulation, Apoptosis, Oxidative Damage and Inflammatory Response in Channa Asiatica. Environ Toxicol Pharmacol (2021) 87:103725. doi: 10.1016/j.etap.2021.103725

26. Hao, P, Zhu, Y, Wang, S, Wan, H, Chen, P, Wang, Y, et al. Selenium Administration Alleviates Toxicity of Chromium(VI) in the Chicken Brain. Biol Trace Elem Res (2017) 178(1):127–35. doi: 10.1007/s12011-016-0915-9

27. Roy, RV, Pratheeshkumar, P, Son, YO, Wang, L, Hitron, JA, Divya, SP, et al. Different Roles of ROS and Nrf2 in Cr(VI)-Induced Inflammatory Responses in Normal and Cr(VI)-Transformed Cells. Toxicol Appl Pharmacol (2016) 307:81–90. doi: 10.1016/j.taap.2016.07.016

28. Lag, M, Rodionov, D, Ovrevik, J, Bakke, O, Schwarze, PE, and Refsnes, M. Cadmium-Induced Inflammatory Responses in Cells Relevant for Lung Toxicity: Expression and Release of Cytokines in Fibroblasts, Epithelial Cells and Macrophages. Toxicol Lett (2010) 193(3):252–60. doi: 10.1016/j.toxlet.2010.01.015

29. Dong, GH, Zhang, YH, Zheng, L, Liang, ZF, Jin, YH, and He, QC. Subchronic Effects of Perfluorooctanesulfonate Exposure on Inflammation in Adult Male C57BL/6 Mice. Environ Toxicol (2012) 27(5):285–96. doi: 10.1002/tox.20642

30. Park, EJ, and Park, K. Oxidative Stress and Pro-Inflammatory Responses Induced by Silica Nanoparticles In Vivo and In Vitro. Toxicol Lett (2009) 184(1):18–25. doi: 10.1016/j.toxlet.2008.10.012

31. Liu, SQ, Wang, LY, Liu, GH, Tang, DZ, Fan, XX, Zhao, JP, et al. Leucine Alters Immunoglobulin a Secretion and Inflammatory Cytokine Expression Induced by Lipopolysaccharide via the Nuclear factor-kappaB Pathway in Intestine Of Chicken Embryos. Animal (2018) 12(9):1903–11. doi: 10.1017/S1751731117003342

32. Jing, H, Wang, F, and Gao, XJ. Lithium Intoxication Induced Pyroptosis via ROS/NF-Kappab/NLRP3 Inflammasome Regulatory Networks in Kidney of Mice. Environ Toxicol (2022) 37(4):825–35. doi: 10.1002/tox.23446

33. Fan, W, Lv, Y, Ren, S, Shao, M, Shen, T, Huang, K, et al. Zearalenone (ZEA)-Induced Intestinal Inflammation Is Mediated by the NLRP3 Inflammasome. Chemosphere (2018) 190:272–9. doi: 10.1016/j.chemosphere.2017.09.145

34. Shen, J, Cheng, J, Zhu, S, Zhao, J, Ye, Q, Xu, Y, et al. Regulating Effect of Baicalin on IKK/IKB/NF-kB Signaling Pathway and Apoptosis-Related Proteins in Rats With Ulcerative Colitis. Int Immunopharmacol (2019) 73:193–200. doi: 10.1016/j.intimp.2019.04.052

35. Ren, ZZ, Zeng, QF, Wang, JP, Ding, XM, Bai, SP, Su, ZW, et al. Effects of Maternal Dietary Canthaxanthin and 25-Hydroxycholecalciferol Supplementation on Antioxidant Status and Calcium-Phosphate Metabolism of Progeny Ducks. Poult Sci (2018) 97(4):1361–7. doi: 10.3382/ps/pex402

36. Zhang, C, Wang, X, Nie, G, Wei, Z, Pi, S, Wang, C, et al. In Vivo Assessment of Molybdenum and Cadmium Co-Induce Nephrotoxicity via NLRP3/Caspase-1-Mediated Pyroptosis in Ducks. J Inorg Biochem (2021) 224:111584. doi: 10.1016/j.jinorgbio.2021.111584

37. Liu, G, Wang, ZK, Wang, ZY, Yang, DB, Liu, ZP, and Wang, L. Mitochondrial Permeability Transition and its Regulatory Components are Implicated in Apoptosis of Primary Cultures of Rat Proximal Tubular Cells Exposed to Lead. Arch Toxicol (2016) 90(5):1193–209. doi: 10.1007/s00204-015-1547-0

38. Zhang, TY, Chen, T, Hu, WY, Li, JC, and Guo, MY. Ammonia Induces Autophagy via Circ-IFNLR1/miR-2188-5p/RNF182 Axis in Tracheas of Chickens. Biofactors (2022) 48(2):416–27. doi: 10.1002/biof.1795

39. Bao, BW, Kang, Z, Zhang, Y, Li, K, Xu, R, and Guo, MY. Selenium Deficiency Leads to Reduced Skeletal Muscle Cell Differentiation by Oxidative Stress in Mice. Biol Trace Elem Res (2022). doi: 10.1007/s12011-022-03288-2

40. Wan, F, Zhong, G, Ning, Z, Liao, J, Yu, W, Wang, C, et al. Long-Term Exposure to Copper Induces Autophagy and Apoptosis Through Oxidative Stress in Rat Kidneys. Ecotoxicol Environ Saf (2020) 190:110158. doi: 10.1016/j.ecoenv.2019.110158

41. Mishra, S, and Bharagava, RN. Toxic and Genotoxic Effects of Hexavalent Chromium in Environment and its Bioremediation Strategies. J Environ Sci Health C Environ Carcinog Ecotoxicol Rev (2016) 34(1):1–32. doi: 10.1080/10590501.2015.1096883

42. Jobby, R, Jha, P, Yadav, AK, and Desai, N. Biosorption and Biotransformation of Hexavalent Chromium [Cr(VI)]: A Comprehensive Review. Chemosphere (2018) 207:255–66. doi: 10.1016/j.chemosphere.2018.05.050

43. Zhang, S, Zhao, X, Hao, J, Zhu, Y, Wang, Y, Wang, L, et al. The Role of ATF6 in Cr(VI)-Induced Apoptosis in DF-1 Cells. J Hazard Mater (2021) 410:124607. doi: 10.1016/j.jhazmat.2020.124607

44. Zhang, L, Jiang, X, Li, A, Waqas, M, Gao, X, Li, K, et al. Characterization of the Microbial Community Structure in Intestinal Segments of Yak (Bos Grunniens). Anaerobe (2020) 61:102115. doi: 10.1016/j.anaerobe.2019.102115

45. Zhang, Z, Cao, H, Song, N, Zhang, L, Cao, Y, and Tai, J. Long-Term Hexavalent Chromium Exposure Facilitates Colorectal Cancer in Mice Associated With Changes in Gut Microbiota Composition. Food Chem Toxicol (2020) 138:111237. doi: 10.1016/j.fct.2020.111237

46. Zhang, W, Liu, H, and Liu, C. Biopharmaceutics Classification and Intestinal Absorption of Chikusetsusaponin IVa. Biopharm Drug Dispos (2019) 40(8):276–81. doi: 10.1002/bdd.2200

47. Clevers, H. The Intestinal Crypt, a Prototype Stem Cell Compartment. Cell (2013) 154(2):274–84. doi: 10.1016/j.cell.2013.07.004

48. Zhao, Y, Zhou, C, Guo, X, Hu, G, Li, G, Zhuang, Y, et al. Exposed to Mercury-Induced Oxidative Stress, Changes of Intestinal Microflora, and Association Between Them in Mice. Biol Trace Elem Res (2021) 199(5):1900–7. doi: 10.1007/s12011-020-02300-x

49. Li, M, Wang, J, Wu, P, Manthari, RK, Zhao, Y, Li, W, et al. Self-Recovery Study of the Adverse Effects of Fluoride on Small Intestine: Involvement of Pyroptosis Induced Inflammation. Sci Total Environ (2020) 742:140533. doi: 10.1016/j.scitotenv.2020.140533

50. Maloy, KJ, and Powrie, F. Intestinal Homeostasis and its Breakdown in Inflammatory Bowel Disease. Nature (2011) 474(7351):298–306. doi: 10.1038/nature10208

51. Slifer, ZM, and Blikslager, AT. The Integral Role of Tight Junction Proteins in the Repair of Injured Intestinal Epithelium. Int J Mol Sci (2020) 21(3). doi: 10.3390/ijms21030972

52. Liu, L, Wu, C, Chen, D, Yu, B, Huang, Z, Luo, Y, et al. Selenium-Enriched Yeast Alleviates Oxidative Stress-Induced Intestinal Mucosa Disruption in Weaned Pigs. Oxid Med Cell Longev (2020) 2020:5490743. doi: 10.1155/2020/5490743

53. Salvo, RE, Alonso, CC, Pardo, CC, Casado, BM, and Vicario, M. The Intestinal Barrier Function and its Involvement in Digestive Disease. Rev Esp Enferm Dig (2015) 107(11):686–96. doi: 10.17235/reed.2015.3846/2015

54. Zhu, Y, Wang, L, Yu, X, Jiang, S, Wang, X, Xing, Y, et al. Cr(VI) Promotes Tight Joint and Oxidative Damage by Activating the Nrf2/ROS/Notch1 Axis. Environ Toxicol Pharmacol (2021) 85:103640. doi: 10.1016/j.etap.2021.103640

55. Pastorelli, L, De Salvo, C, Mercado, JR, Vecchi, M, and Pizarro, TT. Central Role of the Gut Epithelial Barrier in the Pathogenesis of Chronic Intestinal Inflammation: Lessons Learned From Animal Models and Human Genetics. Front Immunol (2013) 4:280. doi: 10.3389/fimmu.2013.00280

56. Barmeyer, C, Schulzke, JD, and Fromm, M. Claudin-Related Intestinal Diseases. Semin Cell Dev Biol (2015) 42:30–8. doi: 10.1016/j.semcdb.2015.05.006

57. Onyiah, JC, and Colgan, SP. Cytokine Responses and Epithelial Function in the Intestinal Mucosa. Cell Mol Life Sci (2016) 73(22):4203–12. doi: 10.1007/s00018-016-2289-8

58. Chang, X, Wang, X, Feng, J, Su, X, Liang, J, Li, H, et al. Impact of Chronic Exposure to Trichlorfon on Intestinal Barrier, Oxidative Stress, Inflammatory Response and Intestinal Microbiome in Common Carp (Cyprinus Carpio L.). Environ pollut (2020) 259:113846. doi: 10.1016/j.envpol.2019.113846

59. Calatayud, M, Gimeno-Alcaniz, JV, Velez, D, and Devesa, V. Trivalent Arsenic Species Induce Changes in Expression and Levels of Proinflammatory Cytokines in Intestinal Epithelial Cells. Toxicol Lett (2014) 224(1):40–6. doi: 10.1016/j.toxlet.2013.09.016

60. Haines, RJ, Beard, RJ, Chen, L, Eitnier, RA, and Wu, MH. Interleukin-1beta Mediates Beta-Catenin-Driven Downregulation of Claudin-3 and Barrier Dysfunction in Caco2 Cells. Dig Dis Sci (2016) 61(8):2252–61. doi: 10.1007/s10620-016-4145-y

61. Nowarski, R, Jackson, R, Gagliani, N, de Zoete, MR, Palm, NW, Bailis, W, et al. Epithelial IL-18 Equilibrium Controls Barrier Function in Colitis. Cell (2015) 163(6):1444–56. doi: 10.1016/j.cell.2015.10.072

62. Ma, C, Yang, X, Lv, Q, Yan, Z, Chen, Z, Xu, D, et al. Soluble Uric Acid Induces Inflammation via TLR4/NLRP3 Pathway in Intestinal Epithelial Cells. Iran J Basic Med Sci (2020) 23(6):744–50. doi: 10.22038/ijbms.2020.44948.10482

63. Fang, Y, Xing, C, Wang, X, Cao, H, Zhang, C, Guo, X, et al. Activation of the ROS/HO-1/NQO1 Signaling Pathway Contributes to the Copper-Induced Oxidative Stress and Autophagy in Duck Renal Tubular Epithelial Cells. Sci Total Environ (2021) 757:143753. doi: 10.1016/j.scitotenv.2020.143753

64. Zhang, Y, Xu, Y, Chen, B, Zhao, B, and Gao, XJ. Selenium Deficiency Promotes Oxidative Stress-Induced Mastitis via Activating the NF-kappaB and MAPK Pathways in Dairy Cow. Biol Trace Elem Res (2022) 200(6):2716–26. doi: 10.1007/s12011-021-02882-0

65. Jiang, J, Yin, L, Li, JY, Li, Q, Shi, D, Feng, L, et al. Glutamate Attenuates Lipopolysaccharide-Induced Oxidative Damage and mRNA Expression Changes of Tight Junction and Defensin Proteins, Inflammatory and Apoptosis Response Signaling Molecules in the Intestine of Fish. Fish Shellfish Immunol (2017) 70:473–84. doi: 10.1016/j.fsi.2017.09.035

66. Kohen, R, and Nyska, A. Oxidation of Biological Systems: Oxidative Stress Phenomena, Antioxidants, Redox Reactions, and Methods for Their Quantification. Toxicol Pathol (2002) 30(6):620–50. doi: 10.1080/01926230290166724

67. Tschopp, J, and Schroder, K. NLRP3 Inflammasome Activation: The Convergence of Multiple Signalling Pathways on ROS Production? Nat Rev Immunol (2010) 10(3):210–5. doi: 10.1038/nri2725

68. Wree, A, Broderick, L, Canbay, A, Hoffman, HM, and Feldstein, AE. From NAFLD to NASH to Cirrhosis-new Insights into Disease Mechanisms. Nat Rev Gastroenterol Hepatol (2013) 10(11):627–36. doi: 10.1038/nrgastro.2013.149

69. Xiao, Y, Yan, H, Diao, H, Yu, B, He, J, Yu, J, et al. Early Gut Microbiota Intervention Suppresses DSS-Induced Inflammatory Responses by Deactivating TLR/NLR Signalling in Pigs. Sci Rep (2017) 7(1):3224. doi: 10.1038/s41598-017-03161-6

70. Gan, J, Huang, M, Lan, G, Liu, L, and Xu, F. High Glucose Induces the Loss of Retinal Pericytes Partly via NLRP3-Caspase-1-GSDMD-Mediated Pyroptosis. BioMed Res Int (2020) 2020:4510628. doi: 10.1155/2020/4510628

71. Karmakar, M, Minns, M, Greenberg, EN, Diaz-Aponte, J, Pestonjamasp, K, Johnson, JL, et al. N-GSDMD Trafficking to Neutrophil Organelles Facilitates IL-1beta Release Independently of Plasma Membrane Pores and Pyroptosis. Nat Commun (2020) 11(1):2212. doi: 10.1038/s41467-020-16043-9




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Xing, Yang, Lin, Shan, Yi, Ali, Zhu, Wang, Zhang, Zhuang, Cao and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 09 August 2022

doi: 10.3389/fimmu.2022.928865

[image: image2]


Dietary selenium sources alleviate immune challenge induced by Salmonella Enteritidis potentially through improving the host immune response and gut microbiota in laying hens


Ruifen Kang 1,2†, Weihan Wang 1†, Yafei Liu 1,2, Shimeng Huang 1,2, Jiawei Xu 3, Lihong Zhao 1,2, Jianyun Zhang 1,2, Cheng Ji 1, Zhong Wang 1, Yanxin Hu 3 and Qiugang Ma 1,2*


1 State Key Laboratory of Animal Nutrition, College of Animal Science and Technology, China Agricultural University, Beijing, China, 2 Feed Safety and Healthy Livestock, Beijing Jingwa Agricultural Innovation Center, Beijing, China, 3 College of Veterinary Medicine, China Agricultural University, Beijing, China




Edited by: 

Mengyao Guo, Northeast Agricultural University, China

Reviewed by: 

Shiwen Xu, Northeast Agricultural University, China

Sankar Renu, Upkara Inc., United States

*Correspondence: 

Qiugang Ma
 maqiugang@cau.edu.cn











†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Immunology


Received: 26 April 2022

Accepted: 15 June 2022

Published: 09 August 2022

Citation:
Kang R, Wang W, Liu Y, Huang S, Xu J, Zhao L, Zhang J, Ji C, Wang Z, Hu Y and Ma Q (2022) Dietary selenium sources alleviate immune challenge induced by Salmonella Enteritidis potentially through improving the host immune response and gut microbiota in laying hens. Front. Immunol. 13:928865. doi: 10.3389/fimmu.2022.928865



The aim of this study was to evaluate the effects of different selenium (Se) sources on the immune responses and gut microbiota of laying hens challenged with Salmonella enteritidis (S. Enteritidis). A total of 240 45-week-old layers were randomly divided into eight groups with six replicates per group according to a 4 × 2 factorial design, including a blank diet without Se supplementation (CON group) and three diets with 0.3 mg/kg Se supplementation from sodium selenite (IS group), yeast Se (YS group), and selenium-enriched yeast culture (SYC group), respectively. After 8 weeks of feeding, half of them were orally challenged with 1.0 ml suspension of 109 colony-forming units per milliliter of S. Enteritidis daily for 3 days. The serum was collected on days 3, 7, and 14, and the cecum content was collected on day 14 after challenge. There was no significant difference in laying performance among the eight groups before challenge. The S. Enteritidis challenge significantly decreased the laying performance, egg quality, GSH-Px, IgG, and IgM and increased the ratio of feed and egg, malondialdehyde (MDA), Salmonella-specific antibody (SA) titers, IL-6, IL-2, IL-1β, and INF-γ. However, SYC increased the level of GSH-Px and IgG and decreased IL-6, while YS decreased the level of IL-2 and IL-1β. What is more, Se supplementation decreased the SA titers to varying degrees and reduced the inflammatory cell infiltration in the lamina propria caused by S. Enteritidis infection. In addition, the S. Enteritidis challenge disrupted the intestinal flora balance by reducing the abundance of the genera Clostridium innocuum, Lachnospiraceae, and Bifidobacterium and increasing the genera Butyricimonas and Brachyspira, while Se supplementation increased the gut microbial alpha diversity whether challenged or not. Under the S. Enteritidis challenge condition, the alteration of microbial composition by the administration of different Se sources mainly manifested as IS increased the relative abundance of the genera Lachnospiraceae and Christensenellaceae, YS increased the relative abundance of the genera Megamonas and Sphingomonas, and SYC increased the genera Fusobacterium and Lactococcus. The alteration of gut microbial composition had a close relationship with antioxidant or immune response. To summarize, different Se sources can improve the egg quality of layers challenged by S. Enteritidis that involves elevating the immunity level and regulating the intestinal microbiota.
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Introduction

Salmonella enterica serovar Enteritidis (S. Enteritidis) is a gram-negative enteric bacterium that is a major animal-infectious pathogen that can not only cause disease in poultry but also infect humans through the food chain, causing food poisoning and even death (1, 2). S. Enteritidis is the most important serotype of Salmonella, causing about 40–60% of Salmonella infections worldwide (3). Eggs and egg products are the main food carriers for S. Enteritidis to spread disease (4, 5). Although the alkaline pH value, high viscosity, and antibacterial protein in albumen create a complex antibacterial environment, S. Enteritidis can also be able to resist these stresses and proliferate in eggs, causing food poisoning (6, 7). In 2010, there was an outbreak of S. Enteritidis -contaminated eggs in the United States, with as many as 2,752 cases of infection, and more than 500 million defective eggs were recalled (8). Between 2015 and 2018, 16 European countries reported 1,209 large outbreaks of salmonellosis caused by the contaminated eggs of S. Enteritidis (9).. What is more, previous studies have found that the S. Enteritidis challenge reduced the antioxidant capacity and immune function of laying hens by increasing the serum levels of MDA, IL-1β, and IL-6 (10, 11). Thus, S. Enteritidis was a substantial problem for human and animal health, and some strategies are urgently needed to solve this problem.

Selenium (Se) is an essential trace element for the synthesis of some antioxidant enzymes and selenoproteins. It can clean up active oxidative substances in the body and has biological functions such as anti-oxidation, anti-stress, and improving immunity (12–15). Historically, sodium selenite (SS) was the most widely used inorganic Se in animal feed. However, organic Se has higher deposition efficiency and bioavailability, stronger biosafety, and lower toxicity than inorganic Se (16, 17). The sources of organic Se include microorganisms, plants, and animals that absorb inorganic Se and convert it to organic selenium (14, 18, 19). Liao et al. compared the effects of dietary supplementation of SS, yeast Se (YS), and selenoprotein on broiler chicks and found that YS was more effective in increasing Se retention in the liver and muscle than IS and selenoprotein (20). Sun et al. found that adding 1.0 mg/kg of selenium-enriched earthworms power to laying hens increased the levels of glutathione peroxidase, IgG, and IL-2, further promoting antioxidant activity and immune response (14).

However, there is little information about whether supplementation of different forms of Se could alleviate the adverse effect of laying hens caused by S. Enteritidis. The purpose of this experiment was to investigate the effects of dietary supplementation of different Se sources on the performance, immune response, and gut microbiota of laying hens challenged with S. Enteritidis to evaluate the effect of different Se sources in resisting the inflammatory response caused by Salmonella infection and provide a theoretical basis for Se to defend against Salmonella infection in the production practice of laying hens.



Materials and methods


Animal experimental ethics

The experiment was allowed by the China Agricultural University Animal Care and Use Committee (A0041011202-1-1, Beijing, China).



Chemicals and treatments

The common yeast culture and selenium-enriched yeast culture (SYC) used in this experiment were both fermented from the same yeast strain (preservation number: ACCC20060), but with different levels of sodium selenite (Se content was 0 and 30 mg/kg, respectively) in their medium. Both cultures were air-dried at 60°C to inactivate the yeast. Common yeast culture was added to the diet to balance the effect of yeast culture in different treatment diets. The sodium selenite premix (IS), containing 1% of inorganic Se, was purchased from Hebei Yuanda Zhongzheng Biotechnology Co., Ltd. (Hebei, China). The yeast Se (YS), named Alkosel, contains 1,000 mg/kg of organic Se, which was extracted from inactivated whole cell yeast (Lallemand Inc., Montreal, Quebec, Canada). The Salmonella Enteritidis (S. Enteritidis) strain (preservation number CVCC3377) was purchased from China Institute of Veterinary Drug Control (Beijing, China).



Animals and experimental design

Before the feeding trial, a total of 240 45-week-old laying hens (Peking Pink, Huadu Yukou Poultry Industry Co., Ltd., Beijing) were confirmed as double-negative for S. Enteritidis by using PCR method and plate-agglutination assay to test the cloacal swab and serum samples, respectively (21, 22). The birds were randomly divided into eight groups, with six replicates in each group of five birds each, according to a 4 × 2 factorial design. The chickens were housed in wire cages (length, 45 cm × width, 45 cm × height, 45 cm), with one hen per cage, which were equipped with nipple water and a V-shaped feeding trough. The diets of different treatments consisted of a blank diet without Se supplementation (CON group) and three diets with 0.3-mg/kg Se supplementation, which was supplied from sodium selenite (IS group), yeast Se (YS group), and selenium-enriched yeast culture (SYC group), respectively. The whole experimental period consisted of 8 weeks of normal feeding, followed by a 3-day continuous challenge with 1.0 ml suspension of 109 colony-forming units (CFU)/ml (11, 23), or they received the same volume of physiological saline solution (PS), and then the samples were collected at 3, 7, and 14 days after challenge (Figure 1). In S. Enteritidis, in order to control the horizontal transmission of pathogenic microorganisms, the layer challenged with PS or S. Enteritidis was reared respectively in two houses with exactly the same conditions, with four groups of birds in each house. The feed and water were provided ad libitum, and the diet composition and nutrient levels are shown in Supplementary Table S1.




Figure 1 | Experimental design for the timeline of supplementation of different Se sources and birds challenged with S. Enteritidis.: blood sampling at 3, 7, and 14 days after the challenge with S. Enteritidis, △: challenged with physiological saline solution, ▲: challenged with S. Enteritidis.





Laying performance and egg quality

The egg weight and the number of egg mass were recorded daily based on each replicate. Feed consumption was recorded weekly based on each replicate. The rate of egg production, the mean egg weight, the average feed intake, and the feed/egg ratio were then calculated. At the end of 3, 7, and 14 days after the S. Enteritidis challenge, three eggs of each replicate were randomly selected and collected to analyze the egg quality. Egg Haugh units (HU) and egg yolk color were measured by using an egg analyzer (EA-01, Orka Teachnology Ltd., Ramat Hasharon, Israel). The eggshell strength was determined by an egg force reader (EFR-01, Orka Teachnology Ltd., Ramat Hasharon, Israel). The eggshell thickness was determined by a digital egg tester (ESTG-1; Orka Technology Ltd., Ramat Hasharon, Israel)



Blood collection and serum analysis

At the end of 3, 7, and 14 days after the S. Enteritidis challenge, blood samples of five chicken hens in each replicate were collected into heparin treated tubes for 3 h and then centrifuged at 3,000 revolutions per minute for 20 min to get the sera, which were stored at -20°C for further analysis. All samples of five chickens in each replicate were mixed in equal proportions into one sample before analysis (24). The S. Enteritidis -specific antibody titer of the serum was determined by using avian Salmonella ELISA antibody test kit (catalog number SALS-5P, Biovetest Biotechnology Co., Ltd., Tianjin, China), following the instructions provided by the manufacturer. Serum MDA (catalog number A003-1-2), superoxide dismutase (SOD, catalog number A001-3-2), glutathione peroxidase (GSH-Px, catalog number A005-1-2), immunoglobulin A (IgA, catalog number H108-1-2), immunoglobulin G (IgG, catalog number H106), immunoglobulin M (IgM, catalog number H109), interleukin-1β (IL-1β, catalog number H002), interleukin-2 (IL-2, catalog number H003), interleukin-6 (IL-6, catalog number H007-1-2), and interferon-γ (IFN-γ, catalog number H025) were measured by using corresponding kits (Nanjing Jiancheng Biology Engineering Institute, Nanjing, China) according to instructions.



Histological examination

At 14 days after S. Enteritidis challenge, the duodenum, jejunum, and ileum of chicken were collected and fixed in 4% paraformaldehyde for 24 h. The method of histological examination referred to that in Li et al. (25). Images were collected by using the CaseViewer 2.4 software (3DHISTECH Ltd., Budapest, Hungary). The villus height and crypt depth were determined by ImageJ software.



Immunohistochemistry

The small intestine tissues were paraffin−embedded and cut into slices with a thickness of 4 µm. The slides were dewaxed, dehydrated, and then underwent antigen retrieval. The endogenous peroxidases were blocked with 3% H2O2 for 15 min at room temperature. The samples were incubated overnight at 4°C with a CD4 mouse-anti-chicken primary antibody (catalog number 8210-26, Southern Biotech; 1:2,000). After three washes, the samples were incubated with a goat-anti-mouse secondary antibody (Beyotime, Beijing, China) for 30 min at 37°C. Visualization was performed by using 3,3′-diaminobenzidine solution. After washing, the tissues were counterstained with hematoxylin (26).



16S rRNA gene sequencing

At 14 days after the S. Enteritidis challenge, the cecal contents of chicken were collected in tubes and stored at -80°C for further analysis. The cecal contents from five chicken in each replicate were also mixed in equal proportions into one sample (27) to make the microbiome correspond to the phenotypic indicators and serum indices. The total DNA was extracted by using the Omega Bio-tek stool DNA kit (Omega, Norcross, GA, USA) following the manufacturer’s instructions. The V3–V4 region of the 16SrRNA gene was amplified with 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR products were recovered by 2% agarose gel, purified using AxyPrep DNA Gel Extraction Kit (AxygenBiosciences, Union City, CA, USA), and quantified with QuantiFluor™-ST (Promega, USA). The purified PCR products were sequenced on the Illumina MiSeq PE300 platform (Shanghai MajorBio Biopharma Technology Co., Ltd., Shanghai, China).



Statistical analysis

The data were analyzed by using GraphPad Prism, version 7.01 (GraphPad Software, Inc., CA, USA). The results were analyzed by two-way ANOVA, followed by Duncan’s multiple comparison when the data were in Gaussian distribution. Otherwise, the Kruskal–Wallis test, followed by Duncan’s multiple comparison, was used for non-normally distributed data. The data were presented as mean ± SEM. P <0.05 was considered as significantly different.

The alpha-diversity of the microbiome was calculated by sampling-based OUT analysis by using the MOTHUR program (version v.1.30.1). The beta diversity of the microbiome was displayed by a principal coordinate analysis (PCoA), which was conducted based on the Bray–Curtis distance using QIIME (version 1.17). The difference of bacterial genera that were predominant in bacterial communities among different treatment groups was identified by linear discriminant analysis effect size (LEfSe).




Results


Effects of different SE sources on the laying performance of laying hens challenged with S. Enteritidis

During the 8-week normal feeding period, no differences of laying performance were observed among the different treatment groups (P > 0.05) (Table 1). As shown in Table 2, the egg production rate and egg mass at 0−3 and 4−7 days were reduced markedly, and the feed-to-egg ratio at 4−7 days was increased after the S. Enteritidis challenge (P < 0.05). In addition, compared to IS, SYC supplementation significantly increased the egg production rate from 8 to 14 days after the S. Enteritidis challenge (P < 0.05). There were no differences in the mean weight of eggs and average feed intake of laying hens during 0−3, 4−7, and 8−14 days among different treatment groups (P > 0.05).


Table 1 | Effects of different selenium sources in diets on the performance of layers before challenge by S. Enteritidis.




Table 2 | Effects of different selenium sources in diets on the performance of layers challenged by S. Enteritidis.





Effects of different SE sources on the egg quality of laying hens challenged with S. Enteritidis

As demonstrated in Table 3, the S. Enteritidis challenge had no significant effect on eggshell strength, egg yolk color, egg yolk percent, and eggshell thickness at 3, 7, and 14 days (P > 0.05). The egg Haugh unit on day 3 was significantly reduced after the S. Enteritidis challenge (P < 0.05). However, YS supplementation significantly increased the egg yolk color compared to IS (P < 0.05), SYC supplementation significantly increased the egg yolk percent at 7 and 14 days, and IS increased the eggshell thickness at 7 days after the S. Enteritidis challenge compared to CON (P < 0.05).


Table 3 | Effects of different selenium sources in diets on the quality of eggs challenged by S. Enteritidis.





Effects of different SE sources on the serum antioxidant status of laying hens challenged with S. Enteritidis

As shown in Figure 2, the serum GSH-Px at 7 days in the IS group was significantly higher than that in the IS+SE group (P < 0.05). The GSH-Px at 14 days in the IS group was significantly higher than that in CON, YS, and IS+SE groups (P < 0.05 and P < 0.001), and the GSH-Px in the SYC+SE group was significantly higher than that in the IS+SE group (P < 0.05). There was no obvious difference in the serum SOD of laying hens among the eight groups at 3, 7, and 14 days after the challenge with PS or S. Enteritidis (P > 0.05); however, the serum MDA at 7 days in the CON+SE group was significantly increased compared to that in the CON group (P < 0.05).




Figure 2 | Effects of dietary supplementation with different Se sources on the serum antioxidant status of layers challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; PS, challenged with physiological saline solution; SE, challenged with S. Enteritidis. The levels of serum GSH-Px, SOD, and MDA were measured among different periods and treatments (A–I). The data were presented as mean ± SEM. Significance was compared with every other group; *P < 0.05, ***P < 0.001.





Effects of different SE sources on serum Salmonella-specific antibody titers of laying hens challenged with S. Enteritidis

As shown in Figure 3, the level of Salmonella-specific antibody (SA) titers at 3 days in the YS+SE group was significantly higher than that in the YS group (P < 0.05); however, no obvious difference was observed among the other groups (P > 0.05). The SA titers at 7 days in the CON+SE, IS+SE, and YS+SE groups were significantly higher than those in the CON, IS, and YS groups (P < 0.001), and the titer in SYC+SE was significantly lower than those in the CON+SE, IS+SE, and YS+SE groups (P < 0.001). The SA titers at 14 days in the four groups challenged with S. Enteritidis were significantly higher than those in the four groups challenged with PS (P < 0.05, P < 0.01, and P < 0.001), and the titers in the IS+SE group were significantly decreased compared to that in the CON+SE group (P < 0.05).




Figure 3 | Effects of dietary supplementation with different Se sources on serum Salmonella-specific antibody titers of layers challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; PS, challenged with physiological saline solution; SE, challenged with S. Enteritidis. The titers were measured among different periods and treatments (A–C). When the antibody titer was >754, the immune status of Salmonella is positive, and when the antibody titer was ≤754, the immune status of Salmonella is negative. The data were presented as mean ± SEM. Significance was compared with every other group; *P < 0.05, **P < 0.01", ***P < 0.001.





Effects of different SE sources on the immune response of laying hens challenged with S. Enteritidis

As shown in Figure 4, there was no obvious difference in the serum IgA of laying hens among the eight groups at 3, 7, and 14 days after the challenge with PS or S. Enteritidis (P > 0.05) (Figures 4A–C). The serum IgG in the SYC group was significantly higher than those in the CON, IS, and YS groups (P < 0.05). However, compared to SYC, the serum IgG at 14 days was significantly decreased in the SYC+SE group (P < 0.05) (Figure 4F). The serum IgM at 3 days in CON+SE was significantly decreased compared to that in CON (P < 0.05) (Figure 4G). The serum IgM at 14 days in YS+SE was significantly decreased compared to that in YS (P < 0.05) (Figure 4I). The serum IL-1β at 3 days in CON+SE was significantly higher than that in CON (P < 0.05) (Figure 4J). The serum IL-2 at 7 days in all groups challenged with S. Enteritidis was significantly higher than those challenged with PS (P < 0.05) (Figure 4N); however, only SYC+SE had significantly increased serum IL-2 at 14 days compared to SYC (P < 0.05) (Figure 4O). The serum IL-6 at 3 days in the CON, YS, and SYC groups of S. Enteritidis challenge was significantly higher than those challenged with PS (P < 0.05). IL-6 in SYC+SE was also significantly increased compared to that in the IS+SE group (P < 0.05) (Figure 4P). After the challenge with S. Enteritidis, the level of IL-6 at 14 days in IS+SE was significantly higher than those in the IS and SYC+SE groups (P < 0.05) (Figure 4R). The serum INF-γ at 3 days in SYC+SE was remarkably increased compared to that in the YS+SE group (Figure 4S), and the serum INF-γ at 7 days in SYC+SE was significantly higher than that in SYC group (P < 0.05) (Figure 4T). In addition, S. Enteritidis infection caused blue round particles in the lamina propria, which means that the infiltration of inflammatory cells is obvious. Se supplementation reduced the inflammatory cell infiltration in the lamina propria (Figure 5).




Figure 4 | Effects of dietary supplementation with different Se sources on the serum parameters of layers challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; PS, challenged with physiological saline solution; SE, challenged with S. Enteritidis. The levels of serum IgA, IgG, IgM, IL-2, Il-6, IL-β, and INF-γ were measured among different periods and treatments (A–U). The data were presented as mean ± SEM. Significance was compared with every other group; *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 5 | Effects of dietary supplementation with different Se sources on the small intestine immunoexpression of CD4 of laying hens challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; SE, challenged with S. Enteritidis. Immunohistochemistry; total magnification ×400.





Effects of different SE sources on the small intestine morphology of laying hens challenged with S. Enteritidis

The histopathological changes of the small intestine are shown in Figure 6 to analyze the effects of Se supplementation on the intestinal morphology of layers after the S. Enteritidis challenge. Hematoxylin–eosin (H&E) staining suggested that the morphology of the duodenum, jejunum, and ileum was destroyed by the S. Enteritidis challenge, as revealed by crypt atrophy and the adhesion or fusion of villi, whereas Se supplementation could alleviate the degree of intestinal damage caused by the S. Enteritidis challenge, which was demonstrated by the increase in villus height and the ratio of villi and crypt while the crypt depth of the duodenum, jejunum, and ileum decreased (P < 0.05) (Figure 7).




Figure 6 | Effects of dietary supplementation with different Se sources on the small intestine histomorphology of laying hens challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; PS, challenged with physiological saline solution; SE, challenged with S. Enteritidis. Hematoxylin and eosin staining of the duodenum, jejunum, and ileum of hens (bar = 500 μm).






Figure 7 | Effects of dietary supplementation with different Se sources on histomorphological measurements in the duodenum, jejunum, and ileum of hens challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; PS, challenged with physiological saline solution; SE, challenged with S. Enteritidis. (A–I) The villus height, the crypt depth, and the villus/crypt ratio were measured randomly in each sample from different groups. The data were presented as mean ± SEM. Significance was compared with every other group; *P < 0.05, **P < 0.01, ***P < 0.001.





Effects of different SE sources on the gut microbial composition of laying hens challenged with S. Enteritidis

High-throughput 16S rRNA gene sequencing was conducted to investigate whether Se supplementation would affect the gut microbial composition in laying hens challenged with S. Enteritidis. As shown in Figure 8, significant differences were observed in alpha diversity among different groups, including Ace and Sobs. Compared to IS, the Ace and Sobs in the YS and SYC groups were significantly increased (P < 0.05). The Ace and Sobs in the YS+SE group were significantly higher than that in the CON+SE group (P < 0.05).




Figure 8 | Effects of dietary supplementation with different Se sources on the alpha diversity of the cecal microbiota in layers challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; CON+SE, IS+SE, YS+SE, and SYC+SE mean CON, IS, YS, and SYC challenged with S. Enteritidis, respectively. (A, E) Ace index of OUT level, (B, F) Chao index of OUT level, (C, G) Shannon index of OUT level, and (D, H) Sobs index of OUT level. The data were presented as means ± SEM. Significance was compared with every other group; *P < 0.05, **P < 0.01.



A PCoA was conducted to evaluate the differences among different groups. Our results suggested that Se supplementation and S. Enteritidis infection would not alter the β diversity of the gut microbial composition (Figures 9A–F). The most abundant cecal microbiota composition among different groups was revealed by phylogenetic analysis. At the phylum level, Bacteroidota, Firmicutes, Desulfobacterota, Proteobacteria, Campilobacterota, Fusobacteriota, and Deferribacterota were dominant (Figure 9G). The predominant genera were Bacteroides, unclassified_o:Bacteroidales, Rikenellaceae_RC9_gut_group, norank_f:norank_o:Clostridia_UCG-014, Lactobacillus, Faecalibacterium, unclassified_f:Lachnospiraceae, Phascolarctobacterium, norank_f:norank_o:RF39, Desulfovibrio, Ruminococcus_torques_group, Alistipes, Parabacteroides, and so on (Figure 9H).




Figure 9 | Effects of dietary supplementation with different Se sources on the principal coordinate analysis (PCoA) and the relative abundance in the cecal microbiota of laying hens challenged with S. Enteritidis. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; CON+SE, IS+SE, YS+SE, and SYC+SE mean CON, IS, YS, and SYC challenged with S. Enteritidis, respectively. (A) PCoA in the CON, IS, YS, and SYC groups. (B) PCoA in the CON+SE, IS+SE, YS+SE, and SYC+SE groups. (C) PCoA in the CON and CON+SE groups. (D) PCoA in the IS and IS+SE groups. (E) PCoA in the YS and YS+SE groups. (F) PCoA in the SYC and SYC+SE groups. (G) Relative abundance of gut microbiota at the phylum level. (H) Relative abundance of gut microbiota at the genus level.



As shown in Figure 10, the specific bacterial taxa associated with different Se sources and S. Enteritidis treatments were identified using LEfSe (LDA score > 2.0). Se supplementation increased the abundance of gut microbial composition before or after the challenge with S. Enteritidis (Figures 10A, B). Compared to the CON, the relative abundance of Butyricimonas and Brachyspira was significantly increased, and the relative abundance of unclassified_f:Tannerellaceae, norank_f:UCG_010, norank_f:Barnesiellaceae, Clostridium_innocuum_group, Coprobacter, CAG_352, norank_f:norank_o:norank_c:Clostridia, Lachnospiraceae_UCG_002, and Bifidobacterium, respectively, was significantly decreased in the CON+SE group (Figure 10C). The dominant bacteria of the IS group were unclassified_o:Bacteroidales, Clostridium_sensu_stricto_1, and Paraprevotella, while the dominant bacteria in the IS+SE group were Shuttleworthia, Lachnospiraceae_UCG_002, unclassified_f:Paludibacteraceae, unclassified_p:Firmicutes, and unclassified_o:Erysipelotrichales (Figure 10D). The dominant bacteria in the YS group were also unclassified_o:Bacteroidales, unclassified_f:Tannerellaceae, Barnesiella, Alcaligenes, Ochrobactrum, Aquabacterium, Ralstonia, and so on, while the dominant bacteria in the YS+SE group were Shuttleworthia, norank_f:norank_o:norank_c:norank_p:WPS_2, unclassified_f:Barnesiellaceae, Lachnoclostridium, and Helicobacter (Figure 10E). In addition, the dominant bacteria in the SYC group were unclassified_f:Tannerellaceae, Megasphaera, unclassified_f:Eggerthellaceae, Shewanella, CHKCI002, Ochrobactrum, Arthrobacter, and so on, while the dominant bacteria in the SYC+SE group were Phascolarctobacterium, DEV114, Intestinimonas, and Tyzzerella (Figure 10F).




Figure 10 | Differentially abundant genera in the gut microbiota of layers among different treatments. CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; CON+SE, IS+SE, YS+SE, and SYC+SE mean CON, IS, YS, and SYC challenged with S. Enteritidis, respectively. (A) LEfSe analysis of the gut microbiota in the CON, IS, YS, and SYC groups. (B) LEfSe analysis of the gut microbiota in the CON+SE, IS+SE, YS+SE, and SYC+SE groups. (C) LEfSe analysis of the gut microbiota in the CON and CON+SE groups. (D) LEfSe analysis of the gut microbiota in the IS and IS+SE groups. (E) LEfSe analysis of the gut microbiota in the YS and YS+SE groups. (F) LEfSe analysis of the gut microbiota in the SYC and SYC+SE groups.





Effects of dietary supplementation with different SE sources on the difference of the gut microbiota and its correlation with the antioxidant and the immunity of laying hens challenged with S. Enteritidis

Spearman correlation was performed to predict the correlation among the intestinal microbial communities and the antioxidant and immunity of laying hens 14 days after the challenge with PS or S. Enteritidis. As shown in Figure 11A, at 14 days after the challenge with PS, Lactobacillus was negatively correlated with MDA and Christensenellaceae_R-7_group was positively correlated with IgA, but Rikenellaceae_RC9_gut_group was negatively correlated with IgA (P < 0.05). Erysipelatoclostridium, Lachnoclostridium, Fournierella, Streptococcus, Fusobacterium, Barnesiella, Alistipes, and Faecalibacterium were positively correlated with IgG (P < 0.05), while Rikenellaceae_RC9_gut_group was negatively correlated with IgG (P < 0.05). Barnesiella was positively correlated with IL-1β (P < 0.05), Colidextribacter, Shuttleworthia, and Ruminococcus_torques_group were positively correlated with IL-2 (P < 0.05), Alloprevotella, Butyricicoccus, and Shuttleworthia were positively correlated with IL-6 (P < 0.05), while Parasutterella and NK4A214_group were negatively correlated with INF-γ (P < 0.05).




Figure 11 | Effects of dietary supplementation with different Se sources on the difference of the gut microbiota and its correlation with the antioxidant and immunity of laying hens at 14 days after the challenge with physiological saline solution (A) or S. Enteritidis (B). Asterisks indicate significant correlations: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Blue represents a significantly positive correlation (p ≤ 0.05), red represents a significantly negative correlation (p ≤ 0.05), and white represents no significant correlation (p > 0.05). SA, Salmonella-specific antibody.



As shown in Figure 11B, at 14 days after the challenge with S. Enteritidis, Fusobacterium was positively correlated with GSH-Px (P < 0.05) and Ruminococcus_torques_group and Faecalibacterium were negatively correlated with MDA. On the contrary, Rikenellaceae_RC9_gut_group was positively correlated with MDA (P < 0.05). Parabacteroides was negatively correlated with IgA, and Lactobacillus was negatively correlated with IgG and IgM (P < 0.05). Campylobacter and Desulfovibrio were positively correlated with IL-1β (P < 0.05). Parasutterella and Phascolarctobacterium were positively correlated with IL-2. On the contrary, Prevotellaceae_UCG-001 was negatively correlated with IL-2 (P < 0.05). Lachnoclostridium, GCA-900066575, Shuttleworthia, and Ruminococcus_torques_group were positively correlated with IL-6 (P < 0.05), while Fusobacterium and Phascolarctobacterium were negatively correlated with IL-6 (P < 0.05).




Discussion

S. Enteritidis was one of the major factors that affected laying performance for a long time. Previous studies have shown that the S. Enteritidis infection of laying hens reduced their feed intake, egg production rate, and body weight (28), which may be related to the colonization of Salmonella in the gut (29), disrupting the composition of gut microbiota (30), which, in turn, destroyed the gut barrier function and induced inflammation (31). In addition, oxidative stress is often accompanied by inflammation. When the body was infected by external pathogens, it activated the immune system to clear the infection, and this progress also generated oxidative stress (32). Oxidative stress is mainly manifested as a decrease in antioxidant capacity, such as a decrease in the concentration of antioxidant enzymes such as T-SOD and GSH-PX, an increase in the concentration of MDA, and a further increase in the degree of lipid peroxidation (33). Liu et al. reported that S. Enteritidis infection significantly increased the level of MDA in the serum of laying hens, further causing oxidative stress (10). Se is an essential trace element and involved in the composition of several metabolic enzymes, such as glutathione peroxidase (GSH-Px) and type I iodothyronine deiodinase (34, 35), and plays a critical role in the application of GSH in resisting the oxidation of host cells (34). A previous study reported that both organic and inorganic Se supplementation could alleviate the heat stress-induced oxidative stress of layers, including increasing the serum concentration of GSH-Px and decreasing the MDA content (15). Se supplementation could increase the effectiveness of immune function through increasing the T cell response, mainly improving IL-2 receptor expression, and prevented immune cells from damage induced by oxidative stress (32). In our study, the S. Enteritidis challenge obviously increased the level of MDA, IL-2, IL-6, IL-β, and INF-γ and decreased the level of GSH-Px, IgG, and IgM, further disrupting the intestinal barrier and the balance of the intestinal flora, while Se supplementation alleviated these changes. Therefore, Se supplementation has the potential to be used in alleviating Salmonella infection in the production practice of laying hens.

It was worth noting that Salmonella infection did not cause changes in the apparent quality and freshness of eggs (4). In the present study, we have found that 109 CFU S. Enteritidis challenged for 3 days had no significant effect on the egg quality and laying performance of layers. Fan et al. reported that the dietary supplementation of 108 CFU S. Enteritidis had no significant effect on the egg quality and production performance of layers, which was consistent with our study. However, it deposited in the tissues and organs of layers, infected the forming eggs, and increased the serum levels of ALT and AST (36). Although Salmonella does not affect the performance of birds, the infected Salmonella can continue to colonize the cecum and spread to other flocks as they grow (29). Thus, more attention should be paid to the detection of microorganisms in birds to prevent foodborne infections.

CD4 T cells play a critical role in immune protection by recruiting neutrophils, eosinophils, and basophils to the site of infection and responding to a full range of immune responses by producing cytokines and chemokines when the body was infected (37). Previous studies have reported that Salmonella infection activated the immune system of the host to conduct a series of immune responses (10, 38). Different cytokines that play important roles in regulating the body’s immune responses resist Salmonella infection. The invasion of Salmonella onto intestinal epithelial cells caused the secretion of pro-inflammatory cytokines such as IL-6, IL-8, and IFN-γ, which induced systemic inflammation by recruiting immune cells (39, 40). In the present study, systemic inflammation was observed after S. Enteritidis infection, including significantly decreased IgM and an increased number of CD4 T cells and the level of IL-1β, IL-2, and IL-6, while IS, YS, and SYC supplementation reversed those changes in IgM, CD4 T cells, and IL-β. SYC also markedly increased the level of IgG compared to CON, IS, and YS. In addition, the level of IL-6 in SYC+SE was significantly higher than that in IS+SE, which is in line with a previous study suggesting that Se supplementation could increase the levels of IgM and IgG of birds, further increasing host immunity (41).

A specific antibody against Salmonella plays an important role in host resistance to Salmonella infection and directs the clearance of Salmonella infection (42). In the present study, we found that S. Enteritidis infection significantly increased the specific antibody against Salmonella in peripheral serum during the pre-middle period of infection. In line with this outcome, a previous study has reported that Salmonella infection can induce high levels of anti-Salmonella-specific antibodies in chickens (43). In addition, the present study found that dietary supplementation of organic selenium and inorganic selenium decreased the anti-Salmonella-specific antibodies to varying degrees in the middle and late stages of infection. The amount of a specific antibody produced is proportional to the antigen content in the body. Lower levels of a specific antibody in the peripheral serum in the middle and late stages of infection were found in S. Enteritidis-infected layers fed with different Se sources, indicating that Se either directly inhibited the growth of Salmonella and killed it or SE stimulated the production of anti-Salmonella-specific antibodies, further decreasing the load of Salmonella in layers. The result suggested that both organic and inorganic Se supplementations could protect against Salmonella infection by regulating specific humoral immunity.

As we all know, the small intestine is the main site of nutrient absorption and the body’s first barrier against external substances. It plays a critical role in maintaining gut homeostasis and keeping it healthy (44). Villus height and crypt depth—or the ratio of both (V/C)—were important indicators of intestinal function and maturity. An increase in villus height and V/C ratio indicated a healthy gut and better nutrient absorptive capacity. Conversely, with villus height becoming lower, the intestinal absorptive capacity becomes weaker (45–47). In the present study, S. Enteritidis infection significantly destroyed the villi and crypt of the small intestine, which were evidenced by crypt atrophy and villus adhesions. Interestingly, the addition of Se markedly increased the villus height and the ratio of villus and crypt and decreased the crypt depth of the small intestine of laying hens, which further alleviated the damages caused by S. Enteritidis infection. Thus, these results suggested that the integrity barrier of the duodenum, jejunum, and ileum of layers was destroyed by S. Enteritidis infection, whereas the supplementation of Se alleviated these changes through improving the immune response.

The intestinal flora constituted the intestinal microbial barrier, and a stable intestinal microbial barrier was essential in the digestion and absorption of nutrients and the maintenance of homeostasis in the intestinal environment (48). In the present study, both different organic Se supplementations (YS and SYC) and S. Enteritidis infection altered the gut microbial diversity, which was revealed by variations in α diversity, β diversity, and specific bacteria that occurred in different groups. In line with this outcome, a previous study has reported that, in 1-day-old chicks challenged with Salmonella, the diversity of the cecal microbiota was markedly decreased (49). Dietary Se supplementation also notably increased the α diversity and β diversity of microbiota in mice (50, 51). The changes of Salmonella to the gut microbial composition may be associated with the interaction between pathogen and commensal microbiota or the host mucosal immune response to pathogens or a combination of both of them (52). In addition, according to the LEfSe analyses, the microbial composition of layers was altered by both Se supplementation and S. Enteritidis infection. S. Enteritidis infection significantly decreased the relative abundance of microbial composition, which indicated that the gut homeostasis was disrupted and certain diseases may occur (53, 54), while Se supplementation reversed these negative effects. S. Enteritidis infection also significantly decreased the abundance of Lachnospiraceae and Clostridium, which could utilize dietary carbohydrate and fiber metabolism to produce butyric acid, regulating both energy metabolism and the immune response of intestinal epithelial cells (55, 56). Butyric acid stimulated the intestinal cells to produce antimicrobial peptide substances that helped to resist the invasion and colonization of Salmonella, inhibiting the occurrence of intestinal inflammation and protecting intestinal health (57, 58). In addition, in the present study, YS and SYC supplementation markedly increased the abundance of Barnesiella. A previous study has reported that Barnesiella was able to clear the intestinal colonization of highly antibiotic-resistant bacteria (59). YS also increased the abundance of Bacteroidales, which was considered as an intestinal beneficial bacterial, which can increase immune function and improve intestinal health (60). Collectively, S. Enteritidis infection decreased the composition of intestinal microbiota, while Se supplementation could reverse these negative effects by increasing the relative abundance of microbes associated with anti-inflammation, further increasing intestinal homeostasis.



Conclusion

In conclusion, the present study suggested that selenium (Se) supplementation significantly increased egg production to resist the adverse effects caused by the S. Enteritidis challenge. These results also revealed that Se administration could alleviate the intestinal histopathologic damage caused by S. Enteritidis infection. In addition, S. Enteritidis infection significantly decreased the level of GSH-Px and IgM and increased the level of MDA, IL-1β, and Salmonella-specific antibody. However, Se addition reversed these outcomes. Moreover, yeast Se and selenium-enriched yeast culture supplementation maintained intestinal homeostasis through increasing the relative abundance of microbiota related to anti-inflammation, further alleviating the damage caused by S. Enteritidis infection.
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There are no licensed therapeutics or vaccines available against porcine delta coronavirus (PDCoV) to eliminate its potential for congenital disease. In the absence of effective treatments, it has led to significant economic losses in the swine industry worldwide. Similar to the current coronavirus disease 2019 (COVID-19) pandemic, PDCoV is trans-species transmissible and there is still a large desert for scientific exploration. We have reported that selenomethionine (SeMet) has potent antiviral activity against PDCoV. Here, we systematically investigated the endogenous immune mechanism of SeMet and found that STAT3/miR-125b-5p-1/HK2 signalling is essential for the exertion of SeMet anti-PDCoV replication function. Meanwhile, HK2, a key rate-limiting enzyme of the glycolytic pathway, was able to control PDCoV replication in LLC-PK1 cells, suggesting a strategy for viruses to evade innate immunity using glucose metabolism pathways. Overall, based on the ability of selenomethionine to control PDCoV infection and transmission, we provide a molecular basis for the development of new therapeutic approaches.
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Introduction

PDCoV is a novel porcine enteropathogenic coronavirus that infects intestinal epithelial cells and causes vomiting, diarrhea, dehydration and death in sows and piglets (1–3). It was first detected in Hong Kong in 2012 and its infection has subsequently been reported worldwide, posing a considerable threat to the global pig industry (4–12). In addition, recent reports have shown that chickens and calves are also susceptible to PDCoV (13, 14), and even humans are susceptible (15), indicating that the novel virus has the possibility of cross-species transmission. However, there is no specific treatment for PDCoV infection, and prevention and treatment of PDCoV infection is an urgent problem.

Selenium is an essential trace element for plants and mammals (16). Generally speaking, selenium is classified into two types: inorganic and organic selenium. Compared to inorganic selenium, organic selenium is the most valuable type of selenium intake because it is more biologically active and less toxic than inorganic selenium, as well as being more readily absorbed and utilized by living organisms and abundant in variety (17). Selenomethionine (SeMet), the main chemical form of organic selenium in cereal diets, acts as a selenium-containing amino acid by itself or as a selenium-derived donor involved in selenoprotein synthesis for its antioxidant, immunomodulatory and antiviral effects (18–23). Previous studies found that knockdown of glutathione peroxidase 1 (GPx1) in selenoprotein promoted PCV2 replication and reversed the ability of SeMet to block hydrogen peroxide (H2O2)-induced PCV2 replication (20). Furthermore, in addition to these functions, selenium also affects the metabolic levels of the body. In mouse models, mice with either selenoprotein deficiency or high selenium levels exhibit dysregulated glucose homeostasis as well as insulin resistance (24, 25).

STAT3 was originally identified as an acute phase response factor and is a member of the signal transduction and transcriptional activator family (26, 27). At the transcriptional level, it is well known for regulating the transcription of target genes for various biologically important functions, such as energy metabolism, cell differentiation and immune response (28). Abnormal STAT3 function is commonly associated with disease development including viral development. For example, the X protein of HBV induces STAT3 phosphorylation (Y705) via JAK1 and downregulates the expression of miRNA let-7a, a negative regulator of STAT3, thereby promoting p-STAT3 dimer-specific binding to the core structural domain of HBV enhancer 1 and inducing viral gene expression (29–31).

miRNAs consist of a class evolutionarily conserved, endogenous non-coding small RNAs of approximately 9-24 nt in length (32). miRNAs function as post-transcriptional regulators of gene expression by acting on complementary target sequences in the mRNA-3’UTR to cleave mRNAs or repress protein translation (33). miRNAs redefine the ability of host-virus interactions is an emerging concept. For example, miR-144 can target and inhibit TRAF6 levels, impairing IRF7-mediated antiviral signalling and leading to dysregulation of antiviral gene expression in the host, thereby enhancing influenza A virus (IAV) replication (34).

Host cells possess the energy and molecular precursors required for viral infection and are the ‘viral factories’ that supply the resources for processing. It has been shown that HK2, a key rate-limiting enzyme of glycolysis, is involved in the activation of retinoic acid-inducible gene-I like receptors (RLRs) mediated innate immune signalling (35), and that hepatitis B virus can use HK2 to inhibit RLRs signalling and thus achieve immune escape (36). It is from the perspective of HK2 regulation of innate immune signaling that our experiment explores the molecular mechanism of SeMet inhibiting PDCoV replication. Our results show that HK2 promotes PDCoV replication in LLC-PK1 cells, while SeMet inhibits PDCoV replication by reducing HK2 expression. Further analysis at the transcriptional level revealed that STAT3/miR-125b-5p-1 is an intermediate link in the regulation of HK2 levels by SeMet and a key mechanism for SeMet inhibiting PDCoV replication.



Materials and methods


Reagents and antibodies

Antibodies for NF-κB p65 (#6956), p-NF-κB p65 (#3033) and β-Actin (#4970) (Cell Signaling Technology), p-TBK1 (#AF8190) and p-STAT3 (#AF3293) (Affinity Biosciences), STAT3 (#GB12176, Servicebio), HK2 (#22029-1-AP) and IRF3 (#11312-1-AP) (Proteintech Group), p-IRF3 (#MA5-14947, Invitrogen), TBK1 (#ab227182), Goat Anti-Rabbit IgG H&L (HRP) (#ab6721) and Rabbit Anti-Mouse IgG H&L(HRP) (#ab6728) (Abcam) were used for blotting. The anti-PDCoV-N antibodies were prepared in our laboratory. The Alexa Fluor 488-conjugated goat anti-mouse (#4408S) was purchased from Cell Signaling Technology. The STAT3 inhibitor static (#HY-13818) was purchased from Med Chem Express. The selenomethionine (SeMet) (#S3132) was purchased from Sigma. The miR-9-5p mimic, miR-125b-5p-1 mimic, and miR-125b-5p-1 inhibitor were purchased from Gene Pharma.



Cell culture and virus

The PDCoV strain-HNZK-04 (GenBank accession number MH708124) was isolated and identified by the laboratory and propagated in porcine kidney proximal tubular epithelial cell line (LLC-PK1, ATCC CL-101). LLC-PK1 cells were cultured at 37°C in 5% CO2 minimum essential medium (MEM, Solarbio) containing 8% fetal bovine serum (FBS, Gibco), 1% HEPES (Solarbio) and 1% MEM-nonessential amino acids (NEAA, Solarbio). Passage 34 (P34) of PDCoV HNZK-04 was cultured in MEM supplemented with 1% HEPES and 3 μg/mL trypsin (Sigma).



Plasmids construction and transformation

The sequence of pcDNA3.1(+)-EGFP/RFP containing cloned HK2 gene (NM_001122987.1) or STAT3 gene (NM_001044580.1) were designed and ordered from the Wuhan Gene Creat, China. The pcDNA3.1-HK2/STAT3 include Neomycin resistance gene as a known selectable marker of stable mammalian transfectants and β-lactamase (the Ampicillin resistance gene) as the selectable marker in the properly transformed prokaryotic hosts, and eucaryote expression vector pcDNA3.1 (+) and target products were digested with NheI and EcoRI. TOP10 competent cells were thawed on ice, then plasmid DNA was added, mixed gently, and the mixture incubated on ice for 30 min. Cells were then transferred to a 42°C water bath for 90 sec, then placed on ice for a further 2 min. Sterile SOC liquid medium (200 µL, Solarbio) without antibiotic was added, and the mixture was incubated for 45 min at 37°C in a shaker at 220 rpm/min to recover the cells. Cells were plated on solid LB containing agar and 50 mg/mL ampicillin (Sangon Biotech) and incubated at 37°C for 12–16 h. Single colonies were then picked into 100 mL LB and incubated at 37°C for 16 h in a shaker at 220 rpm/min.



siRNA-mediated silencing

LLC-PK1 cells [2×10 (5)] were seeded in 24-well plate for each well and allowed to grow for 12 hours. Then, cells were transfected with transfection reagent Lipofectamine 3000 (Invitrogen, #L3000015) and siRNA (HK2 and STAT3) or scrambled siRNA (siRNA-negative control, NC), Lipofectamine 3000: 3μL, 20μmol/L siRNA: 1.5μL for each well for 24 hours. The siRNA sequences are shown in Supplementary Table S1.



Quantitative real-time PCR

Total RNA of cells was extracted using Trizol reagent (Takara), according to the manufacturer’s protocol. After reverse transcription by using TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR kit (Transgen) or Hairpin-it microRNAs RT reagent Kit (GenePharma), cDNAs were quantified in CFX Connect Real-Time PCR Detection System (BIO-RAD). Relative gene expression levels were calculated using the formula 2-(ΔΔCt) (with β-actin or U6 used as the reference gene) and normalized as indicated. The information of primers are all listed in Supplementary Table S1.



Luciferase reporter assays

Luciferase constructs were generated by cloning porcine 3’UTR of HK2 (NM_001122987, 2941-3118 nt), HK2 promotor (NC_010445, -967 to -768 bp relative to the transcription start site), or miR-125b-1 promotor (NC_010451, -1059 to -1258 bp relative to the transcription start site) of firefly luciferase. Wild type and mutant miR-125b-5p-1 target sequences in the 3’UTR of HK2 were generated by containing predicted interaction sites, and cloning directly into the pmirGLO vectors. Similarly, wild type and mutant STAT3 target sequences in the HK2 or miR-125b-1 promotors were cloned into the pGL3 vectors. The cells were collected 48 hours after co-transfected with pmirGLO-HK2 and miR-125b mimic, pcDNA3.1-STAT3 and pGL3-HK2, as well as pcDNA3.1-STAT3 and pGL3-miR-125b-1 using Lipofectamine 2000 (Invitrogen). The luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega). The results are expressed as relative luciferase activity (firefly luciferase/renilla luciferase).



Western immunoblotting

For the western blotting of the total lysates, we lysed cells in RIPA buffer (Servicebio) supplemented with phosphatase and protease inhibitors (Servicebio), which in turn subjected the lysates to protein quantification (Beyotime). The lysates were immunoblotted, electrophoresed on SDS-PAGE, transferred to PVDF membranes (Millipore), and probed with various antibodies. Chemiluminescent signals were detected by ChemiScope 6300 Touch (CLINX). Protein quantification was performed by Image J (NIH).



Immunofluorescence assay

Cells were fixed with 4% paraformaldehyde at room temperature for 20 minutes and washed with PBS three times. Cells were permeated with 0.05% Triton-x100 for 20 min and then washed with PBS three times. Cells were blocked (5% BSA sealing fluid) for 30 min and incubated with anti- PDCoV- N antibody for 12 hours at 4°C. Cells were then washed with PBS three times and incubated with FITC- conjugated secondary antibody for 30 min at 37°C. Thereafter, cells were incubated with 4′,6- diamidino- 2- phenylindole (DAPI, Solarbio) for 10 minutes after washing with PBS three times. The cells were examined using fluorescence microscope (Nikon).



Statistical analysis

All of the statistical data are presented as the mean ± s.e.m. Differences between mean values of normally distributed data were assessed by the one-way ANOVA test and Student’s t-test. Statistical difference was accepted at P < 0.05. The software used are Excel (Microsoft Corporation), SPSS 25.0 software (SPSS Inc.), and Prism 8.0 (GraphPad Software Inc.).




Results


SeMet inhibits the infectivity of PDCoV

Previous assays obtained that no differences in cell morphology compared with control cells were observed cells at the maximum safe concentration with 256 μM of SeMet (data not shown). To evaluate whether SeMet inhibits PDCoV replication, LLC-PK1 cells were infected with PDCoV at 100 TCID50 for 1.5 h and treated with 2-256 μM of SeMet for 48 h. The relative mRNA expression was detected by real-time quantitative PCR (qPCR). Treatment with 6.25-150 μM SeMet inhibited viral mRNA levels (Figure 1A), while treatment with 200-256 μM SeMet infected with PDCoV for 48 h resulted in almost no viable cells. IFA assays showed that the fluorescence signal was reduced in a dose-dependent manner following treatment of PDCOV-infected LLC-PK1 cells with 6.25-150 μM SeMet (Figure 1B). This indicated that SeMet significantly inhibited PDCoV replication in a dose-dependent manner, and we selected 150μM SeMet for further studies in subsequent assays.




Figure 1 | SeMet inhibits the infectivity of PDCoV. (A) LLC-PK1 were infected with PDCoV (100 TCID50 = 10-2.15) for 1.5 h and treated with 0~150 μM of SeMet. Cells were collected after 48 h for qRT-PCR of viral M gene (n=6). (B) At 48 h treatment with SeMet, PDCoV (100 TCID50) replication in LLC-PK1 cells was determined by indirect immunofluorescence assay (IFA). (C) LLC-PK1 cells were infected with PDCoV for 1.5 h and treated with SeMet (150 μM) for 6, 24, and 48 (h) Expression level of viral mRNAs was analyzed by qRT-PCR (n=6). (D) At 6~48 h treatment with SeMet, PDCoV replication in LLC-PK1 cells was determined by IFA. Means ± SD are shown. Statistical significance was determined by Student t test. ***, P<0.001; **, P<0.01; *, n.s, not significant. All experiments were repeated at least twice and representative results are shown.



To further elucidate the effect of SeMet on PDCoV, we performed analyses of SeMet treatment at different times. 6, 24 and 48 h after PDCoV infection were treated with SeMet. we observed a decrease in viral mRNA of PDCoV with increasing time of infection (Figure 1C), as well as a weakening of the IFA detection fluorescence signal (Figure 1D). This suggests that SeMet significantly inhibited PDCoV replication in a time-dependent manner.



HK2 plays an important role in PDCoV replication

We next explored how SeMet affects PDCoV replication. Our study found that SeMet treatment of cells infected with PDCoV resulted in a reduction in HK2 and lactate expression (Figures 2A, B). Previous studies have shown that lactate is critical for blocking RLRs signalling associated with viral infection, and that HK2 can influence the activation of RLRs signalling by regulating lactate production (35). We hypothesized that this role is precisely exploited by SeMet. Therefore, we knocked down the expression of HK2 (Figure 2C and Supplementary Figures S1A, B). We found that inhibition of HK2 expression attenuated the PDCoV-induced elevation of lactate (Figure 2D). Also, inhibition of HK2 expression reduced PDCoV replication at various times (Figure 2E), while restoration of HK2 expression attenuated the ability of SeMet inhibiting PDCoV replication (Figures 2F, G and Supplementary Figures S1C, D). These data suggest that SeMet inhibits PDCoV replication by reducing HK2 levels.




Figure 2 | HK2 plays an important role in PDCoV replication. (A) LLC-PK1 cells were treated with PDCoV (100 TCID50) and SeMet (150 μM) for 6, 24, and 48 h, and the level of HK2 was determined by and Western blot(n=3). (B) The LA level was measured by ELISA (n=3). (C) The HK2 protein expression was determined by Western blot in LLC-PK1 cells treated with siRNA-NC and siHK2 (n=3). (D) HK2 inhibition-induced LA expression after PDCoV infection. LA expression in LLC-PK1 cells was determined by ELISA (n=4). (E) Cells were infected with PDCoV for 6, 24, and 48 h post infection (hpi), after transfection with siRNA-NC or siHK2. Expression level of viral mRNAs was analyzed by qRT-PCR (n=8). (F) The HK2 protein expression was determined by Western blot in LLC-PK1 cells when transfected with pcDNA3.1-vector or pcDNA3.1-HK2 (n=3). (G) Cells were transfected with pcDNA3.1-vector or pcDNA3.1-HK2, followed by treatment with SeMet and PDCoV. Viral mRNA expression was analyzed by qRT-PCR (n=6). (H) HK2 inhibition-induced RLR signal proteins expression after PDCoV infection. The TBK1, phos-TBK1 (Ser172), IRF3, phos-IRF3 (Ser396), p65, or phos-p65 (Ser536) protein levels were analyzed by Western blot (n=3). Means ± SD are shown. Statistical significance was determined by Student t test. ***, P<0.001; **, P<0.01; *, P<0.05; ##, P<0.01; #, P<0.05; n.s: not significant. All experiments were repeated at least twice and representative results are shown.



Considerable research has shown that PDCoV can achieve immune escape by inhibiting the activation of RLRs signalling (37–41). To further investigate the role of HK2 on the RLRs signalling pathway under the influence of PDCoV infection, we also examined the effect of HK2 inhibition on the total protein and phosphorylation of TBK1, IRF3 and p65, key proteins in RLRs signalling. We observed no significant changes in total protein expression in the three groups (Figure 2H), whereas knockdown of HK2 resulted in a significant increase in phosphorylation of TBK1, IRF3 and p65 in cells infected with PDCoV at different times (Figure 2H), suggesting that it promotes the expression of downstream signalling molecules in RLRs.



miR-125b-5p-1 is required for HK2-dependent SeMet inhibiting PDCoV replication

To elucidate the mechanism whereby SeMet inhibits PDCoV replication within LLC-PK1 cells via HK2, we compared the miRNA transcriptional profiles of PDCoV-infected or SeMet-supplemented cells with those of blank control cells, respectively. SeMet supplementation significantly increased the expression of 84 miRNAs and decreased the expression of 34 miRNAs in LLC-PK1 cells; while PDCoV infection upregulated the expression of 19 miRNAs (Figures 3A, B). Combining RNA-seq and TargetScan database predictions of miRNAs targeting the HK2 gene, we validated the differential expression of several characteristic and possible antiviral miRNAs (miR-143-3p, miR-9-5p, miR-125b-5p-1 and miR-125a-5p) by qRT-PCR (Figure 3C). We found that the addition of SeMet caused elevated expression of miR-9-5p and miR-125b-5p-1 at different time points (Figure 3D). So does SeMet inhibit PDCoV replication by increasing the expression of miR-9-5p and miR-125b-5p-1? Next, we synthesized miR-9-5p mimic and miR-125b-5p-1 mimic to increase their expression levels in LLC-PK1 cells (Figure 3E and Supplementary Figure S1E). Overexpression of miR-9-5p had no effect on PDCoV replication; whereas overexpression of miR-125b-5p-1 significantly inhibited PDCoV replication (Figure 3F). We further verified whether the antiviral effect of SeMet was dependent on the regulation of miR-125b-5p-1 and found that down-regulation of miR-125b-5p-1 expression attenuated the ability of SeMet to inhibit PDCoV replication (Figure 3G and Supplementary Figures S1F, G). These results suggest that miR-125b-5p-1 can negatively regulate PDCoV replication in LLC-PK1 cells and that SeMet inhibition of PDCoV replication is dependent on the positive regulation of miR-125b-5p-1.




Figure 3 | miR-125b-5p-1 is required for HK2-dependent SeMet inhibiting PDCoV replication. (A, B) Hierarchic clustering analyses of 118 miRNAs that were differentially expressed in the SeMet-supplemented LLC-PK1 cells by >2-fold compared with the mock-treated LLC-PK1 cells, and 19 miRNAs that were differentially expressed in the PDCoV-infected cells by >2-fold compared with the mock-treated cells. (C) Analysis of the TargetScanHuman (http://www.targetscan.org/vert_72/) website shows that miR-143-3p, miR-9-5p, miR-125b-5p-1, and miR-125a-5p can target the human 3’UTR of HK2. Binding sequences are highly conserved among species (including human and swine). (D) LLC-PK1 cells were treated with PDCoV (100 TCID50) and SeMet (150 μM) for 6, 24, and 48 h, and the levels of miR-143-3p, miR-9-5p, miR-125b-5p-1, and miR-125a-5p were determined by qRT-PCR (n=6). (E) The miR-9-5p and miR-125b-5p-1 expressions were determined by qRT-PCR when transfected with mimic-NC, miR-9-5p mimic, and miR-125b-5p-1 mimic (n=4). (F) Viral mRNA in the LLC-PK1 cells transfected with miR-9-5p mimic or miR-125b-5p-1 mimic was quantified by qRT-PCR after 48 h (n=6-8). (G) Cells were transfected with miR-125b-5p-1 inhibitor, followed by treatment with SeMet and PDCoV. Viral mRNA expression was analyzed by qRT-PCR (n=6). (H) The miR-125b-5p-1 targets the base sequence and mutant sequence of the 3’UTR of HK2. (I) The miR-125b-5p-1 mimic or mimic-NC and WT-pmirGLO-HK2 or MUT-pmirGLO-HK2 were co-transfected into HEK293T cells. The luciferase reporter assay was used to detect whether miR-125b-5p-1 targeted to bind to the 3’UTR of HK2 (n=5). (J, K) The HK2 mRNA and protein expressions were determined by qRT-PCR and Western blot in LLC-PK1 cells when transfected with miR-125b-5p-1 mimic or inhibitor (n=3-6). (L) LLC-PK1 cells were transfected with miR-125b-5p-1 mimic and pcDNA3.1-HK2, followed by infection with PDCoV. Viral mRNA expression was analyzed by qRT-PCR (n=6). Means ± SD are shown. Statistical significiance was determined by Student t test. ***, P<0.001; **, P<0.01; *, P<0.05; ##, P<0.01; #, P<0.05; n.s: not significant. All experiments were repeated at least twice and representative results are shown.



Meanwhile, to determine whether HK2 is a direct target gene of miR-125b-5p-1, we constructed the porcine 3’UTR of HK2 luciferase reporter plasmid (Figure 3H). Reporter activity analysis showed that miR-125b-5p-1 mimic reduced the luciferase activity of the reporter containing 3’UTR of HK2 in HEK293T cells but had no effect on the reporters with mutated 3’UTR of HK2 (Figure 3I), suggesting that HK2 is indeed a miR-125b-5p -1 target. We also demonstrated using qRT-PCR and Western blot that overexpression of miR-125b-5p-1 suppressed HK2 expression and knockdown of miR-125b-5p-1 promoted HK2 transcription and protein expression (Figures 3J, K). To further determine the effect of miR-125b-5p-1/HK2 on PDCoV infection, we performed a rescue experiment. Co-transfection of miR-125b-5p-1 mimic and HK2 overexpression plasmid showed that restoration of HK2 expression attenuated effects of overexpression of miR-125b-5p-1 in inhibiting PDCoV replication (Figure 3L). These data suggest that miR-125b-5p-1 inhibition of PDCoV replication in LLC-PK1 cells is dependent on the negative regulation of the HK2 gene.



STAT3 directly regulates miR-125b-5p-1 expression

We found that in LLC-PK1 cells infected with PDCoV, SeMet treatment resulted in a significant increase in STAT3 expression levels in the early stages and a decrease in the middle and late stages (Figures 4A, B). Next, we further analyzed the miR-125b-1 promoter sequence and identified interaction sites at -1059 to -1258 of the miR-125b-1 transcriptional start, which are STAT3 binding sites. We constructed a luciferase reporter plasmid containing the miR-125b-1 promoter (Figure 4C) and a STAT3 overexpression plasmid vector (Figure 4D and Supplementary Figures S1H, I). The pcDNA-STAT3 plasmid or empty vector was cotransfected with WT-pGL3-miR-125b-1 plasmid or mutant plasmid. The results of reporter gene activity analysis showed that STAT3 reduced luciferase activity in the miR-125b-1 promoter, but had no effect on the reporter gene mutated in the miR-125b-1 promoter (Figure 4E), suggesting that miR-125b-5p-1 is indeed a target of STAT3. The qRT-PCR results also showed that overexpression of STAT3 reduced the activity of miR-125b-5p-1 expression levels, while inhibition of STAT3 levels increased miR-125b-5p-1 expression (Figures 4F, G and Supplementary Figures S1J, K). These data suggest that STAT3 directly regulates the expression of miR-125b-5p-1.




Figure 4 | STAT3 directly regulates miR-125b-5p-1 expression. (A, B) LLC-PK1 cells were treated with PDCoV (100 TCID50) and SeMet (150 μM) for 6, 24, and 48 h, and the level of STAT3 and phos-STAT3 (Tyr705) was determined by qRT-PCR or Western blot (n=3-6). (C) The base sequence and mutant sequence of miR-125b-5p-1 promoter. (D) The STAT3 protein expressions was determined by qRT-PCR and Western blot in LLC-PK1 cells when transfected with pcDNA3.1-vector or pcDNA3.1-STAT3 (n=3). (E) The pcDNA3.1-STAT3 or empty vector and WT-pGL3-miR-125b-1 or MUT- pGL3-miR-125b-1 were co-transfected into HEK293T cells. The luciferase reporter assay was used to detect whether STAT3 can target and bind on miR-125b-1 promoter (n=5). (F) The STAT3 protein expression was determined by qRT-PCR or Western blot in LLC-PK1 cells treated with siRNA-NC, siSTAT3, DMSO, and Stattic (STAT3 inhibitor, 0.75 μM) (n=3). (G) The miR-125b-5p-1 expression was measured by qRT-PCR when transfected with pcDNA3.1-STAT3, empty vector, siSTAT3, siRNA-NC, DMSO, Stattic (0.75 μM) (n=6). (H) The base sequence and mutant sequence of HK2 promoter. (I) The pcDNA3.1-STAT3 or empty vector and WT-pGL3-HK2 or MUT- pGL3-HK2 were co-transfected into HEK293T cells. The luciferase reporter assay was used to detect whether STAT3 can target and bind on HK2 promoter (n=5). (J, K) The HK2 mRNA and protein expressions were determined by qRT-PCR and Western blot in LLC-PK1 cells when transfected with pcDNA3.1-STAT3, empty vector, siSTAT3, siRNA-NC, DMSO, Stattic (0.75 μM) (n=3-6). (L, M) The siSTAT3 or siRNA-NC and miR-125b-5p-1 mimic or mimic-NC were co-transfected into LLC-PK1 cells. The HK2 mRNA and protein expressions were determined by qRT-PCR and Western blot (n=3-6). Means ± SD are shown. Statistical significiance was determined by Student t test. ***, P<0.001; **, P<0.01; *, P<0.05; ###, P < 0.001; ##, P<0.01; #, P<0.05; n.s: not significant. All experiments were repeated at least twice and representative results are shown.



Similarly, we identified interaction sites with STAT3 at -967 to -768 of the HK2 transcription start site and constructed a luciferase reporter plasmid containing the HK2 promoter (Figure 4H). Analysis of reporter gene activity showed that STAT3 reduced the luciferase activity of the HK2 promoter and that the luciferase activity of the mutant was also reduced (Figure 4I). We also demonstrated that overexpression of STAT3 inhibited HK2 transcription and protein expression and that inhibition of STAT3 expression promoted HK2 transcription and protein levels (Figures 4J, K). These data suggest that the -967 to -768 sites in the HK2 promoter sequence are not targets of STAT3 and that other interaction sites or potential regulators may exist.

In our study, we found that miR-125b-5p-1 could target and inhibit the expression of HK2, while STAT3 could also inhibit the expression of HK2. Interestingly, we also identified a binding site for STAT3 on the promoter of miR-125b-5p-1 and demonstrated that STAT3 can repress miR-125b-5p-1 expression. These data suggest a possible feedback regulatory mechanism for STAT3/miR-125b-5p-1/HK2 to maintain intracellular glucose metabolism homeostasis. To further explore the effect on HK2 in the presence of STAT3 and miR-125b-5p-1 together, we cotransfected si-STAT3#2 and miR-125b-5p-1 mimic. The qRT-PCR and Western blot results showed that transfection of si-STAT3#2 or miR-125b-5p-1 mimic alone elevated or decreased HK2 expression, respectively, whereas the cotransfected group showed no significant change in HK2 mRNA expression or protein expression compared to the control group (Figures 4L, M). These data suggest that miR-125b-5p-1 plays a major regulatory role on HK2 under the combined effect of STAT3 and miR-125b-5p-1. In addition, it also confirms that SeMet can indeed suppress HK2 levels by reducing STAT3 and up-regulating miR-125b-5p-1 expression, thus exerting an anti-PDCoV effect.



Decreased STAT3 levels are utilized by SeMet to suppress PDCoV replication

We further explored whether STAT3 could act as an upstream of miR-125b-5p-1/HK2 signalling to influence PDCoV replication in LLC-PK1 cells. In conjunction with the previously mentioned ability of SeMet addition to show differential changes in STAT3 expression at different time points, we therefore investigated the effects on PDCoV replication at both overexpressed and knockdown STAT3 transcript and protein levels. The si-STAT3 interference or the STAT3 inhibitor Stattic reduced the mRNA expression of PDCoV M gene, whereas pcDNA-STAT3 increased the mRNA expression of M gene (Figure 5A). Next, we verified the link between STAT3 and SeMet or STAT3 and miR-125b-5p-1 in affecting PDCoV infection. The data showed that restoration of STAT3 expression attenuated the ability of SeMet to resist PDCoV replication (Figure 5B) and inhibition of miR-125b-5p-1 mRNA expression attenuated the role of si-STAT3 in inhibiting PDCoV replication (Figure 5C).




Figure 5 | Decreased STAT3 levels are utilized by SeMet to suppress PDCoV replication. (A) Expression level of viral mRNAs was analyzed by qRT-PCR when transfected with pcDNA3.1-STAT3, empty vector, siSTAT3, siRNA-NC, DMSO, Stattic (0.75 μM) (n=6). (B) Cells were transfected with pcDNA3.1-vector or pcDNA3.1-STAT3, followed by treatment with SeMet and PDCoV. Viral mRNA expression was analyzed by qRT-PCR (n=6). (C) Expression level of viral mRNAs was analyzed by qRT-PCR when transfected with siSTAT3 and miR-125b-5p-1 inhibitor followed by infection with PDCoV (n=6). Means ± SD are shown. Statistical significiance was determined by Student t test. ***, P<0.001; **, P<0.01; *, P<0.05; n.s, not significant. All experiments were repeated at least twice and representative results are shown.






Discussion

Since 2012, when PDCoV was first identified in Hong Kong, China. There has been continued research into PDCoV vaccines, but no approved treatments or vaccines for PDCoV are currently on the market. Laboratory studies at this stage have focused on drugs to combat PDCoV infection in vitro. Melatonin (42), cholesterol 25 hydroxylase (CH25H) (43), goose deoxycholic acid (CDCA) and lithophanic acid (LCA) (44) have been found to have antiviral activity against a PDCoV-infected porcine kidney cell line (LLC-PK1). Our results showed that SeMet significantly inhibited the replication of PDCoV in LLC-PK1 cells, with the inhibitory effect enhanced in a concentration-dependent/time-dependent manner.

SeMet’s low toxicity, high bioavailability and its use as an effective anti-PDCoV drug has raised expectations for its clinical application. Although increasing selenium intake in selenium-sufficient individuals is not advocated, some studies have shown that body selenium levels are positively correlated with cure rates and negatively correlated with morbidity and mortality in patients with viral infections, and that high selenium levels may attenuate the deleterious effects of viral infections (45–48). In addition, numerous studies have demonstrated the important role of selenium compounds in the fight against viral infections, such as the inhibition of human herpesvirus type 1/type 2, cerebral myocarditis virus, vesicular stomatitis virus, porcine circovirus type 2, EBV and hepatitis B/C virus replication (20, 49–53), so it is feasible to increase body selenium levels during the phase of viral infection in response to the acute phase.

Here, we found that early infection of LLC-PK1 cells by PDCoV significantly increased the expression of HK2 and LA in the cells and attenuated p-TBK1, a key protein in the RLRs signalling pathway, and the activation of the RLRs signalling pathway was inhibited; whereas when the expression of HK2 was reduced, the inhibitory effect of viral infection on the activation of the RLRs signalling pathway was attenuated and the expression of p-IRF3 and p-p65 proteins was further increased and viral replication was simultaneously reduced. The implication that HK2 can influence PDCoV replication in cells and its important role in the RLRs signalling pathway is supported by recent data (35, 36). Next, we explored the molecular mechanisms by which SeMet inhibits PDCoV. Indeed, selenium is able to play an immunomodulatory or metabolic regulatory role by participating in selenoprotein synthesis as a selenium-containing amino acid itself or as a selenium-derived donor (21, 23, 54, 55). HK2, the initial key rate-limiting enzyme that catalyzes the glycolytic reaction, was found to be significantly upregulated in studies of multiple malignant diseases and was accompanied by high glucose uptake and increased rates of glycolysis (56). HK2 acts as a hub linking glycolysis and innate immunity, and we demonstrated that it plays a key role in the SeMet anti-PDCoV process.

MicroRNAs are involved in a variety of biological processes, including virus-mediated host innate immune responses, by repressing the expression of target genes. There have been few studies on miRNA and coronaviruses, but the relationship between SARS-CoV-2 infestation and miRNA regulation has been extensively studied in the last two years. Wang et al. (57) combined bioinformatics analysis and laboratory assays to screen for four inhibitory effects on spike-in glycoprotein (S protein) miRNAs (miR-223-3p, miR-24-3p, miR-145-5p, and miR-7-5p). Interestingly, the expression of CoV2-miR-7a.2 encoded by SARS-CoV-2 was comparable in infected cells to one of the most abundant human miRNAs, has-miR-let-7a, and the efficiency of CoV2-miR-7a.2 and Argonaute protein forming RNA silencing complex (degrading target mRNAs) was similar to that of miR-let-7a; in addition, CoV2-miR-7a.2 can target the human BATF2 gene (an interferon-stimulated gene) and inhibit ISG expression, thereby promoting SARS-CoV-2 replication (58). In our initial experiments, we have predicted miRNAs that can target binding to HK2 through bioinformatics databases and screened miR-125b-5p-1 for follow-up testing. The ability of miR-125b-5p to target the HK2 gene to affect cellular glycolysis has been reported to a lesser extent in recent years, but almost all studies have been related to cancer. Hui et al. (59) found that miR-125b-5p was significantly down-regulated in laryngeal carcinoma tissues and cell lines and that overexpression of miR-125b-5p inhibited LSCC cell proliferation and induced apoptosis. Further molecular studies showed that miR-125b-5p binds to the 3’UTR of HK2, and overexpression of miR-125b-5p downregulated the mRNA and protein level expression of HK2, significantly inhibiting glucose consumption and lactate production in LSCC cells. In a study to validate how miR-125b-5p is involved in bladder cancer (BCa) development, Liu et al. (60) found that miR-125b-5p exerts its inhibitory effect on BCA by targeting HK2 and inhibiting the PI3K/AKT pathway. In a study to address the resistance to cisplatin in some colon cancer patients, Shi et al. (61) found that overexpression of miR-125b-5p increased the sensitivity of colon cancer cells to cisplatin by directly targeting the 3’UTR of HK2 and inhibiting the glycolytic efficiency of the cells, while differentiation antagonist non-protein coding RNA (DANCR) can bind to the seed region of miR-125b-5p in the form of a competitive endogenous RNA (ceRNA) to reduce cisplatin sensitivity in colon cancer cells. All of these studies in cancer disease confirm that miR-125b-5p binds to the 3’UTR of HK2 and affects the efficiency of cellular glycolysis. Our experiments have also demonstrated that overexpression of miR-125b-5p-1 inhibits HK2 mRNA and protein expression by binding to the 3’UTR of the porcine HK2 gene, thus suppressing LA production in LLC-PK1 cells.

In addition, a few studies have shown that patients infected with viral hepatitis (HBV, HCV and HEV) are often accompanied by elevated serum miR-125b-5p levels and that miR-125b-5p levels correlate with viral load and severity of liver injury (62–65). Deng et al. (66) in exploring the regulation of miR-125b-5p on HBV replication at different stages of HBV transcription and assembly found that overexpression of miR-125b-5p increased HBV nucleocapsid protein formation but did not enhance HBV promoter activity or transcription, and further identified a mechanism by which miR-125b-5p stimulated HBV replication with the help of the LIN28B/miR-98 axis. Our experiments again validated that exogenous addition of porcine miR-125b-5p-1 mimic can reduce mRNA levels of PDCoV M gene, but there is no direct evidence that miR-125b-5p-1 can target the regulation of PDCoV transcription. However, whether it can play a role in regulating PDCoV replication by affecting PDCoV promoter activity needs further investigation.

Pathogen infection causes an acute phase response and is accompanied by activation of the STAT3 signalling pathway. For example, high expression of p-STAT3 was found in endothelial cells of small pulmonary veins and interstitial capillaries from COVID-19 patients (67); as well as increased expression of p-STAT3 in COVID-19-associated collapsed glomerulopathy biopsy samples (68). This is consistent with our observation that PDCoV infection, which is also a member of the coronaviridae family, is also capable of activating STAT3 phosphorylation. However, the relationship between PDCoV and the host molecule STAT3 is not well understood and whether PDCoV can specifically activate STAT3 similarly to other viruses such as HBV (29), HCV (69, 70) and HCMV (71, 72) that encode viral proteins needs further investigation. Our preliminary findings suggest that PDCoV infection persistently activates STAT3, while overexpression of STAT3 promotes PDCoV replication and inhibition of STAT3 expression attenuates PDCoV replication.

In this study, SeMet could inhibit PDCoV replication by regulating STAT3/miR-125b-5p-1/HK2, which seems to imply that SeMet could be a potential drug for the treatment of PDCoV infection. We also found that miR-125b-5p-1 could target HK2 to inhibit PDCoV replication; while STAT3 could target the miR-125b-5p-1 promoter while non-targeting the HK2 promoter, inducing a potential loop by reducing their expression. We hypothesize that there are also regulatory factors between STAT3 and HK2 that allow STAT3/miR-125b-5p-1/HK2 to form a regulatory loop that maintains intracellular glucose metabolism homeostasis. When cells are exposed to external stimuli, this dynamic balance is disrupted and STAT3 or miR-125b-5p-1 loses a mutual balance, leading to a disruption of intracellular HK2 and even glucose metabolism, making them more susceptible to invasion by viruses or other pathogenic microorganisms.
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A component of licorice polysaccharide (GPS-1) was extracted from licorice, its primary structure was identified and characterized for the first time, and its immunomodulatory activity was studied. Crude licorice polysaccharide was isolated and purified by DEAE sepharose FF ion-exchange column chromatography and Chromdex 200 PG gel filtration column chromatography to obtain a purified Glycyrrhiza polysaccharide named GPS-1. NMR and methylation analysis revealed that GPS-1 is composed of homogalacturonan (HG)-type pectin with 4)-D-GalpA-(1 as the backbone. This study of GPS-1 also examined its significant role in regulating immune activity in vitro and in vivo. As a result, GPS-1 promoted the secretion of IFN-γ and IL-4 in mice and increased the proportion of CD3+CD4+ and CD3+CD8+ T lymphocytes in their spleens. Dendritic cells (DCs) treated with GPS-1 showed promotion of DC maturation, antigen presentation, and phagocytic capacity. The results suggest that GPS-1 is a potential immunomodulator that stimulates the immune system by regulating multiple signaling pathways. Combined with our characterization of the primary structure of GPS-1, the present investigation provides the basis for future study of the form-function relationship of polysaccharides.




Keywords: glycyrrhiza polysaccharide, structural characterization, immunomodulatory activity, dendritic cells, toll-like receptor



1 Introduction

Licorice is not only a widely used food but also traditional Chinese medicine (1). The use of licorice has been recorded in Europe as early as 2100 BC and is now a well-known natural food sweetener (2). Licorice’s medicinal benefits are now recorded in the pharmacopeias of China, South Korea, and Japan (3). Studies of active ingredients in licorice have found that polysaccharides are important components (4, 5) and that one of the main functions of licorice polysaccharides is to improve immunity (4, 6, 7). Another investigation found that licorice polysaccharides could dose-dependently counteract cyclophosphamide-induced immunosuppression in mice (8). Researchers have also demonstrated a positive correlation between the immune activity of polysaccharides and their uronic acid content (9). Our previous study also confirmed that glycyrrhiza polysaccharides can prolong the efficacy and duration of the Newcastle disease virus (NDV) vaccine (10) and improve the intestinal immune function and microbial composition of roosters (4). In addition, the glycyrrhiza polysaccharide (GiP-B1) can cause significant phenotypic changes in dendritic cells (DCs) and the improvement of bioactive functions with a mechanism of action related to the TLRs/NF-B signaling pathway (11). In the present study, the purified glycan GPS-1 was isolated from licorice (Glycyrrhiza uralensis), then its structure was identified using methylation and NMR analysis. The immunomodulatory mechanisms and pathways of GPS-1 were also explored in vivo with mice and in vitro with dendritic cells.



2 Materials and methods


2.1 Separation and purification of glycyrrhiza polysaccharides

Using our previously reported methods (10), crude Glycyrrhiza polysaccharide (GPS) was extracted by boiling water from licorice (Glycyrrhiza uralensis) and then precipitated with 50% ethanol into GPS50 extract (12). Proteins were removed five times, sequentially, using the Sevag method. The final freeze-dried samples were stored at -20°C. Next, 30 g of decorin GPS50 was weighed, dissolved with 30 mL distilled water (dH2O), and centrifuged at 8000 rpm for 10 min. Then, the precipitate was removed and filtered with a 0.45 µm microporous membrane. The filtrate was then run through a balanced ion-exchange chromatography column and eluted according to different salt concentrations (0.0 M NaCl, 0.2 M NaCl, 0.5 M NaCl, and 1.0 M NaCl) at a speed of 5.0 mL/min. At the same time, the eluents were collected (10 mL/tube) for 100 tubes, and then analyzed using the reported method (12). The eluents from the same peak (1-50 tubes and 51-100 tubes) were collected, combined, and concentrated, respectively, and then lyophilized to provide two samples (GPS-E1 and GPS-E2). The two samples were subjected to Chromdex 200 PG gel column and eluted with ultrapure water at a flow rate of 2mL/min. Each eluent was collected (10 mL/tube) and detected by the same method (12). The relevant eluents (170-190 min and 140-170 min) were gathered, combined, concentrated, and freeze-dried in a vacuum to give purified polysaccharide GPS-1 and GPS-2 (Refer to Figure 1D).




Figure 1 | (A) Elution profile of GPS50 ion-exchange column chromatography. (B) Elution profiles of samples GPS-E1 and GPS-E2 gel filtration column chromatography (C) The HPGPC chromatogram of the GPS-1 (left) and GPS-2 (right). (D) The specific flow chart of GPS-1 extraction.





2.2 Characterization of the GPS-1 study

Due to the low sample yield of GPS-2 after purification, GPS-1 was studied in subsequent tests.


2.2.1 Molecular weight of GPS-1

Purified GPS-1 polysaccharide was mixed with 0.05 M NaCl to prepare a 5 mg/mL test solution, then filtered using a 0.22 µm membrane. Tests of the molecular weight of GPS-1 were performed using high-performance gel permeation chromatography (HPGPC, Agilent 1100 series HPLC, Agilent Technologies, Santa Clara, CA, USA). The fractions were isolated by OHpak SB-803 HQ column at a flow speed of 1 mL/min and detected by an Agilent G1362A Refractive Index Detector at room temperature. The purchased dextran standards with a series of molecular weights (1000, 5000, 12000, 25000, 50000, 80000, 150000, 270000, 410000, 670000 Da, Sigma-Aldrich, Merck, Germany) were used to plot the calibration curve. The molecular weight of GPS-1 was calculated according to the standard linear regression equation.



2.2.2 Monosaccharide composition of GPS-1

The monosaccharide composition of GPS-1 was analyzed by the reported method in the reference with a few modifications (13). The GPS-1 polysaccharide sample (5 ± 0.05 mg) was weighed, added into a reaction flask, and hydrolyzed with trifluoroacetic acid (TFA, 2mL of 1M) at 121 °C for 4h. After removing the remaining acid by flushing with N2, the reaction products were evaporated to dryness under reduced pressure. The residue was dissolved by methanol (2 mL) and dried by flushing N2 three times to remove the TFA completely, and then re-dissolved in fresh distilled water (1 mL). The solution (5 µL) was analyzed by high-performance anion-exchange chromatography (HPAEC) on a CarboPac PA-20 anion-exchange column (3 by 150 mm; Dionex) using a pulsed amperometric detector (PAD; Dionex ICS 5000 system). The isolation conditions are as follows: flow rate, 0.5 mL/min; injection volume, 5μL; solvent system, B: (0.1M NaOH, 0.2M NaAc); gradient program, 95:5 V/V at 0 min, 80:20 V/V at 30 min, 60:40 V/V at 30.1 min, 60:40 V/V at 45min, 95:5 V/V at 45.1 min, 95:5 V/V at 60 min. Data were acquired on the ICS5000 (Thermo Scientific) and processed using chameleon 7.2 CDS (Thermo Scientific). Quantified data were output into excel format.

And the monosaccharide composition of GPS-1 was analyzed according to the literature-reported method (13). Chromatographic data were processed using Chromeleon™ chromatography data system software. In the standard sample ion chromatogram and the sample ion chromatogram, the abscissa is the detection retention time (Time, in minutes), and the ordinate is the response value of the ion detection (Response, in nC).

The content of each component in the sample (µg/mg) = C * V * F/M, where C is the instrument read concentration in µg/mL, V is the sample extract volume in mL, F is the dilution factor, and M is the total sample volume in mg.



2.2.3 Methylation analysis of GPS-1

Next, 10 mg of dried GPS-1 and 20 mg of dried NaOH were dissolved in 2000 µL DMSO to give a mixture. The mixture was kept at 25 °C for 10 h, and then reacted with an equal volume of methyl iodide for 3 h. This methylation reaction was repeated for five times. After the reaction, the mixture was extracted with an equal volume of CHCl3 five times, and the CHCl3 extract solvent was combined and evaporated to dryness to provide a residue. The residue was hydrolyzed with 1 mL of TFA (2 M) at 120 °C for 2 h and then evaporated under vacuum to dryness. The sample was treated with NaBH4 (60 mg) for 8h at room temperature and then neutralized with acetic acid (0.1 M). Afterward, the residue was dried at 101 °C and the product was dissolved in CHCl3 and detected by an Agilent 7890A-5977B GC-MS instrument (Agilent Technologies Inc. CA, USA) equipped with an RXI-5 SIL MS column (30 m × 0.25 mm × 0.25 μm). The oven temperature was maintained at 140 °C for 2.0 min at first, and then increased from 140 °C to 230 °C at a speed of 3 °C/min, then maintained at 230 °C for 3 min. The carrier gas was Helium with a purity of 99.999%, and the flow rate was 1.0 mL/min.



2.2.4 Nuclear magnetic resonance (NMR) analysis of GPS-1

The lyophilized sample (30 mg) was dissolved in 0.5 mL of D2O standard. A Bruker Ascend 600 spectrometer (Bruker, Stockholm, Sweden) at 600 MHz was used to determine the one-dimensional nuclear magnetic (1H-NMR, 13C-NMR, and 13C-DEPT-135) and two-dimensional NMR [1H-1H COSY (correlated spectroscopy), TOCSY (total correlation spectroscopy), HSQC (heteronuclear single quantum coherence), HMBC (heteronuclear multiple bond correlation), and NOESY (nuclear Overhauser effect spectroscopy)] of GPS-1. Tetramethylsilane was used as an internal standard.




2.3 In vivo immunomodulatory activity study of GPS-1


2.3.1 Grouping and treatment of mice

A total of 20 male ICR mice were purchased from the Comparative Medicine Center of Yangzhou University (License Number: SCXK (Su) 2017-007) at 5 weeks of age. They were randomly divided into 4 groups, each with 5 mice. The control group was given only a regular diet, while the treatment groups received a regular diet plus oral GPS-1 at a low (GPS-L), medium (GPS-M), or high-dose (GPS-H). These groups received 300, 450, and 600 mg/kg/d, respectively, for 14 consecutive days. All mice were housed at the Animal Care Center of Nanjing Agricultural University under the guidelines of the Institutional Animal Care and Use Committee Institutional Animal Care and Use Committee (IACUC), as detailed in the IACUC-approved protocol (No.: 2020BAD25D34).



2.3.2 Determination of the cytokines in the serum

On day 14, all 5 mice in each group were sacrificed, and blood serum was sampled. The IFN-γ and IL-10 averages in each group were determined according to ELISA kit instructions (Wuhan Feen Biotechnology Co., LTD, product code: EM0093;EM0100).



2.3.3 Histological analysis

Each of these 5 mice per group also had their thymus, spleen, and small intestines collected on day 14 and preserved in 4% formaldehyde (Beijing Solarbio Biological Technology Co., LTD). These tissues were fixed, dewaxed, stained, mounted and mounted for H&E histological analysis.



2.3.4 Mouse spleen lymphocyte typing

After spleens were collected on day 14 (n = 5 per group), primary spleen lymphocytes were extracted according to literature reports (4, 10). The stained cells were incubated with lipopolysaccharides (LPS, from Sigma) and CD3-FITC, CD4-PC, and CD8-APC (eBioscience™, AB_2536505) for 24 h, then measured using a flow cytometer (BD Biosciences AccuriC6, USA).




2.4In vitro modulation of DCs immune activity by GPS-1


2.4.1 Preparation of mouse bone marrow-derived dendritic cells

Male Balb/c mice were purchased from the Comparative Medicine Center of Yangzhou University (License No.: SCXK (Su) 2017-007) at 5 weeks of age. The tibia and femur of each hindlimb were removed and the bone marrow cavity was flushed using sterile PBS to obtain bone marrow multifunctional stem cell irrigation fluid. The precursor dendritic cells (DCs) were isolated according to the relevant methods reported in prior literature (14, 15). First, the irrigation fluid was centrifuged (1200rpm, 5min) to obtain cell pellets, and after re-suspension,bone marrow multifunctional stem cell were obtained by using mouse monocyte separation solution (Beijing Solarbio Biological Technology Co., LTD).These cells were then cultured in DMEM media (Gibco,USA) with 1% penicillin/streptomycin (Gibco,USA), 10% FBS (Gibco,USA), 1% Mouse-derived IL-4 stimulating factor (Gibco,USA,Cat#214-14),and 1% mouse-derived Colony-stimulating factor (acting on macrophages) GM-CSF stimulating factor (Gibco,USA, Cat#815-03) for 7 days at 37 °C and 5% CO2 in a cell incubator. Immature DCs can be obtained after 7 days of induced differentiation and culture.



2.4.2 Determination of the safe concentration of GPS-1

Immature DCs were grown in 96-well plates to a confluence of 4.8 × 105 cells per mL and treated with GPS-1 at different concentrations (2000, 1000, 500, 250, 125, 62.5, 31.25, 15.625, and 7.814 µg/mL), plus a blank control containing DCs in complete media. N = 6 wells per group, incubated at 37 °C and 5% CO2 in a cell incubator for 36 hours. Absorption values were determined using the MTT method. Cell survival was calculated using the equation below, where OD is the optical density:

Cell viability (%) = OD in the drug group/OD of 100% in the blank group.



2.4.3 Determination of cytokines in dendritic cells

GPS-1 doses of 500, 250, and 125 µg/mL were added to 1 × 10³ DCs per well in 96-well plates and incubated for 36 hours, along with a DC negative control group in complete media, and positive control of DCs treated with LPS. N = 4 for all groups. Cell culture supernatants were collected, and their IFN-γ, TNF-α, IL-1β, and IL-10 (Wuhan Feen Biotechnology Co., LTD, product code: EM0093; EM0183; EM0109; EM0100)contents were determined by ELISA.



2.4.4 Determination of the phagocytic capacity of dendritic cells

Dendritic cells were incubated in 96-well plates at 37°C and 5% CO2 for 8 hours with either GPS-1 (500, 250, or 125 µg/mL), or complete media (Control), with n =4 for all groups. 20 µL of florescent-labeled ovalbumin antigen (OVA-FITC) was added to each well to mimic natural antigen phagocytosis by DCs. After 8 hours of incubation, cells were centrifuged at 1000 rpm/min for 10 min. Excess antigen was washed off with 1 ml PBS before cells were sorted by flow cytometry to determine the proportion of viable DCs. The optimal concentration of GPS-1 to stimulate DC antigen phagocytosis was determined to be 500 µg/mL.

Cells from the 500 µg/mL GPS-1 and blank (Control) groups were added to confocal dishes. The same OVA-FITC treatment described above was used to simulate antigen phagocytosis again. Nuclei were labeled with 5 µL of DAPI dye solution and incubated at 4°C for 10 min. Afterward, excess DAPI dye solution was rinsed twice with 1 ml PBS. Finally, a confocal laser microscope was used to compare the changes in antigen intake between the 500 µg/mL GPS-1 group and the control.



2.4.5 Determining the presentation ability of the dendritic cells

24-well plates were used to incubate 1 × 104 DCs/mL, 2 ml of cells in complete media per well (n = 4). Different concentrations of GPS-1 were added to achieve final concentrations of 500, 250, and 125 µg/mL, except for a blank (Control) group without GPS-1. All groups were incubated for 36 hours at 37 °C and 5% CO2. 15 × 104 DCs per well were seeded in a 6-well plate and treated with 3 µl per well of 3 mouse antibodies (1 µl of each): anti-CD11c-PE-Cyanine5, anti-CD86-PE, and anti-CD80-FITC were incubated at 4°C for 30 min. The excess antibodies were subsequently washed off the DCs twice with 1 ml PBS. Then, flow cytometry was used to determine the expression levels of CD80 and CD86 costimulators on the surface of DCs from each group.




2.5 Dendritic cell active pathway mechanisms targeted by GPS-1

DCs were treated with 500 µg/mL of GPS-1 for 36 hours alongside a negative control group without GPS-1. DCs’ total RNA was extracted by TRizol, followed by RNA quality detection using a NanoDrop spectrophotometer and an Agilent 2100 bioanalyzer. Fragments Count for each gene in each sample was counted by HTSeq (v 0.5.4 p3) software, and FPKM (Fragments Per Kilobase Per Million Mapped Fragments) was then calculated to estimate the expression level of genes in each sample. For analysis of DEGs, DESeq/DESeq2 was employed to detect the differential expression between the two groups using a model based on the negative binomial distribution. The P value was assigned to each gene and adjusted as q value by the Benjamini and Hochberg method for controlling the false discovery rate (FDR). Genes with q < 0.05 were defined as DEGs.The GO (Gene Ontology, http://geneontology.org) enrichment of DEGs was conducted by the hypergeometric test, in which P value was calculated and adjusted as q value. GO terms with q < 0.05 were considered to be significantly enriched. For pathway enrichment analysis, all DEGs were assigned to terms in KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.kegg.jp) database and searched for significantly enriched KEGG terms with the same analytic approach.



2.6 Statistical analysis

All results are expressed as the mean ± standard deviation, graphed using GraphPad Prism 6.0 software and SPSS 18.0 software for ANOVA multiple comparisons. P< 0.05 is considered statistically significant in this analysis.




3 Results


3.1 Separation and purification of licorice polysaccharide

The elution curves displayed in Figure 1 were obtained by gradient elution of GPS50 through an ion-exchange chromatography column. The order of samples collected was: GPS-E1 (deionized water elution), GPS-E2 (0.2M NaCl elution), GPS-E3 (0.5M NaCl elution), and GPS-E4 (1.0M NaCl elution). The total sugar content of each was then determined by the anthrone-sulfuric acid method. As shown in Figure 1A, the peaks eluted with deionized water and 0.2M NaCl solution from the Ion-exchange column were selected for purification by Chromdex 200 PG gel column chromatography. As depicted in Figure 1B, the eluates of GPS-E1 between 210 and 230 min, and those of GPS-E2 between 140-170 min were collected and named GPS-2 and GPS-1, respectively. As the result, the total yield of GPS-1 and GPS-2 were 0.78% and 0.07%, and their sugar content was 98.95% and 97.03%, respectively.

Two single symmetrical and narrow peaks were exhibited in the HPGPC spectrum in Figure 1C, which indicated that GPS-1 and GPS-2 were homogeneous. The weight-average molecular weight (Mw) of GPS-1 and GPS-2 were 26.4 kDa and 8.9 kDa, and the number average molecular weight (Mn) of GPS-1 and GPS-2 were 18.0 kDa and 6.4 kDa, respectively. Additionally, the Mw/Mn value of GPS-1 and GPS-2 were 1.47 and 1.35, respectively. However, because of the poor weight of GPS-2 (less than 5 mg), further investigation was processed only on the structure and biological activities of GPS-1.

Comparison of peak heights and the presence or absence of peaks between the standard monosaccharide chromatogram and the monosaccharide chromatogram of the GPS-1 sample (Figure 1C led to the conclusion that GPS-1 is composed of 74.39% galacturonic acid, 10.12% arabinose, 6.36% rhamnose, 4.85% galactose, 1.52% mannuronic acid, 1.34% glucose, 0.92%, fucose, and 0.51% xylose. Roughly two-thirds of the monomers that make up GPS-1 are galacturonic acid. Arabinose, the second most prevalent, accounts for only 10.12%. See Table 1 for a complete summary of GPS-1 monosaccharides, including the concentrations calculated using peak areas.


Table 1 | Monosaccharide composition and ratio of GPS-1.





3.2 Structure of GPS-1


3.2.1 GPS-1 methylation analysis

According to the results of complete acid hydrolysis methylation analysis, the sequence of sugar residues in GPS-1 is mainly 4-Gal(p)-UA, and the multiple ends are t-Rha(p), t-Ara(f), t -Fuc(p), t-Xyl(p), t-Gal(p), and t-Gal(p)-UA. The analysis indicates that GPS-1 is composed of multiple branched chains, with a complex secondary structure illustrated in Table 2.


Table 2 | The sugar residue connection mode of GPS-1.





3.2.2 GPS-1 one-dimensional NMR analysis

One-dimensional hydrogen nuclear magnetic resonance spectroscopy (1H-NMR) (Figure 2A), and carbon spectroscopy (13C-NMR) (Figure 2B), were used to further identify the glycosidic bond configuration of GPS-1 samples. In the 1H-NMR spectrum (the peals at 5.18, 5.04, 4.96, 4.95, 4.80, and 4.47 ppm were assigned to H-1 of Rα, At, A, A1, 5, B and Rβ residues. Peaks between 3.36 and 5.02 ppm belong to sugar ring protons. In the 13C DEPT 135 spectrum (Figure 2C, negative peaks at 62.43 ppm were assigned to the At-C5. The main anomeric carbon peaks in the 13C NMR spectrum observed at 108.90, 108.47, 101.55, 100.43, 97.65 and 93.69 ppm were corresponding to C-1 of A1, 5, At, B, A, Rβ, and Rα sugar residues, signals at 176.94, 176.49 (× 2) and 172.20 ppm were attributed to the carbonyls of A, Rβ/Rα and B galacturonic residues, peaks at 75.69 (× 2), 72.83, 72.12, 68.17 and 62.68 ppm belonged to the C-5 of Rβ/Rα, A, B, A1, 5 and At, while other signals between 60 and 90 ppm were attributed to C-2, C-3 and C-4 of the sugar rings. These data confirmed the existence of Arabinosyl and galacturonic residues of GPS-1 (16).




Figure 2 | GPS-1 one-dimensional nuclear magnetic resonance spectrum (A) 1H-NMR. (B) 13C-NMR. (C)13C-DEPT.GPS-1 2D NMR spectrum (D) HSQC. (E) 1H-1H COSY. (F) HMBC. (G) NOESY.





3.2.3 GPS-1 2D NMR analysis

According to the monosaccharide composition and methylation analysis results of the polysaccharide samples, the HSQC (Figure 2D and 1H-1H COSY (Figure 2E) NMR spectra showed that there were multiple signal peaks in the anomeric region, which were significant and could be used for structural analysis. The chemical shifts of the signals in the anomeric region were respectively δ 4.96/100.43 ppm, δ 4.80/101.55 ppm, δ 4.95/108.90 ppm, δ 5.04/108.47 ppm, δ 5.18/93.69 ppm, δ 4.47/97.65 ppm, named as sugar residues A, B, A1,5, At, and the reducing end groups Rα and Rβ. After the assignment of the anomeric signal was determined, through 1H-1H COSY, HSQC, HMBC (Figure 2F), and NOESY (Figure 2G), combined with the 1H-NMR and 13C-NMR spectra (Table 3), as well as the monosaccharide composition and methylation analysis results, the similar sugar residues substituted in the related literature were compared. Chemical shift data (13, 16, 17), the 1H and 13C chemical shift signals of the main types of sugar residues in the polysaccharide samples were assigned, and the results are shown in Table 4.


Table 3 | Assignment of chemical shifts of 1H and 13C of each sugar residue in GPS-1.




Table 4 | Molecular weight results for GPS-1.





The connection sequence of each sugar residue can be further inferred by HMBC remote correlation spectrum and NOESY spectrum. As shown in the HMBC correlation spectrum (Figure 2F) and NOESY spectrum (Figure 2G) of the GPS-1, the following coupling signals can be found from the Figure : (1): There is a correlation signal peak (A H-1/A C-4) between H-1 (δ 4.96 ppm) of sugar residue A in HMBC spectrum and C-4 (δ 79.26 ppm) of sugar residue A itself. In the NOESY spectrum, there is a cross peak (A H-1/A H-4) between H-1 (δ 4.96 ppm) of sugar residue An and H-4 (δ 4.29 ppm) of sugar residue An itself. These results indicate that the connection mode of →4)-α-D-GalpA-(1→4)-α-D-GalpA-(1→ exists in GPS-1 (2). There is a cross peak (A H-1/B H-4) between H-1 (δ 4.96 ppm) of sugar residue A and H-4 (δ 4.44ppm) of sugar residue B in NOESY spectrum, which indicates that there is a connection mode of →4)-α-D-GalpA-(1→4)-α-D-GalpA-6-OMe-(1→ (3) There is a cross peak (B H-1/A H-4) between H-1 (δ 4.80ppm) of sugar residue B and H-4 (δ 4.29ppm) of sugar residue An in NOESY spectrum, which indicates that there is a →4)-α-D-GalpA-6-OMe-(1→4)-α-D-GalpA-(1→connection in GPS-1 (4). There is a cross peak (At H-1/A1,5 H-4) between the H-1 (δ 5.04ppm) of the sugar residue At and the H-5a (δ 3.67ppm) of the sugar residue A1,5 in the NOESY spectrum, indicating that there is a α-Lmurf- (1–5)-α-LmurAraf-(1 “) connection in GPS-1.

According to the results of monosaccharide composition, the polysaccharide sample is mainly GalA, and the proportion of GalA is 74.39%. Combined with the results of methylation and nuclear magnetic resonance (18, 19), there are a large number of 1,4-GalpA sugar residues and a small amount of methyl esterified galacturonic acid, which accords with the domain characteristics of homogalactan (HG) pectin (20–22). It is speculated that the main chain of HG pectin is composed of →4)-α-GalpA-(1→. The results of methylation analysis and NMR (23) showed that there were arabinose residues in the polysaccharide samples, indicating that there were a few branched chains in the main chain HG-type pectin, and there were →2,4)-α-D-GalpA-(1→ sugar residues in the methylation results. Due to the low content, the NMR signal was not clear, and the molar ratio of sugar residues →4)-α-GalpA-(1→and” →2,4)-α-D-GalpA-(1→ was 61.675:1.335.

Based on the analysis of monosaccharide composition, methylation results, and one-dimensional and two-dimensional NMR (24, 25), the preliminary structure of GPS-1 polysaccharides is a homogalacturonan (HG) – type with →4)-α-D-GalpA-(1→ as the main chain. Pectin, galacturonic acid has a small amount of methyl esterification, contains a small amount of O-2 and O-3 acetylated substitutions, linked by →2,4)-α-D-GalpA-(1→ at the O-2 position Side chain, the side chain contains α-L-Araf-(1→ and →5)-α-L-Araf-(1→, and contains →4)-α-D-GalpA and →4)-β-D Two reducing end groups of -GalpA, the possible structural models of which are shown in Figure 3.




Figure 3 | The structural model of GPS-1.






3.3 In vivo immune-enhancing effect of GPS-1


3.3.1 GPS-1 increases serum cytokine secretion in mice

As shown in Figure 4A, after oral administration of GPS-1 for 14 days, compared with the control group, different concentrations of GPS-1 could significantly increase the levels of IFN-γ and IL-10 in the serum of mice in a dose-dependent manner.




Figure 4 | (A) Expression levels of IFN-γ and IL-10 in serum of mice in each group after 14 days of administration (n = 5). (B) Histological analysis diagram of each small intestinal segment (200×),. and thymus and spleen (100×) at 14 days after drug administration. (C) Expression of CD3+CD4+ and CD3+CD8+ T cells in mouse spleen lymphocytes 14 days after administration (n = 5) and representative flow scatter plots of CD3+CD4+ and CD3+CD8+ T lymphocytes.Compared with blank group (Control): **p<0.01, ***p<0.001.





3.3.2 GPS-1 improves the histological manifestations of small intestinal segments and immune organs in mice

As shown in Figure 4B, the intestines of mice in all groups were in a normal state, and the mouse intestinal villi were structurally intact and arranged in an orderly manner, without congestion or hemorrhage. Compared with the blank group (Control), the duodenal villi in each GPS-1 group were more abundant (indicated by red arrows), and the length was slightly increased; the jejunum showed an increase in the number of intestinal villi and a large increase in the number of crypts. (indicated by red arrows); histological analysis of the ileum also showed an increase in the number of crypts and intestinal villi (indicated by red arrows). Overall performance the high concentration of the GPS-1 (GPS-H) group can significantly improve the histological manifestations of the small intestine in mice.

As shown in Figure 4B, the HE sections of the spleen and thymus of the mice in each group were normal, without inflammatory cell infiltration, edema, congestion, and other phenomena. Spleen histology showed that compared with the blank group (Control), the germinal centers (indicated by red arrows) of the spleen in the GPS-M and GPS-H groups were more obvious, increased in number, and darker in color. The thymus results showed that the thymic cortex (indicated by the red arrow) was thickened and dark-stained in the GPS-M and GPS-H groups compared with the blank group (Control).



3.3.3 GPS-1 increased the proportion of CD3 + CD4 + and CD3 + CD8 + T lymphocytes in the mouse spleen

As shown in Figure 4C, three concentrations of GPS-1, low, medium, and high, were effective and significantly increased the ratio of CD3+CD4+ T cells and CD3+CD8+ T cells in the spleen of mice. The proportion of CD3+CD4+ T cells increased from4.09% in the blank control group to 5.13% in the GPS-H group, an increased rate of 25.43%; the proportion of CD3+CD8+ T cells increased from 2.76% in the blank control group to 3.92%in the GPS-H group, the increase rate is 42.03%.




3.4 The immune-enhancing effect of GPS-1 on DCs in vitro


3.4.1 The maximum safe concentration of GPS-1 on mouse DCs

The results of the determination of the maximum safe concentration of GPS-1 on mouse DCs are shown in Figure 5A. When the concentration of GPS-1 was in the range of 500 μg/mL~7.814 μg/mL, there was no significant difference between the cell viability of each group and the blank group (P>0.05). When the concentration of GPS-1 was greater than or equal to 1000 μg/mL, GPS-1 showed certain toxicity and significantly reduced the survival rate of DCs. This shows that GPS-1 has high safety, so we selected three concentrations under the highest safe concentration of 500μg/mL as the test concentration in the follow-up experiments.



3.4.2 GPS-1 increases the secretion levels of IFN-γ, TNF-α, IL-1β, and IL-10 in mouse DCs

The expression levels of IFN-γ, TNF-α, IL-1β, and IL-10 in the cell supernatant were measured by the ELISA kit (Figure 5B), and the results showed that different concentrations of GPS-1 could dose-dependently increase the IFN-γ, TNF-α, IL-1β, and IL-10 in the cell supernatant, content. However, compared with the positive control group (LPS), there were also significant differences, indicating that GPS-1 could activate the activation of DCs to a certain extent.





Figure 5 | (A) The effect of GPS-1 on the activity of mouse DCs (n=6). (B) The effect of GPS-1 on cytokine secretion by DCs (n=4). (C) Flow cytometry and scatter diagram of GPS-1 enhancing the phagocytosis of DCs. (D) Confocal image of GPS-1 enhancing phagocytosis of DCs and statistics of fluorescence intensity. (E) GPS-1 increases the expression of CD80 and CD86 on the surface of DCs and the scatter plot.(F) GPS-1 increases the expression of CD80 and CD86 on DCs surface flow statistics. Compared with blank group (Control): *p<0.05, **p<0.01, ***p<0.001; compared with positive control group (LPS): #P<0.05, ##P<0.01, ###P<0.001.





3.4.3 The effect of GPS-1 on the phagocytosis of DCs

This experiment shows the effect of GPS-1 on the phagocytic ability of DCs within the same 8 hours of culture by flow cytometry (Figure 5C) and laser confocal image (Figure 5D). The FITC-OVA fluorescence intensity of cells in each GPS-1 treatment group (500 μg/mL, 250 μg/mL, and 125 μg/mL) and the blank group (Control) were counted, and the effect of GPS-1 on the phagocytosis of DCs was calculated by flow cytometry, the results showed that 500 μg/mL, 250 μg/mL and 125 μg/mL GPS-1 could significantly promote the phagocytosis of OVA antigens by DCs. 500 μg/mL GPS-1 was selected, and the phagocytosis of OVA was observed under a confocal microscope. Compared with the blank group (Control), the OVA fluorescence intensity (green) of the 500 μg/mL GPS-1 group was significantly higher than that of the blank group.



3.4.4 The effect of GPS-1 on the antigen-presenting ability of mouse DCs

As shown in Figures 5E, F, compared with the blank group (Control), the expression levels of co-stimulatory factors CD80 and CD86 on the surface of DCs were significantly increased after GPS-1 induction (P < 0.01). Therefore, the results indicate that GPS-1 can significantly promote the maturation and activation of DCs and the improvement of antigen presentation ability, and the positive control group (LPS) has a stronger stimulating effect than the GPS-1 group (P<0.05).




3.5 Study on the mechanism of GPS-1 regulating DCs activity pathway


3.5.1 Repetitive assessments

Triplicate repeatability assessments (n=3) were performed between samples in each group to eliminate within-group errors as much as possible. As shown in Figure 6A, the gene expression differences between the GPS-1-treated cells and the blank group were obvious, and the differences between the two groups were minimal and statistically significant.




Figure 6 | (A) Heat map of expression correlation of samples in different groups. (B) Differential gene expression volcano map. (C) Differential gene expression heat map. (D) Statistical chart of GO annotation classification of differentially expressed genes. (E) Bubble plot of differentially expressed genes KEGG enrichment.






3.6 Screening of differential genes

As shown in Figures 6B, C, differentially expressed genes (DEG) analysis was performed on the transcriptome samples of the GPS-1 group and the blank control group (Control), and it was found that after GPS-1 treatment, there were 574 differences between the two groups of samples genes, of which 316 were up-regulated (red), accounting for 55.05% of all differential genes. 258 down-regulated genes (green), accounting for 44.95% of all differential genes.



3.7 GO classification of differentially expressed genes

As shown in Figure 6D, the functions of differential genes after GPS-1 treatment were mainly enriched in cellular process, single-organism process biological regulation, response to stimulus, metabolic process, and immune system process-related biological processes such as metabolism and immune regulation. (red); cell part, membrane part, organelle, and cell junction-related molecular functions such as secretion and cell junction (green); binding, catalytic activity, molecular transducer function activity, and other related cellular components such as catalysis and transformation (blue) changes.


3.7.1 KEGG annotation of differentially expressed genes

KEGG annotation analysis was performed on the differential genes. The results shown in Figure 6E show that among immune-related pathways, the Toll-like receptors pathway, PI3K-Akt pathway, and Jak-STAT pathway are more highly enriched and more significant.





4 Discussion

Licorice is a traditional plant that is widely used for medicine and food. The analysis of glycyrrhiza components is also quite numerous. Among them, Licorice Polysaccharide, as a macromolecular carbohydrate, has been extensively studied in recent years due to its unique biological activity. Zhang et al. (26) extracted a new neutral polysaccharide AGP from glycyrrhiza residue with a molecular weight of 2.89 × 10 KDa, monosaccharide composition analysis indicated that AGP consisted of l-rhamnose: l-arabinose: d-xylose: d-mannose: d-glucose and d-galactose with a molar ratio of 1:2.33:2.85:0.69:3.05:1.54. AGP was composed of → 6)-β-d-Glcp-(→ backbone and the →4)-α-d-Xylp-(1→, →5)-α-l-Araf-(1→, →3) -α-l-Rhap-(1→, →6)-α-d-Galp-(1→, →3,6)-α-Manp-(1→ and →1)-β-d-Glcp as branche. Pan LC et al. (27) extracted a homogeneous polysaccharide GIBP from Glycyrrhiza Chinensis with a backbone composed of α-D-1,4-linked glucose and branch points composed of α-D-1,3,6 and α-D -1,2,3,6-linked glucose with side chains consisting of α-D-1,3 and β-D-1,6-linked galactose, β-L-1,2-linked arabinose, α- It is composed of D-1,3 and β-D-1,3, and its activity is mainly manifested in antioxidant aspects such as the scavenging ability of DPPH radicals, OH radicals, O radicals and ABTS. Mutaillifu P et al. (28) reported a polysaccharide GPN extracted from Glycyrrhiza glabra with a molecular weight of 38.7 kDa. Monosaccharide composition analysis confirmed the presence of major glucose (98.03%) and trace amounts of mannose, arabinose, and galactose, the main glycosidic bonds in GPN comprised 1,4-linked Glcp, T-linked Glcp, 1,4,6-linked Glcp, and 1,6-linked Glcp. It can be seen from the above that the structure of Glycyrrhiza polysaccharide is complex and diverse, such as the degree of polymerization, the composition and connection sequence of sugar units, branched-chain structure and higher-order structure, etc., which directly affect its biological activity. A large number of studies have shown that Glycyrrhiza polysaccharides have strong pharmacological activities, such as antioxidant (29), immune regulation (30), anti-tumor (31), apoptosis (32), anti-microbial (33), anti-inflammatory (34), and intestinal flora regulation (35). This may be the different biological activities caused by different polysaccharide structures. In this study, the immunomodulatory activity of polyrhamnogalacturonic acid-type pectin-type polysaccharide GPS-1 was evaluated. First of all, in terms of immune regulation, GPS-1 showed an effective immune-enhancing function. And the results showed (Figure 3) that GPS-1 could effectively increase the secretion of mouse cytokines IFN-γ and IL-10 which are secreted by Th1-type cells and Th2-type cells, respectively. Correspondingly, the proportion of CD3+CD4+ (Th2) cells and CD3+CD8+ (Th2) cells in spleen lymphocytes also showed a dose-dependent increase. Intuitively, GPS-1 improve the histological manifestations of intestinal and immune organs. (Figures 4A, D). In vitro experiments, GPS-1 can effectively promote DCs to secrete IFN-γ, TNF-α, IL-1β, and IL-10, these cytokines can make quiescent lymphocytes differentiate into functional lymphocytes. At the same time, it promoted the increase of the expression levels of CD80 and CD86 on the surface of DCs. The expression levels of CD80 and CD86 reflected the maturity of DCs, and mature DCs could play the function of antigen presentation more effectively. Antigen uptake assay showed that GPS-1 could help DCs phagocytose more antigens. To sum up, GPS-1 can help DCs to better exert their immune ability, promote lymphocyte differentiation, and help the body to obtain a higher immune level. Also in this experiment, polysaccharide GPS-1 also showed the immunomodulatory activity and the effect of improving intestinal immunity as reported in the above literature. But its structure is reported for the first time, GPS-1 is a polygalacturonic acid-type pectin, namely HG-type pectin. (Figure 3). Polygalacturonic acid HG is the most abundant pectin polysaccharide in plants. It is reported that some scholars have pointed out that the intake of pectin polysaccharide can be a therapeutic strategy for managing intestinal inflammation. Among them, anti-inflammatory cytokines and intestinal barrier function tend to be regulated by galactan-rich pectic polysaccharides (4). Since GPS-1 is a pectin polysaccharide rich in galacturonic acid, it has a positive effect on improving intestinal immunity, which is consistent with the previous study in our laboratory that GPS-1 can improve the intestinal immunity of laying hens. In laying hens, the addition of glycyrrhiza polysaccharide in the feed can regulate the abundance of intestinal flora and promote the increase of beneficial bacteria (4). It also suggested the effect of this type of polysaccharide on the intestinal barrier and immune function. Provide a scientific basis for the relationship between polysaccharide configuration and biological activity.

Preliminary studies have shown that Glycyrrhiza polysaccharides can affect signal transduction between cells, especially immune cells (6, 36). Glycyrrhiza polysaccharide can significantly promote the maturation and cytokine secretion of human monocyte-derived dendritic cells and mouse bone marrow-derived dendritic cells, which may be through toll-like receptor 4 (TLR4), downstream p38 signaling pathway, amino-terminal Kinase (JNK) and nuclear factor κb (NF-κB) signaling (8). Focusing on the pathways related to the regulation of immune cell function by polysaccharides, it can be found that polysaccharides such as Ganoderma lucidum polysaccharides and Lycium barbarum polysaccharides all further activate the intracellular MAPK and NF-κB signaling pathways by affecting the cellular TLR-2 and TLR-4 pathways (37, 38). In this study, we explored the pathway of GPS-1 affecting DCs through transcriptomics, analyzed the differences in the transcripts of DCs in GPS-1 intervention and DCs in the normal state (Figures 6A–C), and found the differential gene expression of cells in this state and the normal group to speculate on the pathways and mechanisms of the differences. Finally, the results we obtained through the analysis of transcriptome data GO (Figure 6D) and KEGG (Figure 6E) is consistent with the above literature reports and activate cellular immune function through the TLR pathway. At the same time, we also found that GPS-1 affects the downstream TLR-2 and TLR-4 pathways, ie PI3K-AKT signaling pathway. And with this pathway as the core, it also acts on various downstream pathways such as MAPK, NF-κB, NOD, mTOR, and AMPK to regulate the activation and maturation of DC cells in the nucleus, and various cytokines secreted in turn act on the cells. JAK-STAT signaling pathway on DCs cells. In this way, the multi-target effect of GPS-1 on DCs can be realized, and various cellular functions such as growth, differentiation, apoptosis, and immune regulation of DCs can be comprehensively adjusted.



5 Conclusion

A novel HG-type pectin glycopolysaccharide, glycyrrhiza polysaccharides GPS-1, is composed of fucose, rhamnose, arabinose, galactose, glucose, xylose, galacturonic acid, and mannuronic acid in the percentages 0.92%, 10.12%, 6.36%, 4.85%, 1.34%, 0.51%, 74.39%, and 1.52%. The main chain of GPS-1 The structure is composed of →4)-α-D-GalpA-(1→.

GPS-1 was able to show good immunomodulatory activity in both in vitro and in vivo experiments. In particular, it can effectively promote the phagocytosis and antigen-presenting ability of DCs in regulating the immune activity of dendritic cells in vitro. At the same time, the transcriptomic analysis revealed that GPS-1 influenced the TLR-2 and TLR-4 pathways, and further regulated the viability of DCs through the PI3K- AKT signaling pathway and various downstream signaling pathways.
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Background

Kidney transplant recipients (KTRs) have an impaired immune response after vaccination against severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Iron deficiency (ID) may adversely affect immunity and vaccine efficacy. We aimed to investigate whether ferric carboxymaltose (FCM) treatment improves humoral and cellular responses after SARS-CoV-2 vaccination in iron-deficient KTRs.



Methods

We randomly assigned 48 iron-deficient KTRs to intravenous FCM (1-4 doses of 500mg with six-week intervals) or placebo. Co-primary endpoints were SARS-CoV-2-specific anti-Receptor Binding Domain (RBD) Immunoglobulin G (IgG) titers and T-lymphocyte reactivity against SARS-CoV-2 at four weeks after the second vaccination with mRNA-1273 or mRNA-BNT162b2.



Results

At four weeks after the second vaccination, patients receiving FCM had higher plasma ferritin and transferrin saturation (P<0.001 vs. placebo) and iron (P=0.02). However, SARS-CoV-2-specific anti-RBD IgG titers (FCM: 66.51 [12.02-517.59] BAU/mL; placebo: 115.97 [68.86-974.67] BAU/mL, P=0.07) and SARS-CoV-2-specific T-lymphocyte activation (FCM: 93.3 [0.85-342.5] IFN-ɣ spots per 106 peripheral blood mononuclear cells (PBMCs), placebo: 138.3 [0.0-391.7] IFN-ɣ spots per 106 PBMCs, P=0.83) were not significantly different among both arms. After the third vaccination, SARS-CoV-2-specific anti-RBD IgG titers remained similar between treatment groups (P=0.99).



Conclusions

Intravenous iron supplementation efficiently restored iron status but did not improve the humoral or cellular immune response against SARS-CoV-2 after three vaccinations.





Keywords: iron deficiency, SARS-CoV-2, kidney transplantation, vaccination, randomized controlled (clinical) trial



Introduction

Coronavirus Disease 2019 (COVID-19) has affected more than 500 million people worldwide since the beginning of the pandemic early 2020, leading to more than six million deaths (1). Kidney transplant recipients (KTRs) who are infected with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) have an increased risk of adverse outcome, with a 17-23% mortality rate (2–5). Immunosuppressive medication in KTRs impedes powerful humoral (6–11) and cellular (10, 12) immune responses against SARS-CoV-2 after vaccination. Previous studies identified higher age, pre-transplantation dialysis, deceased donor type, worse graft function, recent use of high-dose corticosteroids and use of mycophenolic acid as risk factors for a poor antibody response after SARS-CoV-2 vaccination in KTRs (8, 10, 13). Still, identification of new modifiable risk factors for an impaired immune response in KTRs is urgently needed (6, 8, 10).

Iron deficiency (ID) is highly prevalent after kidney transplantation (14), and has recently been proposed as potential treatment target to improve vaccine efficacy (15). Iron is involved in nucleotide synthesis for replication of deoxyribonucleic acid and in mitochondrial energy metabolism (16). Therefore, rapidly proliferating cells such as lymphocytes are prone to be affected by ID. Recent studies demonstrated impaired B-cell proliferation, plasma cell differentiation and immunoglobulin production in iron-deficient mice (17). In humans, ID is associated with reduced antibody production in response to various vaccinations (17), while pre-vaccination iron supplements improved vaccination-induced immune responses (18). Given these observations, the European Hematology Association recently published an expert opinion advising to correct ID before vaccination against SARS-CoV-2 (19). Whether correcting ID improves SARS-CoV-2 vaccine efficacy in KTRs is unknown. Therefore, we aimed to address the hypothesis that in iron-deficient KTRs, ferric carboxymaltose (FCM) improves the humoral and cellular response after vaccination against SARS-CoV-2.



Materials and methods


Patient population and study design

COVAC-EFFECT is a secondary analysis performed in a subpopulation of the ongoing EFFECT-KTx study (NCT03769441, also covering COVAC-EFFECT), a randomized, placebo-controlled, parallel-arm clinical trial aiming to address the effects of FCM versus placebo on exercise tolerance, cardiac function and other clinical outcomes in iron-deficient KTRs. In the mother trial, 158 subjects receive up to four doses of FCM (containing 500 mg Fe3+ per dose) or placebo (0.9% sodium chloride solution) intravenously, with six-week intervals. In case of severe hypophosphatemia (plasma phosphate ≤1.55 mg/dL) or active systemic infection on the day of the study visit, one treatment is withheld. In case of imminent iron overload, defined as a plasma ferritin level of ≥800 ug/L or 500-799 ug/L in combination with a transferrin saturation (TSAT) of ≥45% on the day of the study visit, patients in the FCM arm receive a dose of placebo instead of FCM. The study protocol of the EFFECT-KTx study and COVAC-EFFECT was approved by the medical ethical committee of the University Medical Center Groningen (METc 2018/482), conducted in accordance with the principles of the Declaration of Helsinki and consistent with the Good Clinical Practice guidelines provided by the International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use. All participants had given their informed consent prior to enrollment in the EFFECT-KTx study as well as to enrollment in COVAC.

The current study could be performed since the ongoing EFFECT-KTx trial coincided with the Dutch national SARS-CoV2 vaccination program. Given this setting, a formal a priori sample size calculation was not performed; instead, all patients enrolled in the mother trial (EFFECT-KTx) who met the inclusion criteria for the current substudy were invited to participate. Participants who had received at least one treatment with study medication were eligible. The unblinded researchers who analyzed the data for the current study worked completely independent of the study team working on the mother trial, to ensure that these investigators remained blinded. An overview of the study design is provided in Figure 1. For the current study, we enrolled 48 iron-deficient EFFECT-KTx participants with a functional graft for more than six months post-transplantation who had not reported COVID-19 and who agreed to vaccination against SARS-CoV-2. Two patients who tested positive for SARS-CoV-2 within four weeks after the first or the second vaccination were excluded.




Figure 1 | Study design. During participation in the EFFECT-KTx study, iron-deficient kidney transplant recipients are being randomized to receive four doses of ferric carboxymaltose (FCM) or placebo with six-week intervals after baseline measurements, including iron status assessment, have been performed. During or after participation in the EFFECT-KTx study, patients received three vaccinations against SARS-CoV-2. Before the first vaccination and four weeks after the successive vaccinations, anti-SARS-CoV-2 IgG titer was measured. Four weeks after the second vaccination, anti-SARS-CoV-2 T-lymphocyte response was assessed.





Vaccination

Participants were vaccinated against SARS-Cov-2 as part of the Dutch national vaccination campaign. Patients who were eligible for early vaccination, because of high age or occupation in healthcare, received two mRNA-BNT162b2 vaccinations (COMIRNATY, ®Pfizer-BioNTech) with an interval of 35 days. All other participants received two mRNA-1273 vaccinations (®Moderna Biotech Spain, S.L.) with an interval of 28 days according to the manufacturer’s instructions. Six months after the second vaccination dose, participants received a third vaccination dose.



Data collection and definitions

Co-primary outcomes of this study were the humoral and cellular immune responses at four weeks after the second vaccination. At this timepoint, SARS-CoV-2-specific anti-Receptor Binding Domain (RBD) immunoglobulin G (IgG) levels, expressed in international Binding Antibody Units (BAU)/mL, were measured in venous blood. Furthermore, capillary blood was collected with a self-collection finger prick set prior to the first and the second vaccination and four weeks after the third vaccination for additional SARS-CoV-2-specific anti-RBD IgG titer measurements. To assess cellular immunogenicity, peripheral blood mononuclear cells (PBMCs) were isolated from the blood sample that was taken four weeks after the second vaccination.

Baseline characteristics were registered and measurements were performed before treatment with FCM or placebo. Body Mass Index (BMI) was calculated as weight in kilograms divided by height in meters squared. Plasma creatinine was measured in venous blood with an enzymatic photometry assay (Roche Diagnostics, Mannheim, Germany). The estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD‐EPI) equation, omitting the black race coefficient (20). Plasma iron was measured with a colorimetric assay, ferritin with an immunoassay and transferrin with a turbidimetric assay (Roche Diagnostics), all in venous blood samples. TSAT was calculated as 100 x (plasma iron (μg/dL) ÷ (total iron binding capacity (μg/dL)). Hemoglobin was measured in venous blood with spectrophotometry. ID was defined as a plasma ferritin concentration below 100 μg/L or a ferritin concentration between 100 and 299 μg/L in combination with a TSAT below 20% (21). Severe ID was defined as a ferritin concentration below 30 μg/L (22). IgG deficiency was defined as a total IgG concentration below 7.0 g/L (23).



Anti-SARS-CoV-2 antibody response

Serum was isolated from capillary blood samples (fingerpick sampled at home) taken before the first and the second vaccination and four weeks after the third vaccination, or from venous blood sample drawn four weeks after the second vaccination. SARS-CoV-2-specific anti-RBD IgG antibodies were measured using an in-house (Sanquin, Amsterdam, the Netherlands) enzyme-linked immunosorbent assay (ELISA) assay, as described by Steenhuis et al. (24) IgG titers were compared with the World Health Organization reference sample (NIBSC code: 20/136) and expressed as BAU/ml. Cut-off for seroconversion was defined based on the 98th percentile of signals of 240 pre‐outbreak plasma samples, corresponding to an anti-RBD IgG titer of ≥50 BAU/mL (24, 25). In addition, to detect previous exposure to SARS-CoV-2, a highly sensitive and specific total antibody SARS-CoV-2 RBD bridging assessment was performed on all samples, using a double antigen sandwich ELISA based assay developed by Sanquin, as described previously (24, 26). Outcome of this assay was compared to a Sanquin in-house calibrator of pooled convalescent plasma and expressed as normalized optical density units (nOD). An nOD >0.1 was considered as seropositive for total SARS-CoV-2- specific anti-RBD antibodies (24, 26). Furthermore, SARS-CoV-2-specific anti-nucleocapsid protein IgG antibodies were measured in samples from patients with a nOD >0.1 or an anti-RBD IgG titer of ≥50 BAU/mL at baseline, using an ELISA assay (26). Since these antibodies do not react to vaccination and are highly specific for previous exposure to the virus itself, they can be used to assess whether antibodies are induced by SARS-CoV-2 vaccination or infection.



T-lymphocyte reactivity against Spike protein

In all participants, the SARS-CoV-2-specific T-lymphocyte response was measured after stimulation of PBMCs isolated from heparinized venous blood obtained four weeks after the second vaccination, using SepMate tubes (STEMCELL). The number of Interferon-gamma (IFN-ɣ)-producing T-lymphocytes after stimulation with SARS-CoV-2 Spike overlapping peptide pools was assessed using an IFN-ɣ enzyme-linked immune adsorbent spot (ELISpot) assay. SARS-CoV-2 S1 and S2 peptide pools (JPT Peptide Technologies), consisting of 15-mer peptides overlapping 11 amino acids that cover the entire sequence of the viral proteins were used for overnight stimulation of the PBMCs in a concentration of 0.5 µg/mL. 0.4% dimethyl sulfoxide (DMSO, Sigma) was used as negative control and Phytohaemagglutinin (Remel Europe Ltd; 4 µg/mL) as a positive control. Spot forming cells (SFC) were quantified with the AID ELISpot/Fluorospot reader and calculated to SFCs/106 PBMCs. The average of the DMSO negative control was subtracted per stimulation. To define the total Spike-specific SFC, the SFC of the separate S1 and S2 peptide pools were summed. Results are expressed in number of IFN-ɣ spots per 106 PBMCs. KTRs who had more than 50 IFN-ɣ spots per 106 PBMCs were considered to be responders (27).



Statistical analyses

We used IBM SPSS Statistics version 23.0 (SPSS Inc., Chicago, USA) and Prism 8.0 (GraphPad Software Inc., San Diego, USA) to analyze the data. Normally distributed data are presented as mean ± standard deviation (SD). Data with a skewed distribution are presented as median (interquartile range [IQR]). Categorical data are expressed as number (percentage).

To assess changes between baseline and post-vaccination measurements, we used the paired T-test for normally distributed data or the Wilcoxon-signed rank test for data with a skewed distribution. To assess differences between the two study arms at four weeks after the successive vaccinations, the independent samples T-test and Mann-Whitney Test were used. To adjust for differences in baseline lymphocyte count or eGFR, analysis of covariance was performed. Correlations were analyzed using the Spearman’s rank test.

The primary analyses were performed according to the intention-to-treat principle. We additionally performed ten sensitivity analyses. First, a per-protocol analysis was performed, excluding KTRs who were still iron-deficient after treatment with FCM, as well as KTRs who were not iron-deficient despite placebo treatment. In a second sensitivity analysis, we excluded four patients who were seropositive for total SARS-CoV-2-specific anti-RBD antibodies (n=3) or anti-SARS-CoV-2 IgG antibodies (n=1) at baseline. As a third sensitivity analysis, we excluded KTRs who were IgG-deficient at baseline. Fourth, we repeated the analyses in a subpopulation restricted to patients who had received the mRNA-1273 vaccine. In a fifth sensitivity analysis, only patients with severe ID (ferritin <30 μg/L) were included. Sixth, we analyzed patients on dual or triple immunosuppressive therapy separately. Seventh, patients who had received treatment with alemtuzumab, methylprednisolone or anti-thymocyte globulin <2 years prior to vaccination were excluded. In an eighth sensitivity analysis, the subgroup of patients who used mycophenolic acid was studied. Moreover, the subgroup of patients using mycophenolic acid with a dosage of 500mg twice daily was analyzed separately. Finally, we analyzed men and women separately. In all analyses, a P value of ≤0.05 was considered significant.




Results


Baseline characteristics and vaccines

Forty-six KTRs (age 53 [43-65] years, 61% male) were included. Baseline characteristics are shown in Table 1. Patient characteristics in both treatment arms were generally well balanced, except for small but significant differences in lymphocyte count, eGFR and prevalence of hypertension. Forty-one patients received the mRNA-1273 vaccine, and five KTRs received the mRNA-BNT162b2 vaccine. Four patients had a nOD of >0.1 or an anti-RBD IgG titer of ≥50 BAU/mL at baseline; three of them also had anti-nucleocapsid protein IgG antibodies at baseline. Time between enrollment in the EFFECT-KTx study and first vaccination was 33 ± 24 weeks.


Table 1 | Baseline characteristics.





Iron status

Iron status was assessed at baseline before treatment with FCM or placebo and four weeks after the second vaccination, which was on average 42 ± 24 weeks after baseline (Table 2). Patients in the FCM arm showed an increase in plasma ferritin levels from 49 [26–79] μg/L to 464 [272–621] μg/L (P<0.001 vs baseline), while in the placebo group, ferritin did not significantly change (34 [24–62] μg/L to 42 [23–69] μg/L, P=0.39, Figure 2A). Ferritin levels at four weeks after the second vaccination were significantly higher in the FCM arm than in the placebo arm (P<0.001). TSAT also increased significantly in the FCM arm (from 21 ± 8% to 34 ± 12%, P<0.001), but not in the placebo arm (21 ± 8% vs 21 ± 10%, P=0.84 vs placebo baseline, P<0.001 vs FCM, Figure 2B). Plasma iron levels increased significantly in the FCM arm (from 75.4 ± 25.7 µg/dL to 98.8 ± 29.0 µg/dL, P=0.004), but not in the placebo arm (78.2 ± 22.9 µg/dL to 79.3 ± 34.1 µg/dL, P=0.89 vs placebo baseline, P=0.02 vs FCM, Figure 2C). Two months after the second vaccination, only two patients in the FCM arm were still iron-deficient. One patient was not iron-deficient anymore despite placebo treatment. Finally, there was a small but significant effect of FCM on hemoglobin levels (from 13.2 ± 1.1 g/dL to 14.0 ± 1.1 g/dL, P<0.001) which was not observed in the placebo arm (13.5 ± 1.0 g/dL vs 13.5 ± 1.1 g/dL, P=0.95).


Table 2 | Inflammation and iron status parameters at baseline and four weeks after the second vaccination.






Figure 2 | Effect of FCM or placebo on (A) plasma ferritin levels, (B) transferrin saturation and (C) plasma iron levels in iron-deficient KTRs.





Anti-SARS-CoV-2 antibody response

There was no significant difference between the treatment groups in SARS-CoV-2-specific anti-RBD IgG concentration at four weeks after the second vaccination dose (P=0.07), which was one of the two co-primary outcomes of this study. Also after the first (P=0.12), or the third vaccination (P=0.99) there was no difference in SARS-CoV-2-specific anti-RBD IgG concentration between the study groups (Figure 3A). During the four weeks after the first vaccination, there was no significant increase in SARS-CoV-2-specific anti-RBD IgG concentration in patients in the FCM arm (2.31 [1.18–9.53] BAU/mL to 1.18 [1.18-20.63] BAU/mL, P=0.14). At four weeks after the second vaccination, SARS-CoV-2-specific anti-RBD IgG concentration significantly increased to 66.51 [12.02–517.59] BAU/mL in the FCM group (P<0.001 vs before first vaccination). Finally, four weeks after the third vaccination, SARS-CoV-2-specific anti-RBD IgG concentration further increased to 464.71 [52.13 – 1255.30] in the FCM group (P<0.001 vs before first vaccination). In the placebo arm, SARS-CoV-2-specific anti-RBD IgG concentration increased from 1.18 [1.18–10.33] BAU/mL before the first vaccination to 13.75 [1.18–46.18] BAU/mL four weeks later (P=0.03), to 115.97 [68.86–974.67] BAU/mL at four weeks after the second vaccination (P<0.001 vs before the first vaccination) and to 476.46 [45.00 – 1286.60] after the third vaccination (P=0.004 vs before first vaccination). An a posteriori power calculation indicated that, based on measured antibody levels, this study had 80% power to detect a 30% increase in (natural log-transformed) SARS-CoV-2-specific anti-RBD IgG concentrations at four weeks after the third vaccination.




Figure 3 | Anti-SARS-CoV-2 antibody and T-lymphocyte response. (A) Anti-SARS-CoV-2 IgG titers before vaccination and after the successive vaccinations in iron-deficient KTRs who had been treated with ferric carboxymaltose or placebo. The dashed horizontal line represents the threshold for IgG seropositivity. (B) Anti-SARS-CoV-2 IgG titers and transferrin saturation (in all participants). (C) Anti-SARS-CoV-2 IgG titers and plasma iron (in all participants). (D) SARS-CoV-specific T-lymphocyte response in iron-deficient KTRs who had been treated with ferric carboxymaltose or placebo. The dashed horizontal line represents the threshold for a positive T-lymphocyte response. (E) SARS-CoV-specific T-lymphocyte response and transferrin saturation (in all participants). (F) SARS-CoV-specific T-lymphocyte response and plasma iron (in all participants). (G) Example of representative results of an ELISpot assay, with which the SARS-CoV-2-specific T-lymphocyte response was measured in a patient (Spike pool 1 and 2). Interferon-gamma-producing T-lymphcytes after stimulation with SARS-CoV-2 Spike overlapping peptide pools are colored purple. All stimulations are performed in triplicate per peptide pool and the average of the six measurements is calculated. To correct for background activation, the average signal of the negative control is subtracted from the spike response.



After adjusting for total lymphocyte count (P=0.61) or eGFR (P=0.19) at baseline, there was still no significant difference in SARS-CoV-2-specific anti-RBD IgG concentration between the treatment groups at four weeks after the second vaccination. We found no correlation between TSAT (Spearman’s rho -0.05, P=0.72) or plasma ferritin (Spearman’s rho -0.15, P=0.33) or plasma iron (Spearman’s rho -0.01, P=0.94) and SARS-CoV-2-specific anti-RBD IgG concentration at four weeks after the second vaccination (Figures 3B, C). There was also no significant correlation between SARS-CoV-2-specific anti-RBD IgG concentration measured at four weeks after the second vaccination, and the total lymphocyte count at baseline (Spearman’s rho 0.26, P=0.09).

Seroconversion increased from 19% in the FCM group and 17% in the placebo group (P=0.85 between groups) at four weeks after the first vaccination to 56% in the FCM group and 80% in the placebo group (P=0.09 between groups) after the second vaccination and to 84% in the FCM group and 79% in the placebo group (P= 0.68 between groups) after the third vaccination. In all sensitivity analyses, results were highly comparable to those of the main analysis (Supplementary Tables 1–24).



SARS-CoV-2-specific T-lymphocyte response

We subsequently evaluated the effect of FCM on the SARS-CoV2-specific cellular vaccination response, expressed in number of IFN-ɣ-producing T-lymphocytes after stimulation with SARS-CoV-2 Spike, at four weeks after the second vaccination. This was the second co-primary outcome of this study. KTRs in the FCM arm had a median of 93.3 [0.85–342.5] IFN-ɣ spots per 106 PBMCs, compared to 138.3 [0.0–391.7] IFN-ɣ spots per 106 PBMCs in the KTRs in the placebo arm (P=0.83, Figure 3D). Also after adjusting for total lymphocyte count (P=0.93) or eGFR (P=0.96) at baseline, there was no difference in SARS-CoV2-specific cellular response between the treatment groups after the second vaccination. The number of IFN-ɣ spots significantly correlated with the SARS-CoV-2-specific anti-RBD IgG concentration (Spearman’s rho 0.44, P=0.002), but not with TSAT (Spearman’s rho 0.16, P=0.30, [Figure 3E]), plasma ferritin (Spearman’s rho 0.00, P=0.98), plasma iron (Spearman’s rho 0.11, P=0.45, Figure 3F) or total lymphocyte count at baseline (Spearman’s rho 0.10, P=0.50). 60% of KTRs in the FCM group and 62% of KTRs in the placebo group were T-lymphocyte responders (P=0.90). The between-group differences were non-significant in all sensitivity analyses (Supplementary Tables 25–36). An example of the results of an ELISPOT assay is depicted in Figure 3G.




Discussion

The main finding of this study is that correction of ID with FCM does not improve the humoral or cellular post-vaccination immune response against SARS-CoV-2 in KTRs. Although iron-deficient KTRs who were treated with FCM showed a significant increase in plasma ferritin and TSAT compared to placebo, there was no difference in SARS-CoV-2-specific anti-RBD IgG concentration, seroconversion rate or number of IFN-ɣ-producing T-lymphocytes after vaccination. These results are in contrast with studies in other populations, reporting improved vaccination efficacy after iron supplementation (15). A prior study showed that the antibody response after vaccination against measles virus was significantly stronger in iron-sufficient, compared to iron-deficient Chinese individuals (17). In Kenyan infants, higher TSAT predicted a stronger antibody response after vaccination against Corynebacterium diphtheriae and Streptococcus pneumonia while a lower transferrin receptor level was associated with a stronger antibody response after vaccination against poliovirus (18). In a randomized trial among the same population, oral iron supplementation before vaccination improved antibody response against measles virus (18). Iron is essential for activation, proliferation and function of T- and B-lymphocytes (17, 28), which might explain impaired vaccine efficacy associated with ID. Based on these findings we hypothesized that correction of ID would improve the immune response against SARS-CoV-2 after vaccination in KTRs. There are several potential explanations for the negative outcome of our study. First, other transplantation-related factors affecting the immune system, most importantly the use of immunosuppressive medication, may have overruled the potential effect of iron supplementation. The majority (83%) of participants was on triple immunosuppressive therapy and used mycophenolic acid; both are factors strongly associated with impaired vaccine response (10). The detrimental effect of mycophenolic acid on vaccine efficacy in KTRs was highlighted by a german study (29) reporting a beneficial effect of temporarily withholding antimetabolite treatment around the time of vaccination, although a recently published trial could not confirm these results (30). Second, we cannot exclude the possibility that iron supplementation has unfavorable effects on the immune system that might have counterbalanced potential beneficial effects. In a recently published meta-analysis, intravenous iron supplementation was associated with a higher infection risk (31), although this was not found in the PIVOTAL trial (32). While specific strains of pathogens need iron to thrive, intravenous iron supplementation may also indirectly increase the risk of infection by inducing oxidative stress, which is toxic to macrophages, neutrophils (33, 34), and lymphocytes (33, 35, 36). Third, the pathophysiological basis of ID in Dutch KTRs likely differs from ID in the previously reported populations, in which nutritional deficits and parasite infections may have played a major role (37). In our KTR population, ID is more likely induced by pro-inflammatory cytokines through upregulation of hepcidin, which prevents iron absorption from the gut and promotes iron entrapment in monocytes (38). In the context of inflammation, systemic ID may result from disordered iron distribution rather than an absolute deficit (39). It could be that only absolute ID affects vaccination response. However, in animal studies, it has been shown that not only absolute ID but also inflammation-associated ID affects T-lymphocyte response to vaccination against adenovirus (40). Furthermore, in humans with genetic hepcidin overexpression, antibody titers against various pathogens after vaccination are decreased (40). Finally, the definition of ID used in the current study may be too liberal. Since ferritin is an acute-phase protein, it can be increased by pro-inflammatory cytokines despite a depletion of iron (38). Therefore, we used a much higher cut-off value for plasma ferritin levels than what would be appropriate as a reference in the general population, although it is commonly used in chronic heart failure patients (41). In a sensitivity analysis including only KTRs with severe ID, although with limited statistical power, there was also no difference in SARS-CoV-2-specific vaccine efficacy between the two treatment arms (Supplementary Tables 5, S16, S27).

Notably, although there were no significant differences in antibody response between the treatment groups after any of the three vaccination doses, a small advance of the placebo-treated group seemed to decrease after each vaccination dose, until after the third dose, the median SARS-CoV-2-specific anti-RBD IgG concentration was slightly higher in the FCM-treated group. Another study (13), focusing on the lower antibody response to vaccination in individuals of higher age, showed that the difference between age groups decreased with each dose, thereby highlighting the efficacy of booster vaccination doses, which has also been observed in kidney transplant recipients (30).

In the current study, only 68% of patients had a positive SARS-CoV-2-specific anti-RBD IgG response and 61% had SARS-CoV-2-specific T-lymphocyte activation after the second vaccination. These numbers are similar to results of other studies among KTRs (6–10, 12). In accordance with prior studies (10, 12), there was a significant correlation between SARS-CoV-2-specific anti-RBD IgG titer and the number of IFN-ɣ spots per 106 PBMCs. However, it should be emphasized that in some KTRs who remain seronegative after vaccination against SARS-CoV-2, a cellular antibody response can be detected (42). One patient in our study had a SARS-CoV-2-specific anti-RBD IgG concentration above the threshold for a positive response before the first vaccination. This patient was seronegative for total SARS-CoV-2-specific anti-RBD antibodies, but positive for antinucleocapsid antibodies. Therefore, it is unclear whether this patient had previous exposure to SARS-CoV-2 before or the positive IgG titer was based on cross-reactivity with antibodies against other coronaviruses or antigens. Previous studies among KTRs show an incidence of a positive pre-vaccination SARS-CoV-2-specific anti-RBD IgG response of 10% (12). Three patients had a total SARS-CoV-2- specific anti-RBD antibody OD above the threshold at baseline. Two of them also had anti-nucleocapsid antibodies, suggesting previous exposure to SARS-CoV-2. In a sensitivity analysis, all four patients were excluded, and this did not affect the results (Supplementary Table 2, S13, S24).

Our study has several strengths as well as limitations. We had the unique chance to assess vaccine efficacy within the scope of a running clinical trial assessing the impact of treatment with FCM versus placebo in iron-deficient KTRs. Another strength is the simultaneous availability of SARS-CoV-2-specific anti-RBD IgG concentration and data on SARS-CoV-2-specific T-lymphocyte activation. Limitations include the relatively small number of participants; nevertheless, since we did not find any trend towards a positive effect, a larger sample size would be unlikely to lead to a different outcome. The current study involved patients participating in an ongoing clinical trial who had not received all study treatments at the time of the Dutch national COVID-19 vaccination campaign, as well as patients who had finished their participation in the trial up to a year before vaccination. Therefore, there was considerable heterogenicity in the number of treatments received at the time of vaccination and the time between the last treatment and vaccination. Nevertheless, there was a clear difference in iron status between the two arms at the time of measurements four weeks after the second vaccination. At the time of the first vaccination, only a small amount of serum was collected from a finger capillary blood sample (collected with a fingerpick sampled at home). Unfortunately, these samples did not allow us to measure iron status parameters at that time. Furthermore, most patients received the mRNA-1273 vaccine whereas some received the mRNA-BNT162b2 vaccine. However, the results were robust in a sensitivity analysis excluding patients who were vaccinated with mRNA-BNT162b2 (Supplementary Tables 4, S15, S26). We did not perform a pre-vaccination measurement of the SARS-CoV-2-specific T-lymphocyte activation. It can therefore not be excluded that some participants had baseline cellular reactivity, for example resulting from cross-reactivity against antigens of other coronaviruses, which is found in 11% of KTRs (12). Moreover, the results may be biased by other differences between the treatment arms. Patients in both groups were generally well balanced at baseline except for a slightly but significantly lower lymphocyte count and eGFR in the FCM arm. Although lymphocytopenia might restrain an adequate immune response after vaccination (10), thereby masking an effect of FCM, we did not observe an effect of FCM on vaccine efficacy after adjusting for these potential confounders. Of note, there was no correlation between lymphocyte count and number of IFN-ɣ-producing T-lymphocytes or antibody titer. Furthermore, we have not measured neutralizing antibody responses, which would have been an interesting secondary outcome. Finally, the results of our study may be specific for KTRs and cannot be extrapolated to other immunocompromised populations.

In conclusion, in KTRs with ID, intravenous iron supplementation efficiently restored iron status but did not improve the humoral or cellular immune response against SARS-CoV-2 after three vaccinations.
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Tuberculosis (TB) patients show dysregulated immunity, iron metabolism, and anemia. In this study, circulatory cytokines, trace metals, and iron-related proteins (hepcidin, ferroportin, transferrin, Dmt1, Nramp1, ferritin, ceruloplasmin, hemojuvelin, aconitase, and transferrin receptor) were monitored in case (active tuberculosis patients: ATB) and control (non-tuberculosis: NTB and healthy) study populations (n = 72, male: 100%, mean age, 42.94 years; range, 17–83 years). Using serum elemental and cytokine levels, a partial least square discriminate analysis model (PLS-DA) was built, which clustered ATB patients away from NTB and healthy controls. Based on the PLS-DA variable importance in projection (VIP) score and analysis of variance (ANOVA), 13 variables were selected as important biosignatures [IL-18, IL-10, IL-13, IFN-γ, TNF-α, IL-5, IL-12 (p70), IL-1β, copper, zinc, selenium, iron, and aluminum]. Interestingly, low iron and selenium levels and high copper and aluminum levels were observed in ATB subjects. Low circulatory levels of transferrin, ferroportin, and hemojuvelin with higher ferritin and ceruloplasmin levels observed in ATB subjects demonstrate an altered iron metabolism, which partially resolved upon 6 months of anti-TB therapy. The identified biosignature in TB patients demonstrated perturbed iron homeostasis with anemia of inflammation, which could be useful targets for the development of host-directed adjunct therapeutics.
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Introduction

Tuberculosis (TB) is caused by Mycobacterium tuberculosis (Mtb) infection and is still a major killer worldwide (1). TB patients present with a dysregulated immune system and release pro-inflammatory cytokines inducing a cascade of activities hampering iron homeostasis (2). Hepcidin from hepatocytes is released into the circulation, which subsequently binds to ferroportin, the only known iron exporter, and induces its degradation through ubiquitylation (3). Increased ferroportin degradation leads to reduced circulatory iron and causes anemia of inflammation (AI) (2, 4). Furthermore, during AI, even though the host may have enough stored iron, it becomes unavailable for use and the dietary iron absorption is lowered as well. Although the AI is described as a hallmark of TB, it is only present in a subset of TB patients as shown by a Korean study (5). Moreover, as the metabolic crossroads of iron are also linked to copper, zinc, and selenium levels, and due to their heightened reactivity, intracellular levels of these trace metals are regulated critically by the host (6, 7). However, the host system exploits the indispensability and toxicity of these metals to safeguard itself from bacterial invaders (8). Nutritional immunity is involved in the mechanism that withholds trace metals like iron to limit the pathogen’s growth (9, 10). The iron carrier protein transferrin also plays a major role in nutritional immunity by binding and removing labile iron from circulation. In addition, iron transporters Nramp1 and Nramp2/Dmt1 play an essential part in maintaining intracellular iron levels. Nramp2/Dmt1 also helps the host in the dietary uptake of iron from the duodenum. Interlinking host immuno-profile with levels of circulatory trace metals and iron-related proteins may help to better understand the pathophysiology of TB and design newer approaches to develop adjunct therapeutics for TB. In this study, these important molecules were monitored in newly diagnosed TB patients, controls, and followed up TB patients.



Methodology


Ethics statement and subject recruitment

This study was part of a project activity approved by the institutional review board and ethics committees of Agartala Government Medical College-Agartala (protocolF.4[6-9]/AGMC/Academic/IEC Committee/2015/8965, dated 25 April 2018), Nagaland Hospital Authority-Kohima (NHAK/HLRC/RES3/2013/64), Assam Medical College-Dibrugarh (AMC/EC/PG/3530), and International Centre for Genetic Engineering and Biotechnology (ICGEB) New Delhi (ICGEB/IEC/2014/07). After receiving signed informed consent, subjects presenting with 2 weeks of cough, fever, and weight loss at the outpatient departments of the partnering hospitals were recruited (Figure 1A).



Sample collection and subject classification

The sputum and whole blood samples (for serum preparation) were collected from the study subjects. Collected sputum samples were subjected to microscopy and GeneXpert tests, and subjects with positive test results for both tests were grouped as active tuberculosis patients (ATB) while those with negative results were grouped as non-TB (NTB) (Figure 1B) (11). NTB subjects were clinically diagnosed as suffering from asthma, chronic obstructive pulmonary diseases (COPD), lung cancer, and pneumonia. Only male subjects with negative HIV test results were selected. Healthy subjects from a similar background of patients who did not receive any medication for at least 1 week before sampling were recruited as controls. Whole blood samples (4 ml) were collected in vacutainer tubes for serum isolation by centrifuging at 1,500 g for 10 min at 4°C. Aliquots of serum were stored at −80°C till further analysis and a maximum of two freeze–thaw cycles were allowed. For the longitudinal study, TB patients were followed up until completion of 6 months of anti-TB treatment [recommended by Revised National TB Control and Programme (RNTCP), Government of India]. TB patients were given a fixed dose of four drugs (isoniazid, rifampicin, ethambutol, and pyrazinamide) during 2 months of intensive phase followed by two drugs (isoniazid and rifampicin) during the continuation phase (Figure 1B).



Micronutrient profiling in serum samples using inductive coupled plasma mass spectrometry (ICP-MS)

Serum samples (50 µl) were subjected to microwave digestion using HNO3 (225711, Sigma, USA) and H2O2 (Supelco, 107298, Hydrogen peroxide 30% Suprapur®) in a Multiwave-Pro digestor (Anton Paar, USA) for 30 min at 140°C. The digested serum samples were diluted using ultrapure water (Honeywell) to bring the acid concentration below permissible limit for ICP-MS data acquisition. The diluted digested samples were fed to ICP-MS (Thermo Scientific iCAP-TQ) in kinetic energy discrimination (KED) mode using helium for data acquisition (12, 13). Serum trace metal levels in the test samples were quantified using the total dilution factor.



Serum cytokine profiling

Serum pro-inflammatory [interleukin (IL)-1β, IL-18, IL-2, IL-6, IL-12, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α] and anti-inflammatory cytokine (IL-4, IL-5, IL-10, and IL-13) levels were quantified using a Bioplex Microplate array reader (Bio-Rad Bio-Plex 200 Systems, USA) by using a 11-plex custom kit from Bio-Rad. Briefly, to the diluted serum samples, conjugated beads (Bio-Rad, USA) were added followed by biotinylated detection antibodies. After adding streptavidin to the test samples, standards, and blanks, the fluorescence intensity for all the bead regions was measured using a Bioplex Microplate array reader (Bio-Rad Bio-Plex 200 Systems, USA). All the washing steps were performed using the MAGPIX wash station.



Western blot experiment

Equal amounts of serum proteins related to iron metabolism (transferrin, transferrin receptor, ferroportin, hepcidin, Dmt1, Nramp1, aconitase, hemojuvelin, ferritin, and ceruloplasmin) from study subjects were probed by Western blot analyses. Briefly, denatured serum proteins were loaded on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel for separation and transferred to PVDF membrane using a Semi-dry transfer apparatus (TE77, semi dry apparatus, Amersham). The blots were incubated with primary antibody (transferrin; ab82411, dilution: 1/10,000), transferrin receptor; ab1086 (1/500), ferroportin; ab78066 (1/500), hepcidin; ab30760 (1/250), Dmt1; ab55735 (1/500), Nramp1; ab59696 (1/500), aconitase; ab126595 (1/1,500), and hemojuvelin; ab54431 (1/1,000) from Abcam, USA and ferritin; D1D4 (1/1,000) and ceruloplasmin; D7Q5W (1/1,000) from Cell Signaling Technology, USA) overnight at 4°C using a shaker. After washing, the blots were incubated with secondary antibody (Anti-Rabbit, Sigma A-6154) for 2 h and developed using Pico-Plus enhanced chemiluminescence (ECL) (Pierce, Thermo Fisher) on x-ray films or imaging system (ChemiDoc MP Bio-Rad, USA). ImageJ (version 1.53e) was used for densitometric calculations. Parallel gels were run using an equal serum protein amount (5 µg) from the study samples and silver stained for every blot.



Statistical analysis

MetaboAnalyst 5.0 tool was used for Partial Least Square-Discriminate Analysis (PLS-DA) model building (14). Variables with a variable importance in projection (VIP) score >0.6 and analysis of variance (ANOVA) were selected as important markers. OriginPro 2020b (64-bit) 9.7.5.184 (Student Version) was used for box plots, line plots, scatter plots, and correlation analysis. Univariate statistical tools like Student’s t-test (paired or unpaired) were performed to calculate the significance level of variation between groups and a p-value <0.05 was considered as statistically significant at the 95% confidence interval.




Results


Study subjects

A total of 72 male subjects from northeastern parts of India were included in this study (Figure 1A and Table 1). Circulatory iron levels are significantly altered during the reproductive cycle of female subjects and thus excluded from the present study (4, 15). All study subjects were age-matched including ATB (n = 29, mean age in years 41.62), NTB (n = 20, 46.30), and healthy (n = 23, 41.43) groups and show statistically insignificant variation in their age between study groups (Figure 1C). Approximately 40% of these patients were smokers or ex-smokers in ATB and NTB groups (Table 1).




Figure 1 | Schematic representation of study cites (A), subject classification for serum elemental, cytokine and iron metabolism related protein analyses (B). Box plot representing the age of active tuberculosis (ATB), non-tuberculosis (NTB) and healthy control subjects (C).




Table 1 | Epidemiological details of the study subjects used in this study.





Tuberculosis patients show reduced circulatory iron and selenium levels

Lower levels of circulatory iron were observed in the ATB study group compared to healthy controls (Figure 2A). Although the serum iron levels were quite low in all ATB subjects, it was not statistically significant compared to healthy subjects. In ATB subjects, lower selenium levels were observed compared to healthy subjects (Figure 2B). Additionally, lower selenium levels were observed in NTB subjects as well compared to healthy individuals (Figure 2B). Interestingly, both TB patients and disease control groups showed similar selenium levels, and it was found to be significantly lower only in the ATB group compared to healthy controls group (p < 0.05).




Figure 2 | Serum ICP-MS analysis showed altered micro elemental profile in ATB patients. Box plot representation for iron levels in ATB, NTB, and healthy groups (A). Box plot representation for selenium levels in ATB, NTB, and healthy groups (B). Box plot representation for aluminum levels in ATB, NTB, and healthy groups (C) (*p < 0.05).





Higher aluminum abundance can be a risk factor for TB

Higher aluminum levels were noticed in ATB patients consistently compared to both control groups (Figure 2C). Aluminum levels were found to be elevated (>2-fold) in the ATB group (p < 0.05) compared to the healthy group. Interestingly, both ATB and NTB patient groups showed higher serum aluminum levels compared to healthy controls (Figure 2C).



Pro-inflammatory cytokines were comparable except IL-18

High circulatory interleukin-18 (IL-18) levels were observed in ATB compared to both NTB and healthy controls (p < 0.01) (Figure 3A). The IL-18 levels were roughly threefold higher in the ATB group compared to the NTB group (fold change: FC = 2.46) and healthy group (FC = 2.74). IL-1β, IL-2, IL-6, and TNF-α levels were comparable among all three groups (Figures 3D–G). Interestingly, we observed lower IL-12 and IFN-γ levels in the ATB group (Figures 3B, C).




Figure 3 | Cytokine profiling showed a robust Th1 response in ATB patients. Box plots for individual serum cytokine levels using Bioplex-200 for (A) IL-18, (B) IL-12, (C) IFN-γ, (D) IL-1β, (E) IL-2, (F) IL-6, (G) TNF-α, (H) IL-4, (I) IL-5, (J) IL-10, and (K) IL-13 in ATB, NTB, and healthy groups (*p < 0.05, **p < 0.01, ***p < 0.001).





Cytokine profiling revealed downregulated Th2 cytokines’ expression

A lower level of anti-inflammatory cytokines (IL-4, IL-5, IL-10, and IL-13) was observed in the ATB group compared to healthy controls (Figures 3H–K). The anti-inflammatory interleukins were found to be comparable in both control groups and the lowest in the ATB group. It shows an overall low Th2 cytokines’ profile in the ATB group.



IL-6/IL-10 and TNF-α/IL-10 ratios characterized the ATB profile

Although the IL-6 levels were comparable between three groups, a significantly higher IL-6/IL-10 were observed in the ATB study group (threefold) compared to the healthy group (4.88, 1.58; p < 0.05) (Figure 4A). Similarly, we observed a more than fivefold higher TNF-α/IL-10 in the ATB group (18.4, p < 0.001) compared to the healthy group (3.4) (Figure 4B). This indicated Th1 cytokine predominance and pronounced Th1 expression in the ATB group. Interestingly, we noticed a strong inverse correlation between IL-6 and iron levels in the ATB group, which was absent in the NTB group (Figures 4C, S1).




Figure 4 | Higher IL-6/IL-10 and TNF-α/IL-10 ratios observed in ATB patients. Box plots for IL-6/IL-10 (A) and TNFα/IL-10 (B) ratios in the ATB, NTB, and healthy study groups. Correlation (Pearson r) values between the serum IL-6 and iron (Fe) levels in active tuberculosis (ATB), non-tuberculosis (NTB), and healthy control groups (C) (***p < 0.001).





A potential biosignature of essential elements and cytokines could differentiate ATB patients from controls

We combined the cytokine and trace metal data to build a predictive partial least square discriminate analysis (PLS-DA) model that could cluster the ATB study subjects away from both control groups (Figure 2, S2, 3, 5A). Based on the VIP score and analysis of variance (ANOVA), a total of 13 variables [IL-18, IL-10, IL-13, IFN-γ, TNF-α, IL-5, IL-12 (p70), IL-1β, Cu, Zn, Al, Fe, and Se] were selected for pairwise correlation (Pearson r) analysis (Figures 5B, C). The IL-1β, IFN-γ, TNF-α, and IL-18 cytokines were found to be highly correlated with each other in the ATB group. In addition, a highly negative correlation (r = −0.87) was observed between selenium and aluminum in ATB patients (Figures 5C, S3). Furthermore, we observed a fairly negative correlation between IFN-γ and aluminum in ATB (r = −0.5) and NTB (r = −0.52), while a moderately positive correlation was observed in the healthy control group (r = 0.53) (Figures 5C, S3). Also, we noticed a strong correlation (r = 0.87) between aluminum and IL-10 in the NTB group (Figures 5C, S3). In addition, iron, zinc, and selenium were also found to be fairly correlated among themselves, while a weak to moderate correlation was observed with certain cytokines (Figures 5C, S3).




Figure 5 | A partial least squares discriminant analysis (PLS-DA) model of identified serum cytokines and trace metals showed the active tuberculosis (ATB) study group cluster away from non-tuberculosis (NTB) and healthy control subjects (A). Important cytokines and trace metals identified based on the variable importance in projection (VIP) score from the PLS-DA model (B). Correlation (Pearson r) values between important markers [common molecules from VIP score and analysis of variance (ANOVA)] in ATB, NTB, and healthy study groups (C).





Higher expression of inflammatory marker proteins observed in ATB and NTB subjects

In chronic diseases, like TB, higher levels of inflammatory marker proteins (ceruloplasmin and ferritin) were expected, and we also observed higher abundance in ATB patients and NTB controls compared to healthy subjects (Figure 6A). In addition, we also monitored the hepcidin levels, and the lowest levels were observed in the ATB group. In longitudinally followed up ATB patients, we observed a treatment-induced reduction in the abundance of these proteins (Figure 6A).




Figure 6 | Perturbed iron homeostasis indicating iron sequestration observed in active tuberculosis  (ATB) patients. Western blot images and densitometric value expression in ATB, non-tuberculosis (NTB), and healthy controls and in longitudinally followed up tuberculosis patients at case presentation (0 months) and upon completion of treatment (6 months) in inflammatory marker proteins (ceruloplasmin, ferritin, and hepcidin) (A), iron carrier proteins (transferrin and TfR) (B), iron-sensing proteins (hemojuvelin and IRP1) (C), and iron transporter proteins (ferroportin1, Nramp1, and Dmt1) (D) (P, patient; TfR, Transferrin receptor; IRP1, Iron regulatory protein 1;  Nramp1, Natural resistance-associated macrophage protein 1; Dmt1, Divalent metal ion transporter 1; A.U., arbitrary unit; *p < 0.05; **p < 0.01).





Iron carrier proteins were found to be reduced in TB patients

The iron carrier protein (i.e., transferrin) levels were monitored in serum samples of study subjects to get a better understanding of iron homeostasis. Interestingly, the serum transferrin levels in ATB patients were lower compared to both control groups (Figure 6B). Interestingly, the circulatory sTfR (serum transferrin receptor) levels were higher in TB patients compared to healthy controls (Figure 6B). Both these proteins showed a reverse longitudinal trend in followed up patients, and we noticed increased transferrin levels with reduced TfR levels in ATB patients completing 6 months of TB treatment compared to their drug-naïve status (Figure 6B).



Iron-sensing protein hemojuvelin and aconitase 1 (IRP1) were found altered in TB patients

Furthermore, we monitored the expression of hemojuvelin (HJV), an important iron-sensing protein, and observed a significantly lower circulatory level in ATB patients compared to controls (Figure 6C). We also monitored the circulatory level of the iron regulatory protein (IRP1) and observed lower levels of it in ATB subjects compared to controls (Figure 6C). In the longitudinally followed samples, the trend of HJV and IRP1 showed significant improvement in patients completing TB treatment (Figure 6C).



Iron transporters and their expression in TB patients

Iron transporters play a critical role in iron metabolism, and we monitored the circulatory levels of iron transporters (ferroportin, Nramp1, and Dmt1) to assess the altered iron metabolism in TB patients. The lowest ferroportin levels were observed in ATB patients, with intermediate levels in NTB patients and the highest levels in healthy subjects (Figure 6D). We also monitored circulatory Nramp1 levels and interestingly observed significantly lower levels in ATB patients compared to both control groups, which slightly improves after completion of treatment (Figure 6D). A similar trend was also noticed for Nramp2/Dmt1 (Figure 6D).




Discussion

Iron is an important metal for all life forms as it is involved in several key processes like DNA synthesis, energy production, and respiration; thus, iron homeostasis is extremely vital. Iron homeostasis is regulated by several key hormones and transporters, which modulate the cellular and circulatory iron levels in response to various stimuli such as erythropoiesis requirement, and inflammation and change in labile iron pool constitute an integral part of this modulation (Figure 7A) (4). Free iron is known to cause Fenton reaction and is thus involved in free radical generation, which can aggravate the inflammation. Therefore, iron levels are maintained in a narrow range to avoid excess or deficiency, both of which are detrimental to the host.




Figure 7 | Schematic diagram showing iron metabolism in healthy subjects. (A) Macrophage showing iron metabolism homeostasis and (B) dysregulated iron metabolism in tuberculosis patients and non-tuberculosis subjects compared to healthy controls.



Iron is equally important to the Mtb as to the host, and thus, there is a constant fight for this crucial element between host and pathogen. Humans and Mtb have evolved constantly to develop various strategies to control this essential element, and it is evident that the host developed intrinsic tools to keep the available iron in check and limits its access to Mtb. From our results and literature, it is proven that the host takes imminent steps to lock the iron in cellular stores even at the cost of self-damage (anemia); thus, there is significantly low iron present in circulation (16). As iron is one of the important redox elements, we have looked into other redox elements as well and noticed that copper levels were marginally increased during infection (Figure S2). We noticed a severe drop in selenium levels, which is extremely important for free radical neutralization being part of selenoproteins including glutathione peroxidase (17). Through nutritional immunity, the host sequesters circulatory trace metals, including iron, to limit pathogenicity during infection and the observed changes in trace metal levels might be benefiting the host (9, 10, 15–17).

We have also estimated the serum aluminum levels of study subjects. Interestingly, serum aluminum levels were found to be significantly higher in ATB patients and were inversely correlated to selenium levels (Figures 2, 5C). As we know, aluminum is a trivalent ion, and it can replace ferric iron. Higher circulatory aluminum may saturate transferrin binding sites and aluminum toxicity may impact hematopoiesis under hypoferric conditions (18, 19). Our findings indicate that low iron and high aluminum circulatory levels in TB patients have a negative impact on the immunity. Interestingly, we noticed a negative correlation between aluminum levels and IFN-γ, which could be responsible for lower IFN-γ levels observed in ATB patients. The role of aluminum in TB disease establishment and pathology needs further validation in a larger cohort. In the study population, circulatory levels of other microelements (zinc, nickel, and cobalt) did not show significant variation between the groups (Figure S2). In addition, heavy metals like lead and cadmium were monitored, and a marginally higher cadmium level in ATB patients that was below the toxic level (<5 µg/L) (Figure S2) was observed (20).

It is well known that in chronic inflammatory conditions, the pro-inflammatory as well as anti-inflammatory cytokine profiles are altered. Inflammation is an integral part of infectious diseases like TB and similar observations were observed in our study subjects (21). IL-18 is a pro-inflammatory cytokine and belongs to the IL-1 superfamily like IL-1β, and we observed a strong correlation between these two (r = 0.95). A higher level of circulatory IL-18 was observed in ATB patients corroborating earlier reports (22). It initiates the cascade of signaling to induce Th1 response especially IFN-γ in the presence of IL-12 and enhances the cell-mediated cytotoxicity (23, 24). As expected, IL-18 levels were significantly high in TB patients, but to our surprise, we did not witness a high IL-12 level, which further shows why we did not observe a mounted IFN-γ response in contrast to earlier reports (22, 25). Another reason for low serum IFN-γ levels could be because IFN-producing cells localize near the site of infection in TB, resulting in low circulatory IFN-γ levels. Interestingly, other important pro-inflammatory cytokines like IL-1β, IL-2, IL-6, and TNF-α did not show any significant changes among study groups but were found to be correlated with each other in the ATB group (Figures 3D–G). At the same time, we did notice that the anti-inflammatory cytokine IL-4 was significantly low in ATB patients compared to controls. IL-4 determines the Th2 response through STAT6 and GATA3. As IL-4 is low, it is anticipated that Th2 cytokines will be low, and similar findings were observed in this study. Importantly, high IL-6/IL-10 and TNF-α/IL-10 ratios were observed in ATB patients. Lower levels of IFN-γ and IL-10 have been reported to be directly linked to TB cure, and we have observed a positive correlation between these two (26). From the individual cytokine levels, it seems that ATB patients do not show a strong Th1 response, but the cytokine ratios prove it otherwise (Figures 4A, B).

The inflammatory response in infectious diseases like TB lowers labile iron pool and alters erythropoiesis requirements, which may be contributed by differential expression of iron carrier, transporters, and storage proteins. First, we looked into the inflammatory marker proteins’ expression and found significantly higher circulatory ceruloplasmin and ferritin levels, and as expected, reduced abundance of these molecules was observed in ATB patients completing anti-TB therapy (Figures 6A, 7B) (16, 27, 28). Ferritin stores iron; hence, under infection-associated inflammation conditions, its level should increase to sequester the iron in cellular stores. Next, we looked at the hepcidin–ferroportin axis; although we did not notice a surge in hepcidin, we interestingly observed significantly low levels of ferroportin in TB patients, which further point towards iron sequestration in cellular stores (29–33). The reduced circulatory levels of iron carrier proteins like transferrin in ATB patients (Figure 6B) might be because of reduced circulatory iron levels (16). Higher transferrin receptor and low transferrin levels observed in ATB subjects (Figure 6B and Figures S4–S8) might enhance holotransferrin–transferrin receptor complex formation to deplete the circulatory iron and transferrin. Iron-sensing proteins like hemojuvelin and aconitase (IRP1) were found to be lower in ATB subjects (Figures 6C, S4–S8) (33, 34). Inflammation reduces hepatic hemojuvelin production and impacts iron sensing, which might be happening in these TB patients (Figure 7B) (35, 36). In addition, the iron transporters Nramp1 and Nramp2 (Dmt1) involved in cellular influx of iron were found to be reduced in TB patients’ serum samples compared to NTB and healthy controls. Nramp1 is involved in an evolutionary role to deplete the phagosomal iron by transporting phagosomal iron (Fe2+) to the cytosol; it may be an important host factor to starve the pathogen for iron. Decreased Nramp1 levels indicate that Mtb interferes with the host system to retain the iron in the phagosome to survive and thrive. Keeping in view the Nramp1 polymorphism, this can be an interesting aspect to explore nutritional immunity. Most of these iron-metabolizing proteins show a trend returning towards baseline after completion of a 6-month-long anti-TB treatment (Figures 6A–D and S7) and none of these TB drugs targeting on the host iron metabolism. It seems that although altered iron metabolism in TB patients is well known, its therapeutic potential is less explored. Although this study has a small population size, it provides detailed profiling of trace metals, cytokines, and abundance of iron-metabolizing proteins in an important study population. These findings, after careful validation in a larger population size in diverse clinical settings, will be useful to understand nutritional immunity and develop additional therapeutic strategies.

In conclusion, our study demonstrated a dysregulated iron homeostasis and suppressed Th2 profile. This research provides evidence for paradigms in nutrient metal homeostasis at the host–pathogen interface. The clinical benefits of selenium supplementation in TB patients need further validation. Additionally, the observed AI and dysregulated iron homeostasis in TB patients may provide a useful target for adjunct therapeutics development.
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Forward primer (5'-3')

GCCCAGAAGTTGTGGGGTTC
AGTCCACCGTGTATCCTTCT
GCCTCAAGTATGTCCGACCTG
CCTTTTAAGCAGTATGCAGGCA
GATGGAGCCCATTCCTGAACC
CCCACTTGCCCCAACTGTT
GATCCGGTGGCCTAGCTTG
GGCAACAGGGTGATGATCTTC
GCTGAAGCGGCTTGTGATATT
AATTATGCCTCGGAGAAGACCG
CACGGCCTTCATGCTCTGG
CTGGCGACTGCGTTTCAAG
TGGACAAGCGCGAGAAACTG
GAGGAGTACATGCGGGTTATCA
GCCGTTCGAGTCGTGTATTGT
GCCGGAGTTTCTCCAACTACC
GTTGAATCGCCTAAAGGAGGTG
CATCTGGTTCAGTGCTTTGATCT
CTCGTCCTCCAAGACACAAGG
GCACTGCTACTGTGGACACC
CTTCGGAGGCGAGGTTTTCC
GACCGAGAGCCTGCGATTC
TTGGCTGGCTCCCAATCTTAT
GTTTACATCTCGAATGGTCAGGT
CCGCTCTATGAAGGCTACGC
AGTGAAGTGTAGCAGGATGA
TCCTTCACTCACGCCATGC
GGACTCTTCCCTGCTGGCTAA
CGACTGGAGCAGGAAGAAG
AAGTTCGAGTTCTCTCGCAAG
GATGTCAGTGCTCGTCTC
GGCACCGACCGATTTAGT
TCAGATTCAAGCACTTCAGA
GGTGACGCCAAGAAGAAA
ATGAACGCTACACACTGCATC
CCCTCACACTCAGATCATCTTCT
TGAGCAGGATGGAGAATTACAGG
TAGTCCTTCCTACCCCAATTTCC
TGGTTTGCCATCGTTTTGCTG
GGTCTCAACCCCCAGCTAGT
CTCTGTTGACAAGCAATGAGACG
GCTCTTACTGACTGGCATGAG

Reverse primer (5'-3')

TCCATACTCATAGACGGTGCC
GAGACGCGATTCTCAATGA
GGAGAACGGGTCATCATAAGGG
CAAGCCAAATGGCCCAAGTT
CCCTGTACTTATCCAGGCAGA
GGGAGTGTCTTGGAGGGAC
TCGGGGAGAAGGTTCCACAT
CTGGAAAGTTCGGTCACATCC
GTTGTCAGGGGCGAATCGG
GGCAGTTGCCTAGTGAAAGGT
CGGTTGTCGTCTGATACGCA
CTGTCCAAGAAGATCGCAAGAG
CAGCTCGTACAATGCTCAATGA
CTGACAGGAAAGATGCTATGTGT
CACTTCAAAGAACCCGGTGAC
TTCCTGCACCGTCTCTTCCT
AGGTCGTCGTGTTCTGAAGC
ACCCGTGAGTTATTCCATGAGT
AACTCTAGTGTAGGGTTGGGG
ACTTTGCGACCATCGGCTT
TCTCAGGGCACTTGGTCACA
AGCCCTCAGTCGAAGGGAG
GGTCGAAGTATGTCAGGAGTAGG
CCCTCTTCCATCGTCGTATCTG
CTCTCGGCTGTGGTGGTGAA
AAGCCTTGTGAACGAGAT
CTGCTTGACAGGTATCAGCAC
TACGGGTGCCCTGGTTCTG
TCTGAGCATAACGCATCTGG
CGATGTTTTCGTGCTTTAGTTCC
GGAGGATTCTGTGATATTCTTC
GCTGATGGGTTTGCTTTT
GAGGAGATACAACCACAGAG
TTGATGAAGTCGCACAGG
CCATCCTTTTGCCAGTTCCTC
GCTACGACGTGGGCTACAG
GTCCAAGTTCATCTTCTAGGCAC
TTGGTCCTTAGCCACTCCTTC
ACAGGTGAGGTTCACTGTTTCT
GCCGATGATCTCTCTCAAGTGAT
TCTTCAGTATGTCTAGCCCCTG
CGCAGCTCTAGGAGCATGTG
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68+ 18
782+ 229
32 (24-62)
21+8
378+ 55
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Baseline characteristics, assessed on the morning before the first treatment with FCM or placebo, and vaccination characteristics. Data are presented as mean + standard deviation (SD),
median with interquartile range (IQR) or number (n) with percentage (%). CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; FCM, ferric carboxymaltose; 1gG,
Immunoglobulin G; MCV; mean corpuscular volume; mTOR, mammalian target of rapamycin; SARS-CoV-2, severe acute respiratory syndrome coronavirus; TIBC, total iron binding

capacity; TSAT, transferrin saturation.
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Diets SE  Eggshell strength (N) Egg Haugh unit Egg yolk color Egg yolk percent (%)  Eggshell thickness
(mm)

3 7 14 3 7 14 3 7 14 3 7 14 3 7 14
days days days days days days days days days days days days days days days

CON - 3569 3513 30.51 76.64 76.21 76.65 3.67 2.89 3.11 26.57  27.16 26.98 0.39 0.38 0.36
CON + 3275 36.07 30.11 7462 68.60 73.69 333 3.00 278 2684 2743 27.58 0.39 0.39 0.38
IS - 3343 32.56 34.06 71.13 75.94 68.47 3.56 3.00 295 2824 2677 27.68 0.38 043 0.38
IS + 37.60 3519 29.58 70.32 77.70 69.28 2.67 3.44 344 26.83 2640 26.78 0.40 0.44 0.38
YS - 35.74 32.80 3222 74.00 75.67 72.35 3.89 3.89 3.44 27.81 28.04 27.96 0.39 0.42 0.35
YS + 3358  30.26 33.75 72.05 75.44 76.44 4.11 3.89 3.56 27.40 2744 28.08 0.39 041 0.39
SYC = 3581 26.67 31.85 78.61 72.20 78.01 333 3.56 3.00 2893 29.09 29.16 0.39 0.40 0.36
SYC + 36.17  34.69 29.77 66.79 73.60 74.18 3.56 3.44 3.11 28.46 2828 29.49 0.40 042 037
SEM 2046 2316 3.071 2482 3.759 2.575 0248 0373 0.232 0.693 0617 0.541 0.008  0.014 0.011
CON 3422 35.60 30.31 75.63 72.41 75.17 3.50° 2.95 295 2670 2730 27.28° 0.39 0.39° 037
IS 3552 33.87 31.82 70.73 76.82 68.88 311° 322 320 2754 2659 27.23° 0.39 0.43" 0.38
YS 3466  31.53 32.99 73.03 75.56 74.40 4.00* 3.89 3.50 27.61 27.74°  2802° 0.39 0.42% 037
SYC 3599 30.68 30.81 72.70 72.90 76.10 3.44% 3.50 3.06 28.69 2868  29.33" 0.39 041% 037
SEM 1.447 1.638 2172 1.755 2.658 1.821 0176  0.264 0.164 0.490 0436 0.382 0.006  0.010 0.008

- 3517 3179 32.16 75.10"  75.01 73.87 3.61 333 3.13 27.89  27.76 27.95 0.39 041 0.36

+ 35.03 34.05 30.80 70.95°  73.84 73.40 342 3.44 322 27.38  27.39 27.98 0.40 041 0.38

SEM 1.023 1.158 1.536 1.241 1.879 1.288 0.124  0.186 0.116 0.347 0309 0.270 0.004  0.007 0.006
SE 0924 0.187 0.541 0.031 0.666 0.798 0.288  0.688 0.629 0.321 0401 0.921 0320 0.594 0.057
P Se 0819  0.175 0.827 0303 0.604 0.053 0.021 0.123 0.253 0.075  0.026 0.004 0929  0.026 0.778

values
Se x 0.333 0.186 0.793 0.134 0.578 0.417 0.116 0.896 0.539 0.694 0.833 0.542 0.676 0.739 0.401
SE

Different letters indicated statistically significant differences among different treatments (P < 0.05).
CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; SE, Salmonella Enteritidis; -, with physiological saline solution challenge; +, with
SE challenge.
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Diets

CON
CON

IS
YS
YS
sYC
sYC
SEM
CON

YS

SYC
SEM

values

SE

SEM
SE
Se

SE x
Se

Egg production rate

(%)

0-3 4-7 8-14
days days days
8667 8583 8381
8555 8333 8381
9222 89.17  80.00°
8222° 8250  82.86"
90.74" 8769  87.83"
88.89% 8333 8571
91.97° 9188  9392°
8333 8417 8381
1535 2612 2492
86.11° 8458 8381
8722 8583  8143"
89.82" 8551 8677
8765 8802 8887
1.086 1.847 1.762
90.40* 88.64" 86.39
85.00° 8333  84.05
0.768 1.306 1.246
< 0.001 0.011 0.202
0.148 0611  0.042
0019 0754  0.097

Egg mass(g/day/hen)
0-3 4-7 8-14
days days days
5108 5090 4878
5049 4837 4841
5345 5196 4607
4921 4881 4889
5255 5094 5039
5222 4924 5006
5331 5253 5387
4839 4890  47.99
1309 1725 1637
50.78  49.63 4860
5133 5039 4748
5239 5009 5022
5085 5071 5093
0925 122 1157
5260" 51.58"  49.78
50.08" 48.83° 4884
0654 0863 0818
0015 0038 0428
0600 0934  0.184
0211 0949 0.102

Mean weight of eggs

(8)

0-3 4-7 8-14
days days days
5891 5927 5818
5893 5805  57.77
5799 5826  57.59
5084 59.14 5901
5791 5812 5731
5875  59.06 5840
5796 5716  57.35
5809 5812 57.30
0778 0790 0723
5892 58.66  57.97
5892 5870 5830
5833 5859  57.85
5802 57.64  57.33
055 0559 0511
5819 5820  57.61
5890 5859 5812
0389 0395 0362
0216 0495 0332
059  0.504 0611
0633 0452 0544

Different letters indicate statistically significant differences among different treatments (P < 0.05).
CON, basal diet; IS, sodium selenite; YS, yeast selenium; SYC, selenium-enriched yeast culture; SE, Salmonella Enteritidis; -, with physiological saline solution challenge; +, with SE

challenge.

Average feed intake

(8

0-3 4-7  8-14

ays ays ays
d d d
11490 10030 98.19
11160 103.30  100.20
96.89  101.20 9829
106.00 10530  97.05
10553 9843 101.80
10560 10580  101.20
11220 99.44 10830
98.89  100.70  100.50
4729 2883 3159
113.22° 10179 99.19
10144° 10325  97.67
10554 10213 10152
10555 100.05 10438
3.344 2.038 2234
107.38  99.82  101.64
10550 103.79  99.74
2.365 1.441 1.580
0.582 0.069 0.408
0133 0739 0204
0.167 0.752 0.476

Feed/egg ratio(g/g)

0-3 4-7 8-14
days days days
226 1.98 202
222 214 207
1.82 1.95 214
215 216 1.98
201 194 202
202 216 202
2.10 1.89 201
205 2.06 210
0.117 0059  0.07
224 206 205
19 205 206
202 205 202
208 198 206
0082 0042 005
205 1.94° 2.05
211 213 204
0.058 0030  0.035
0442 <0001 0934
0.171 0509 0955
0329 0941 0361
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Forward: 5'- TTCCCA TTAGACAACTGC-3'
Reverse: 5'- CTGTAGTGTTGTATGTGATC -3’
Forward: 5'- CAGAACCGCAGTGAAGAG -3
Reverse: 5'- CAGAACCGCAGTGAAGAG -3’
Forward:5'- CTCA TTCCTGCTTGTGGC -3
Reverse: 5'- CACTTGGTGGTTTGCTACG -3
Forward: 5'- CAGAGCCAAAGCAGTGAGC -3
Reverse: 5'- TGACCCAGTCCATCCAGAG -3
Forward:5'-CCATAGCCATAGTTGCGGTCCTTC-3'

Reverse: 5'- CGTTCTTCCCTCCC CCTTTCC-3'

Forward:5'-GAATCACCAGAACATCGTGAAG-3'
Reverse: 5'- CAGTACTCCATGATTAGCACCT-3'
Forward:5'-GCCGCTTAGTCACATACC-3'
Reverse: 5'-GCCGCTTAGTCACATACC-3'
Forward:5"-GTGTACGATCCCTGTAACCTAG-3"
Reverse: 5'- GATGCTATGTGTCACGTCTCTA-3
Forward:5"-AGTCAAGTGATCAACGAAATGC-3"
Reverse: 5'- TATTCCATGAGTTTCCGGTTGA-3"
Forward:5"-GAACACAGCAAGCTCATCTTTC-3
Reverse: 5'- AMMGTGTCCATGTTTCAGCTTC-3
Forward:5'-TAATAGCTTCACTCTGATCGGG-3'
Reverse: 5'- CAAACAGCGTTTGTAGTTCTGA-3
Forward:5'-CTGTCCTGGATAAGACCAAGTT-3'
Reverse: 5'- GTCTTCATCCTTCTCCTGTTCA-3
Forward:5'-GTAGCCACGACCTTCATC-3'
Reverse: 5'-GTAGCCACGACCTTCATC-3'
Forward:5"-TTGAAGTGGACAGTGAAGG-3’
Reverse: 5'-TTGAAGTGGACAGTGAAGG-3'
Forward:5'-TGGTGGTTATCCGTGTTG-3"
Reverse: 5'-CCGATTGCTTGAAGATGTC-3'
Forward:5'-GTCAGGGAGAGGAGGAAT-3
Reverse: 5-TGGTGTCACTTATGGTAGAA-3'
Forward:5’-TACACCACCACACCTGAA-3'
Reverse: 5'-GCACCACTACACCTGATAG-3'
Forward:5'-CCTCCAATACTCACTCTGTC-3"
Reverse: 5'-TACCTGCGTTCTCCTCTC-3

Bel-w
Pum

p53

Bak
Caspase3
RIP1
RIPK3
Z0-1
Z0-2
Occludin
E-cadherin
CaM

MLC
MLCK
RhoA

Rho

GAPDH

Forward:5'-CCGTCTTGTGGCATTCTT-3"

Reverse: 5'-AGCACTGTCCTCACTGAT-3'
Forward:5"-GATTCGGAAGCAGCAGTT-3’

Reverse: 5'-GGAGCAGCAGAGATGTATC-3"
Forward:5’-TGGAAGACAGGCAGACTT-3"

Reverse: 5'-GTGATGATGGTAAGGATAGGT-3'
Forward:5'-GGAATGCCTACGAACTCTT-3'

Reverse: 5'-CCAACAGAACCACACCAA-3'
Forward:5'-TGGTTGACGCAGTAGAGA-3'

Reverse: 5'-GACGCCTTCACACTTCAT-3'
Forward:5’-TGGTTGACGCAGTAGAGA-3’

Reverse: 5'-GACGCCTTCACACTTCAT-3'
Forward:5’-TGCCTTGACCTACTGATTG-3

Reverse: 5’-TTCCGTGACATAACTTGACA-3
Forward:5'- AACCCGAAACTGATGCTGTGGATAG -3
Reverse:5’- CGCCCTTGGAATGTATGTGGAGAG -3
Forward:5'- CATGTCTCTAACGGATGCTCGGAAG -3’
Reverse:5’- GTTTAGGGCTGGGATGTTGATGAGG -3
Forward:5'- TGGAGGCTATGGCTATGGCTATGG-3"
Reverse:5'- TTACTAAGGAAGCGATGAAGCAGAAGG-3’
Forward: 5’- ACCAGCAGTTCGTTGTCGTCAC-3'
Reverse: 5’- GTTCCTCGTTCTCCACTCTCACATG-3"
Forward:5'-ACAAGGATGGGAATGGTTACAT-3"
Reverse: 5'- TGCAGTCATCATCTGTACGAAT-3"
Forward:5'-GATAGCCATCAGCAGCCTCACATC-3’
Reverse: 5’- GCAACAGGAGCAGCAGGAGAAC-3’
Forward:5'-GGGCTGCCTCTCATCATCAATACG-3’
Reverse: 5'- TGGATTCTGCTTCTGTGGGTAGGG-3’
Forward:5'-ACGGTGTTTGAAAACTATGTGG-3'
Reverse: 5'- GACAGAAATGCTTGACTTCTGG-3"
Forward:5'-GTCTGATCTTCGTGGTAGACTG-3"
Reverse: 5'- CTCATCTCCCGGTCATTGATAA-3
Forward: 5'-CCCAGAAGACTGTGGATGG-3
Reverse: 5'- ACACATTGGGGGTAGGAACA-3'
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Item (%, unless noted) Content
Corn 47
Wheat bran 13
Rice bran 9
Soybean meal, 43% 9
Rapeseed meal 9
Cottonseed meal 6
Rapeseed oil 2.88
Calcium corbonate 0.96
Dicalcium plosphate, 2H,O 1.275
L-Lysine-HCI 0.37
D, L-Methionine 0.226
Threonine, 98.5% 0.044
Tryptophan, 98.5% 0.032
Sodium chloride 0.4
Choline chloride, 50% 0.2
Bentonite 0.913
Mineral premix1 0.4
Vitamin premix2 0.2
Analyzed nutrient content

ME (Kcal/kg, calculated) 2914
CP (analyzed) 17.12
Calcium (analyzed) 0.94
Total phosphorus (analyzed) 0.84
Nonphytate phosphorus (calculated) 0.478

"Dietary supply per kilogram: copper, 8 mg; iron, 80 mg; zinc, 90 mg; manganese, 70 mg;

selenium, 0.3 mg; iodine, 0.4 mg.

*Dietary supply per kilogram: vitamin A, 15,000 IU; vitamin D3, 5000 IU; vitamin K, 5 mg;
vitamin E, 80 mg; vitamin B;, 3 mg; vitamin B,, 9 mg; vitamin B, 7 mg; vitamin By, 0.04
mg; nicotine acid, 80 mg; pantothenic acid, 15 mg; biotin, 0.15 mg; folic acid, 2 mg;

vitamin C, 200 mg;: 25-hydroxycholecalciferol, 0.069 mg.
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Gene 5’-Primer (F) 3’-Primer (R)

Z0-1 ACGCTGGTGAAATCAAGGAAGAA  AGGGACATTCAACAGCGTGGC
Occludin  CAGGATGTGGCAGAGGAATACAA  CCTTGTCGTAGTCGCTCACCAT
Claudin-1  CACACGAGCTTTGATGGTGG ACCAATGCTGACAAACCTGCAA
MUC2 ATGGAGAGCGTTGTGTTTGC GTGAAGACCAGTTCGGGGAG
TLR4 CACCAGTTTCACTTCCCCTTGT ~ GCTTTGCTAGGGATGACCTCCAA
MyD88 GCTTATAGAAAGGAGGTGTCGG  TGAAAGTCGCATTCGTCGCT
NF-«xB ACAACGTCCTTCATTTAGCAA TCTGATAAAGGTCGTTCCTCA
TNFo TCAGATCATTCAGCGTCACC GACACCATCACAAAGTTTCTGC
IL-6 GGTCATCCCAGATTCAGCTAC CCCTCACGGTTTTCTCCATAA
NLRP3 CCAGCCTGAAGATCGGAGACCT  AGGAGCCACCCTAGAGGAGAGT
Caspase- CTATCCCATACTCTTGCCACG TCCTTCACATCCACTTCAGC

1

ASC CAGCATTCTGGATCGGCTCT ATTTTCTCCTGCCTGATGCTT
IL-18 TCATCTTCTACCGCCTGGAC TAGCTTGTAGGTGGCGATGT
IL-18 ACCTCTGCCTCTATTTTIGCTG TTCAAAAGCTGCCATGTTCAG
GAPDH  TGATGCTCCCATGTTCGTGA CTTTTCCCACAGCCTTAGCAG

F. forward: R, reverse
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Study groups Total ATB NTB Healthy

Subject (n) 72 29 20 23
Clinical sites (AGMC/AMC/NHAK) 46/14/12 15/8/6 14/3/3 17/3/3
Mean age (range) in years 42.94 (16-83) 41.62 (17-83) 46.30 (25-66) 41.43 (16-75)
Male (%) 100% 100% 100% 100%
AFB or GeneXpert (+ve/-ve/na) 29/20/23 29/-1- -120/- -1-123
Alcoholic (yes/no/Ex/na) 12/38/1/21 1/16/-/12 4/12/1/3 7/10/-/6
Smoker (yes/no/Ex/na) 20/28/3/21 4/11/2/12 7/9/1/3 9/8/-16
Expectoration (yes/no/na) 41/14117 23/5/1 15/2/3 3/7/13
Cough (yes/no/na) 49/6/17 25/3/1 17/-13 713113
Fever (yes/no/na) 19/33/18 13/15/2 6/8/3 -/10/13
Hemoptysis (yes/no/na) 10/46/16 7/22/- 3/14/3 -/10/13
Chest Pain (yes/no/na) 24/3117 15/13/1 6/11/3 3/7/13
Breathlessness (yes/no/na) 21/33/17 13/14/1 6/11/3 2/8/13
Wheeze (yes/no/na) 15/38/19 9/18/2 4/12/4 2/8/13

AGMC, Agartala Government Medical College Agartala; AMC, Assam Medical College-Dibrugarh; NHAK, Nagaland Hospital Authority-Kohima; +ve, positive; ~ve, negative; na, Not
available; n, sample size (available data).
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Sequence

ACCCGCACTATGTCACCTIC
GGACAGGACACCTIGTCGTT
ACGGGAGOAATACACGG
GGTCTGGGOGATGATGAA
CCTGGTIGGGAMATAAGCACTC
TICAGAGGGAGGTCAGAMCAC
GAGAATAAGCTGTACCATCGCAA
CGACGACATAGGAAGTCCCAG
GGCTGCATATTTCGGATTTTCTG
CCATICAGCTTTGICGICTGG
AGTAACCTGCGGATTGGCTTC
GTCACGTGGTCAGTTAGCGT
AGCOTACGGAGAGTGOTACA
GTCCTGGGAATCOAATGGGG
CTGCAAGAAGGGACGGGAT
ATGGTCTGGTIGATGGCAGG
GGGGTGTCTGTATCGACTGS
ACCGCTCOCCAGAGAAGTT
GGAACGCTCAGCAGACTTTG
AGOGGGACTCACAGACTACAT
CTGOCGCTTTGCAGGTGTA
CATTGTGGGCAGGTGCTATT
GACTTCAACGGCTICTCOCA
“TICTGOCCGTIGTAGAGCAG
CGAAATGOGCTGGACACATTC
CGGACACCTCTCGGMCTCT
TCAAGGCCARGTTTGTGGGT
GAGCCCCGGGTGATATICTG
GGGARTGAGTATTACACAACGGG
CCACMCATCTATGAGGGAAGGG
TGTCCATCCCCATCATCOCT
COCGATGGAGAGOGTAGAAG
‘TGGCAAGATCACCAGACGG
GGOACCTTTCGTGGTCTCAC
ACCGAAGGACTCTACCGTGT
CCGGGATTTTTGCTGOTTCC
GAGCCGGTGAMCCTGAAGA
TTCOCACGTCTAGCTTGOAG
CCAATTGTGATGCCTGTGOS
AGAMGCGTTCGAGGGGMG
AGTTGGTICGTCACAAGGCA
CTCCACCAGGCATGTACTCC
CATGTACGTTGCTATCOAGGS
CICCITAATGTCACGCACGAT
ACCAGTAMGTCGTCCTGATCC
TCGGOGAATCTICTCACTCG
GAGGTGOCCTACTTTGCTGT
ACACGTAGTCTTTCOCGCTG
CCAGGAGACACCACCAGAC
GAGGTIGACCTTGACCTCCC
GGAGGGCAGGAMCCATIGA
TGCAGGAGTCCAGGGTATGA
AGCAGCGGTGGTAACTTIGA
CCGCCAGTIGTGTAGTCTGT
CATCAAGAAGGTGGTGAAGCAG
GCGTCAMGGTGGAGGAGTG
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Gene Primer
TNF-o Forward: 5'-AGAGCATGATCCGAGACGTG -3’
Reverse: 5'-CAGTAGGCAGAAGAGCGTGGT -3
IL-6 Forward: 5'-AATAAGGGAAATGTCGAGGCTGT -3’
Reverse: 5'-GGCATTTGTGGTGGGGTTAG -3’
IL-12 Forward: 5'-TCATCAGGGACATCATCAAACC -3
Reverse: 5'-GAACACCAAACATCAGGGAAAAG -3'
SOCS1 Forward: 5'-CCGTCCTCCGCGATTACTTGA -3
Reverse: 5'-CCTCCAACCCACATGGTTCCAA -3'
SOCs2 Forward: 5'-GGCACCGTTCACCTCTATCTG -3
Reverse: 5'-TAGTCTTGTTGGTAAAGGCAGTCC -3’
GAPDH Forward: 5'-CACTGGTGTCTTCACGACCAT -3
Reverse: 5'-TTCACGCCCATCACAAACA -3’
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